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ABSTRACT:Paper-based micro� uidic devices are a rapidly emerging� eld, but applications are limited by the relatively large size of
the features that can be currently manufactured. Here, we investigate reducing the feature size by spray-coating cellulose nano� bers
(CNF) onto patterned molds, with a focus on optimizing the cellulose chemistry and size to optimize molding performance. We
investigated the e� ects of (i) decreasing nano� ber size and increasing aspect ratio by homogenization, (ii) decreasing the suspension
viscosity by partial substitution of carboxymethylcellulose (CMC), and (iii) partial substitution of cellulose nano� bers with cellulose
nanocrystals (CNC) to reduce aspect ratio and improve packing. Only CNC addition substantially improved molding� delity.
Channel widths down to 5� m could be made using a 50:50 mixture of CNF:CNC. This is by far the smallest channel width that has
been achieved with any cellulose� ber-based micro� uidics and opens the way to further miniaturization within these devices.
KEYWORDS:nanocellulose, carboxymethyl cellulose, cellulose nanocrystals, molding, micropatterns, spray coating

� INTRODUCTION

Cellulose is a naturally occurring, ubiquitous polymer that is
biodegradable, biocompatible, renewable, and recyclable.1,2

Due to these properties, it is a potential replacement to the
current heavily utilized polyole� n materials.3,4 Upon re� ning
with both mechanical and chemical treatment methods,
cellulose� brils with diameters less than 100 nm are formed
and are known as nanocellulose or cellulose nano� bers
(CNF).5� 8 Such small� bers have many advantages such as
an increase in both surface area and strength, transparency, and
barrier properties.7,9,10

Nanocellulose� bers can undergo further processing to
create smaller� ber diameters and even liberate the highly
crystalline regions of the� bers. Fibrillation allows the smaller
� bers or � brils to be liberated from larger� bers. For
nanocellulose materials, this is commonly achieved with
mechanical treatments such as homogenization11,12 or micro-
� uidisation.13,14 This decreases the diameter and increases the
aspect ratio (length/diameter) of the� bers as the length of the
� bers does not typically decrease in the same ratio as the
diameter.10,15 If the nanocellulose� bers are subjected to acid

hydrolysis instead of� brillation methods, the amorphous
regions of the� bers are removed leaving the highly crystalline
regions, which are called cellulose nanocrystals (CNC).3,16,17

These crystals have typical diameters of 3� 5 nm, lengths of
approximately 100� 200 nm, and, dependent on the
production route, a highly negatively charged surface.18� 20

Due to these properties, CNCs have found growing markets in
areas such as biomedical engineering, personal care and food
industries, sensors, and composite materials.21� 23

Cellulose can be chemically modi� ed. When the hydroxy
groups at the either the C2, C3, or C6 position of the glucose
ring in the cellulose chain are substituted with carboxymethyl
groups, carboxymethyl cellulose (CMC) is formed. The
increase in the surface charge is usually balanced with a
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sodium ion.24 CMC has applications in hydrogels, drug
delivery, food additives, and anticoagulant and antiviral
activity.25,26 Of particular interest here is its role as a friction
modi� er, which causes the viscosity of suspensions containing
CMC to decrease.27

As cellulose-based products o� er many advantages such as
� uid being wicked through the material or� ow in channels,
they have become of interest in the� eld of micro� uidic
devices. This allows small, portable devices to be fabricated in a
low cost, recyclable material.28 Currently, there are many
di� erent methods to create the patterns required to direct� uid
� ow within these devices. Some of the most common methods
are laser cutting,29� 31 wax printing32� 34 and stamping/
microembossing.35,36 Of these methods, typically, laser cutting
o� ers the best resolution with channel widths of 24� m30

previously obtained. Generally, these methods produce
channels of widths greater than 150� m which limits the
suitability of paper-based micro� uidic devices in many
applications. Devices can be easily fabricated with these
methods but o� er the disadvantage of changing either surface
properties or� ber network in certain areas of the device and
not others.

This study demonstrates the e� ect of cellulose dimensions
and chemical composition (derivatives) to control the
formation and� delity of micropatterns in nanocellulose sheets.
Molds were created via photolithography and deep reactive ion
etching (DRIE) into silicon wafers. Nanocellulose suspensions
were then spray-coated on top of the molds to create the
micropatterned nanocellulose sheets. Here, we have examined
the e� ect homogenization and the addition of either CNC or
CMC have on the ability to conform to the mold micro-
patterns. We also demonstrate the in� uence of� ber aspect
ratio and packing of particles compared with suspension
viscosity on sample� delity. Along with this, we also investigate
the achievable channel dimensions and the ability to control
the channel shapes between the molding and laser cutting
techniques. We will compare these systems to our previous
study where micropatterns with channel widths of 50� m37

were fabricated with unmodi� ed cellulose nano� bers with the
aim of increasing the range of channel depths and widths.

� EXPERIMENTAL METHODS
Materials. Nanocellulose Sheet Production.Nanocellulose� bers

(Celish KY-100S) were sourced from Daicel FineChem and used as
received. These� bers have previous been shown to have an average
diameter of 70 nm,11,15 an aspect ratio of 123,11 and an estimated
average length of 8.6� m. Carboxymethyl cellulose (CMC) (Finn� x
grade 30) with a typical molecular weight of 80000 g/mol, degree of
substitution of 0.8, and degree of polymerization of 360 was sourced
from CP Kelco. Cellulose nanocrystals (CNC) with a solid
concentration of 10.3 wt % with a 1.1 wt % sulfur content were
received from The University of Maine. The crystals had a� potential

of � 41 mV, length of 129± 43 nm, and diameter of 4± 2 nm.38

Milli-Q water (resistivity 18.2 M� .cm) was used.
Mold Production.The silicon wafers used to create the molds were

sourced from Electronics and Materials Corporation Limited and
were P-type doped, 100 mm in diameter, 525± 25 � m in thickness,
and with (100) orientation. The photoresist used was SU 8 2002 and
the developer was SU 8 developer which were both used as received
from Microchem. Sigma-Aldrich provided both 2-propanol (>99.5%)
and sulfuric acid (>95%).

Methods. Mold Production.The molds used within this present
study were prepared in the same way as our previous study.37 In brief,
molds were created from silicon wafers with the use of photo-
lithography and deep reactive ion etching (DRIE). The molds had
channels with widths of 5, 10, 50, 100, 250, and 500� m and depths of
6, 12, and 18� m. Photoresist was spun onto the wafers, and then with
the photomask, the channel designs were exposed into the
photoresist. The wafer was then placed into DRIE instrument,
where the number of cycles was varied to change the depth of the
channels. The photoresist was then removed with a hot sulfuric acid
bath and then subjected to O2 plasma. Full details of the mold
fabrication are presented in theSupporting Information.

Cleaning of Molds.Prior to use, each mold was soaked in Milli-Q
water and then treated in an ultrasonic cleaner (Soniclean, 250HD)
for 20 min. The mold was then rinsed with Milli-Q water and allowed
to dry.

Preparation of Micropatterned Nanocellulose Sheets.Nano-
cellulose (MFC) or homogenized nanocellulose (NFC)� bers, CMC
or CNC, were dispersed in distilled water to produce a nanocellulose
� ber suspension as speci� ed inTable 1. The increase in total cellulose
content for the 50/50 CNC was increased to 2.5 wt % to allow a
nanocellulose sheet with suitable networking strength to be formed.
The suspension was disintegrated (Messmer Instruments Limited,
Disintegrator MK IIIC) with 15000 revolutions to ensure complete
mixing and dispersion of components. If the suspension was being
homogenized, this occurred at this point.

To form the micropatterned nanocellulose sheets, the molds were
placed on a conveyer belt running under a Wagner ProjectPro 117
airless sprayer at 2.4 cm/s.39,40 The outlet nozzle (model 315) was
placed 45 cm above the belt, and an oval spray area was produced.
After spraying, the molds were oven-dried (Thermoline Scienti� c,
model 01000F-440-D) at 50°C. The micropatterned nanocellulose
� lms were then carefully peeled o� the mold. The� nal dry basis
weight was approximately 80 g/m2 (gsm).

High Pressure Homogenization.The disintegrated nanocellulose
suspension was passed through a homogenizer (GEA Niro Soavi Lab
Homogenizer PandaPLUS 2000) for a single pass, at a pressure of
1200 bar, forming NFC� bers.

Surface Analysis.Optical pro� lometry (Olympus Corporation,
OLS 5000) was used to analyze the micropatterned nanocellulose
sheets. The objectives used were varied, dependent on the channel
width, and the selections are shown inTable S2. From the measured
topography data, the channel height and width of the nanocellulose
sheets were extracted from multiple images. When the channels were
di� cult to visualize in the height channel, the intensity channel was
also used as this measures the re� ected light. This allows the channel
edges to be more easily detected. The edges are marked in the

Table 1. List of Suspension Composition Used to Create Nanocellulose Micropatterns

composition of cellulose content (wt%)

sample number system total cellulose content of suspension (wt%) nanocellulose homogenized nanocellulose CNC CMC

Preliminary Experiments
0 MFC 1.5 100

Main Experiments
1 NFC 1.5 100
2 CMC 1.5 88 12
3 80/20 CNC 1.5 80 20
4 50/50 CNC 2.5 50 50
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intensity channel and transferred to the height pro� le to allow sizing
of channels where the conformation to the mold is lower. This data
was analyzed with the software supplied with the instrument (Analysis
application, version 1.3.1.139).

Laser Cutting of Paper Channels.Laser-etched channels were
created and then measured in this study to act as a comparison for the
molding technique. Two mm squares were etched with a laser cutter
(Epilog Helix Laser, maximum power 60 W, maximum speed 70 mm/
sec, 2.0 lens module) on various laser power and speed settings. The
laser etching was conducted at a 1200 DPI and 2500 Hz frequency.
These designs were created with the use of CorelDraw X5, and two
paper types were tested: paperboard (1000 gsm, Quill Paper,
Australia) and blotting paper (Labtech, Canada). The resulting
squares were then imaged with the optical pro� lometer to determine
the etch depth. This allowed a correlation between the laser cutting
settings and the etch depth to be determined.

Another design was created where channels with widths of 100,
200, 300, 400, 500, and 1000� m were created. This allowed the
e� ects of the laser travel direction to be determined on the resulting
channel etch depths. This design was selected as it is analogous to the
channel design of the molding technique and those required in
micro� uidic devices.

Gel Point Determination.The gel points of both the 1.5 wt %
MFC and 1.5 wt % NFC� bers were determined. Ten di� erent� ber
suspensions with concentrations between 0.0025 and 0.08 wt % were
prepared and placed into 250 mL measuring cylinders. The initial
height of the suspension (Ho) and the height of the suspension after
48 h of settling time (Hs) was recorded for each suspension
concentration. The suspension concentrations were then plotted
against the ratio of the� nal and initial suspension heights (Hs/H o).

15

A smoothing spline with a smoothing parameter of 0.9996 was then
applied to this data with the use of MATLAB.11 The gel point is the y-
intercept value of the� rst derivative of the smoothing spline.

Aspect Ratio Determination.Using Crowding Number theory and
assuming a cellulose� ber density of 1500 kg/m3 the aspect ratio of
the nanocellulose� bers was determined usingeq 1,15

A C6.0 C
0.5= Š (1)

where A is the aspect ratio of the� bers andCC is the weight fraction
of � bers at the gel point.

Rheological Measurements.An Anton Paar MCR302 rheometer
with a concentric cylinder (CC27) geometry was used. All
measurements were conducted at a temperature of 25°C. Viscosity
measurements were conducted with a shear rate range of 0.1� 100 s� 1.

� RESULTS AND DISCUSSION
Optical Pro� lometry of Microchannels. The channel

dimensions and shapes formed with laser cutting and the
molding technique are shown inFigure 1. The laser cut
channels were formed in paperboard, and the designed channel
widths (from left to right) were 100, 200, 300, 400, 500, and
1000� m. These channels were formed with a speed setting of
60% and a power setting of 35%, and the resultant optical
pro� lometry image and height pro� les are shown inFigure
1a,d.

Even though the laser cut channels are created with the same
laser settings, the resultant channel depths and shapes are
vastly di� erent from the designed channel width. The depths
for the 100 and 200� m width channels were 33 and 200� m,
respectively, and had v-shaped pro� les to the channel. As the
channel widths increased, the depth also increased until
reaching a plateau at a value of approximately 350� m. The
channel shape also changed from being v-shaped into a more
rounded bottom channel. Once a channel width of 1000� m
was reached, the channel shape became rectangular or had a
square bottom shape. The measured channel widths, depths,
and shapes are all shown in theSupporting Information(Table
S3).

The molded micropatterned MFC sheets (sample 0 inTable
1) are shown inFigure 1b,c. The height pro� les of these
images were extracted, as shown inFigure 1e,f, and allowed the
channel widths and depths of the samples to be determined.
These extracted dimensions were used to calculate the sample
aspect ratio de� ned as channel width/depth. The level of

Figure 1.Optical pro� lometry images of channels formed in paper with height pro� les of marked regions. The distance is taken from the start of
the marked line. The maximum height of the pro� les is set to 0 for ease of comparison. (a, d) Channels formed in paperboard with laser cutting
technique. The channel widths are 100 (gray), 200 (red), 300 (blue), 400 (green), 500 (light purple) and 1000� m (yellow). The distances of the
height pro� les were o� set for clarity. (b, e) Micropatterned nanocellulose sheets formed from 1.5 wt % MFC� bers with a mold with 250� m wide
and 18� m deep channels showing full conformation with the mold. (c, f) Micropatterned nanocellulose sheets formed from 1.5 wt % MFC� bers
with a mold of 100� m wide and 18� m deep channels showing partial conformation with the mold. Two pro� le lines are shown in purple and
black.
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conformation between the sample and the mold can be
determined by comparing the sample and mold aspect ratio
values. There are three distinct regimes of conformation,
namely, full, partial and no conformation. The images

demonstrating all three conformation regimes are shown in
the Supporting Information(Figure S1).

Within the full conformation regime, there is good
replication of the channel width and depth within the

Figure 2.Aspect ratio of the mold versus the measured aspect ratio of the (a) NFC, (b) CMC, (c) 80/20 CNC, and (d) 50/50 CNC
micropatterned nanocellulose sheets. For all� gures, the data shown is for 6� m (black squares), 12� m (red circles), and 18� m (blue triangles)
mold depths. A 1:1 line was plotted to indicate the area where the mold and sample dimension match. The shaded areas correspond to the di� erent
conformation regimes which are from left to right, full conformation (green), partial conformation (yellow), and no conformation (red). (e) Spline
� ts of the data for the aspect ratio of mold compared to the aspect ratio of sample. The dotted black line indicates the 1:1 line. The systems
represented are MFC (purple dashed),37 NFC (green dotted), 80/20 CNC (orange dashed), 50/50 CNC (red dot and dash), and CMC (blue
dashed) micropattern nanocellulose sheets. Inset: increased range of aspect ratio of mold for all spline� t data.
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micropatterned nanocellulose sheets. The measured channel
widths and depths of the micropatterned nanocellulose sheets
agree well with those of the mold or the sample, and mold
aspect ratios are equal. An example of the full conformation
regime is the 250� m wide and 18� m deep channels inFigure
1b. From the height pro� le presented inFigure 1e) it is evident
that channels with widths of 250� m and depths of 18� m were
produced and well replicated across the sample. This is also
demonstrated by comparing the height pro� les of the sample
(Figure S1a) and the mold (Figure S2a) in theSupporting
Information.

In the partial conformation regime, the� delity between the
sample and the mold decreases. This can occur when the
channel width and/or depth no longer match that of the mold
or there are regions containing defects within the� lm. This is
demonstrated in the height pro� les for the MFC sheets formed
on the 100� m wide and 18� m deep channel molds shown in
Figure 1f. The pro� les show one region (purple pro� le) of the
� lm clearly producing channels with widths of 100� m and
depths of 18� m, but when the pro� le of another region (black
pro� le) is examined, the depth of 18� m is no longer clearly
replicated. This results in larger variation in the measured
channel widths and depths and a lower sample aspect ratio
when compared to the mold aspect ratio.

The no conformation regime occurs when there is no
evidence of micropatterning on the nanocellulose sheet. The
measured topography of the nanocellulose sheet is due to the
underlying� ber structure of the formed sheet and not due to
micropatterning. This results in a sample aspect ratio of zero,
as no channel dimensions are able to be measured. As a trial,
the molded and sprayed suspensions were placed under
vacuum for 1 to 2 h prior to drying. This did not result in
increased� delity between the sample and the mold.

Micropatterned Nanocellulose Sheets.Figure 2shows
the experimental data for all sample compositions (Numbers
1� 4, Table 1) investigated. The three di� erent mold depths
investigated were shown as separate data series. Each� gure
shows the sample aspect ratio plotted against the mold aspect
ratio, for the 18 (six pattern widths× three pattern depths)
tested for each composition. Spline� ts of the data were also
presented demonstrating the relationship between the mold
aspect ratio and the resultant sample aspect ratio. Example
photographs of these� lms are shown asFigure S3.

Each panel inFigure 2a� d is shaded green, yellow, and red,
showing the regimes of full, partial, and no conformation,
respectively. Within the full conformation regime, the mold
and sample aspect ratio values are equal and are demonstrated
by the 1:1 line. The 1:1 line is plotted for each� gure and are
contained with the green shaded area inFigure 2. For the NFC
� bers inFigure 2a, the full conformation regimes� nished at a
mold aspect ratio of 0.1. This corresponds to all channel
depths with channel widths of 250 and 500� m and when the
channel width was decreased to 100� m with a channel depth
of 6 � m. This value increased to 0.15, 0.2, and 0.25 when the
CMC, 80/20 CNC, and 50/50 CNC systems, respectively,
were used.

The partial conformation regime occurs after the full
conformation regime and is shown by the shaded yellow area
in Figure 2. This is a region where the sample aspect ratio no
longer equals the mold aspect ratio. The data points fall below
the 1:1 line, and in all cases, the mold aspect ratio is larger than
the sample aspect ratio. Typically, the sample aspect ratio
values increase before reaching a maximum value and decrease

to a value of 0, with increasing mold aspect ratio. The red
shaded area then shows where no conformation occurs, and
therefore the sample aspect ratio equals 0.

The spline� t data for all of the suspension conditions
utilized when fabricating micropatterns in nanocellulose sheets
are shown asFigure 2e. All of the data was presented as the
mold aspect ratio versus the sample aspect ratio. For all
suspension conditions, the spline� ts begin by tracking with the
1:1 line which indicates the full conformation regime. At some
point, they all deviate o� this line, indicating the start of the
partial conformation regime. For all cases, except the 50/50
CNC system, the sample aspect ratio increases to a maximum
and then falls until the sample aspect ratio reaches zero
indicating the no conformation regime. With the 50/50 CNC
system inFigure 2d, once the spline� t decreases below the 1:1
line, the sample aspect ratio value continues to increases.

Comparison of the minimum achieved channel widths and
the maximum channel depths for mold channel widths of 10,
50, and 100� m for all suspension conditions are presented in
Table 2. The errors are the 95% con� dence intervals of the

data. The shallowest observed channel depths were for the
NFC � bers with values of 3.9± 0.9� m and 7.5± 1.6� m for
the 50 and 100� m width channels, respectively. The
achievable channel depth increased to approximately 6� m
(50 � m width channels) and 10� m (100� m width channels)
for the MFC and the 50/50 CNC system. For 100� m wide
mold channels, the largest possible channel depths were 12.5±
2.1 � m and 12.7± 1.4 � m for the CMC and 80/20 CNC
systems, respectively. When the 50� m width mold channels
were considered, the 80/20 CNC system showed the highest
possible depth at 7.3± 1.4� m and 6.0± 0.5� m for the CMC
system. Channels were only possible for the 10� m wide
channels for the systems containing CNC, and at this width,
the deepest possible channel was 2.2± 0.4� m with the 50/50
CNC system.

Suspension Rheology. The measured suspension vis-
cosities for the MFC, NFC, CMC, 80/20 CNC, and 50/50
CNC systems are shown inFigure 3. All of the suspension
viscosities decrease with increasing shear rate. The highest
viscosity is for the NFC system followed by the MFC system.
The addition of CMC to the suspension decreases the viscosity
further. The lowest suspension viscosity was measured for the
80/20 CNC system with the 50/50 CNC system having a
similar viscosity to the CMC system across all shear rates.

The micropatterned nanocellulose sheets formed with 1.5 wt
% MFC� bers shown inFigure 1b,c demonstrate the challenges
with the molding technique. For channels widths of 250� m
and larger at all mold depths and a width of 100� m with a

Table 2. Summary of Minimum Channel Width and the
Maximum Depth of the Channels for All of the Suspension
Conditions Investigated

maximum channel depth achieved
(� m)

system

minimum
channel width
achieved (� m)

10 � m
wide

channels

50 � m
wide

channels

100 � m
wide

channels

MFC37 50 5.5± 1.4 10.4± 2.1
NFC 50 3.9± 0.9 7.5± 1.6
CMC 50 6.0± 0.5 12.5± 2.1
80/20CNC 10 1.4± 0.3 7.3± 1.4 12.7± 1.4
50/50CNC 5 2.2± 0.4 5.7± 0.9 10.2± 1.7
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depth of 6� m, full conformation of the sample and mold was
possible.37 This indicates well-formed and uniform channels
were able to be fabricated as shown by comparing the height
pro� les of the sample (Figure S1a) and the mold (Figure S2a).
Once the channel width decreased to 100� m with channel
depths greater than 12� m, the partial conformation regime
was reached but it also meant there could be areas with a large
number of defects as demonstrated inFigure 1c. When this is
compared to the laser cut channels of the same width (Figure
1a,d), the uniformity and depth of the channel are maintained
throughout the length of the channel, although the shape
cannot be controlled.

To improve the� delity between the sample and the mold,
the choice of suspension parameters to investigate in this study
was based on manipulating the size of the� bers or the
in� uence of cellulose-based additives. Cellulose-based additives
were selected to maintain the advantages of these materials
such as being biodegradable, biocompatible, renewably
sourced, and fully recyclable. Homogenization of the nano-
cellulose suspension causes� brillation of the� bers and results
in shorter,� ner � bers, with an increased aspect ratio.11 In
addition, any e� ects on the channel dimensions due to� lm
shrinkage during drying are minimal as demonstrated by the
width and depth measurements of the sample matching those
of the mold in the full conformation regime. As the sample
aspect ratio is measured after drying and removal from the
mold, any e� ects of shrinkage are considered within the results.

The addition of CMC decreases the friction between� bers,
due to the increase in surface charge, which allows an increase
in the packing between the� bers.27,41 Due to these e� ects,
CMC has been shown to result in a decrease in surface
roughness, or more simply a smoother surface.42 CNCs are the
crystalline sections of the� bers which remain after acid
hydrolysis. Sulfate ions remain on the crystals leading to a
highly charged surface, and due to their size and low aspect
ratios, CNCs o� er increased packing between the nano-
cellulose� bers. The decrease in size and aspect ratio should
lead to a lower number of� ber� � ber interactions and increase
the ability of the suspension to conform to the mold.

The sedimentation data (Supporting Information, Figure
S7) showed that homogenization increased the� ber aspect
ratio from 113 to 141 for the MFC and NFC� bers,

respectively. This is consistent with previous data.11 While
the diameter was not measured, we expect this to decrease
from 70 (MFC) to 30 nm (NFC) based on our previous
work.10,11 With these values, the estimated average lengths of
the MFC and NCF� bers are 7.9 and 4.2� m, respectively. An
increase in aspect ratio also corresponds to an increase in
� exibility of the� bers.15 The spline� t data (Figure 2e) of the
NFC� bers along with that of the unmodi� ed data showed that
transition points between the conformation regimes and the
minimum achievable channel width remain the same between
the two suspension conditions. However, the maximum
achieved channel depth decreased for the NFC sheets by 1.6
and 2.9 � m for the 50 and 100� m width channels,
respectively. This indicates that the NFC suspension is less
able to conform to the template.

During the formation of the nanocellulose sheets, the� bers
contained within the solution begin to interact and form a
network. This action allows the sheet to maintain structure and
integrity once removed from the mold. Increasing both the
aspect ratio and number of� bers within the suspension leads
to more interaction or networking points per unit mass. This
indicates that the absolute size and� exibility of the� bers do
not drive the ability of a suspension to conform, but, rather, the
� ber� � ber interactions and networking of these� bers within
the suspension do. The increase in networking is also
demonstrated by the gel point of the suspension, the
concentration at which the suspension is no longer free-
� owing but forms a 3D network, as well as the increase in
suspension viscosity across all shear rates for the NFC when
compared to the MFC� bers. With these� bers, the gel point
concentration decreases from 0.28 to 0.18 wt % upon
homogenization. This demonstrates that the higher aspect
ratio � bers after homogenization are able to form a stronger
network and therefore decrease the ability of the� bers to
mold. This result indicates that the conformation regime of the
nanocellulose sheets are not only driven by the aspect ratio of
the mold but also the aspect ratio of the� bers. The networking
of the MFC and NFC� brils is further demonstrated by the
optical pro� lometer image of the no conformation regime
shown inFigure S1c, where the� bers can be seen to be
randomly orientated due to them being sprayed in the normal
direction onto the mold.

The e� ect of the extent of molding with the addition of
CMC to the nanocellulose suspension is presented inFigure
2b andTable 2. These data demonstrate an increase in the
ability to the� bers in the CMC system to conform to the mold
with the full conformation regime increasing to a value of 0.15
when compared with the MFC and NFC� bers. There was no
change to the transition point to the no conformation regime
or the minimum channel width achieved for these three
systems. This indicates that while changes in the extent of
molding in the presence of CMC occurred at the larger
channel width, in this case, the 100� m wide channels, these
changes did not extend to the smaller channel widths
investigated.

A previous study had demonstrated that the addition of
CMC reduced the resultant surface roughness of nanocellulose
sheets formed via spray-coating.42 In that study, due to the
additional carboxyl groups on the cellulose in CMC, the
surface charge of these cellulose molecules would be higher
than that of the nano� bers used. This decreased the
interactions and friction between the� bers leading to a
smoother nanocellulose sheet while not dramatically improving

Figure 3. Viscosity with respect to applied shear rate for all
suspension conditions.
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the conformation to the mold, which is demonstrated by the
similar spline� ts of the MFC and CMC systems.

When the CMC system is compared to the NFC� bers, the
increase in� ber aspect ratio for the NFC system led to more
networking points and a decreased ability of the suspension to
conform to the mold. Also, as the viscosity of the CMC system
is lower than the NFC system, this demonstrates that the
strength of the� ber� � ber interactions decreases. This
decrease which e� ects the surface roughness, are not the
driving factors in the conformation of the micropatterns. As
the CMC system would have the same� ber aspect ratio of the
MFC system this demonstrates the aspect ratio of the� bers
within the suspension play a strong role in understanding the
extent of mold conformation.

The addition of CNC to the nanocellulose suspension was
studied with two di� erent systems, 80/20 CNC and 50/50
CNC, and the relationship between the mold and sample
aspect ratios are shown inFigure 2c,d, respectively. In both of
these cases, there are increases in the transition points between
the conformation regimes indicating increased conformation
between the mold and sample as shown inFigure 2c,d.

Optical pro� lometry images shown inFigure 4demonstrate
the resolution of the 5 and 10� m width channels possible with
the 50/50 CNC system. The data shown here demonstrate the
remarkable improvement of performance particularly with the
50/50 CNC system, with clearly observable channels achieved
at a mold width of 5� m. These channels have an almost
square pro� le, having an average depth of 1.1± 0.1� m, with
sharp wall edges and uniform structures. These feature sizes
within nanocellulose� lms have not previously been achieved.
This demonstrates the addition of CNC within the suspension
allows conformation to occur at higher mold aspect ratios and
smaller dimensions. This is due to the CNC crystals being able
to more easily penetrate into the mold channels, while still
remaining a part of the� ber network, as they do not remain in
the mold after removal of the nanocellulose sheets and as
shown by the improvement in the conformation between the
two systems.

This observation is further supported by the viscosity
measurements for the CNC systems shown inFigure 3. The

80/20 CNC system has the lowest viscosity of all of the
suspensions. The viscosity of the 50/50 CNC system increases
to a value similar to that of the CMC system. This
demonstrates that suspension viscosity is not the only driving
factor in determining the ability of the suspension to conform
to the mold and� ber aspect ratio is playing a vital, more
prominent role.

Comparison with Other Techniques for Creation of
Channels. A comparison of the resolution achievable using
molding, laser cutting, microembossing, and wax printing are
shown inFigure 5. These techniques are currently used to

create paper-based micro� uidic devices. The molding and laser
cutting data are from this study. The microembossing and wax
printing data are from literature values. To compare the
resolution achieved with our molding process, channels were
created with the use of a commercially available laser cutting
device. Two di� erent paper sources were used: one was a

Figure 4.Optical pro� lometry images for the 50/50 CNC nanocellulose sheets from the 18� m depth molds. (a) 5� m width channels. (b) 10� m
width channels

Figure 5. Comparison of possible resolution with molding, laser
cutter, microembossing,35 and wax printing.32,33,43 The predicted
region for the molding technique is shown in light pink.
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lightweight blotting paper and one a heavy weight paperboard.
The power and speed of the laser were varied, and it was found
that the resultant cut depth is inversely related to the material
density. Regardless of paper source, the same mass of material
is removed for the same laser settings. The full set of results are
in theSupporting Information(Figures S7� S9 and Table S4).

In contrast to laser cutting and embossing, where the
smallest channel widths allow the most� exibility in the
channel depth, with the molding techniques, the largest
possible ranges in depth are when the channel widths are at
their largest. The minimum possible resolution of the laser cut
channels is a width of 120� m and a depth of 20� m. As the
channel width increased to larger values, the minimum depth
achievable also increased. Channel widths under 100� m were
not possible with the laser cutter used in this study. As shown
with the height pro� les ofFigure 1d, the measured channel
widths were larger than the design indicating a poor replication
between design and fabricated sample. Also, of interest is that
the resultant channel depth is not independently controllable
at these length scales, as the depth varied with channel width at
a � xed laser setting. This demonstrates the di� culty in using
laser cutting to create well controlled channel widths and
depths at the length scales of interest. Previous studies have
proposed laser systems with resolutions down to 24� m,30 with
other studies demonstrating resolutions of 50� m29,44 which
typically are achieved by breaking through the cellulose source
down to a laminated foil or plastic on the underside of the
device.45 Within this study we focused on the ability to create
discrete channels without breaking through the paper and
using commercially available laser cutting equipment.

When, as in this study, cutting through the paper is avoided,
the resultant channel pro� le or shape can vary between v-
shaped, round-bottom, or rectangular as shown inFigure 1d.
This compares with the channels created with the molding
technique and located in the full conformation regime, which
have a rectangular pro� le as shown inFigure 1e,f andFigure
S1. The rectangular pro� le matches that of the silicon mold
and demonstrates that the molding technique presented here
o� ers the advantage of controlling the shape pro� le of the
channel unlike laser cutting.

The literature values of microembossing and wax printing
are also shown inFigure 5.33,35 Microembossing has produced
channels with a minimum depth of 50� m and minimum width
of 500� m.35 For wax printing, the minimum channel width
achieved with wax printing is typically 300� m.33 Due to� uid
� ow being contained by the hydrophobic wax, no channel
depth has been recorded for this technique.

The resolution achieved with the molding technique is
shown as the shaded red area inFigure 5. As the relationship
between channel depth and width is linear at low channel
widths values, we can create a predicted channel region. If this
trend line was extended to channel widths up to 500� m,
shown by the light pink shaded area inFigure 5, we predict
that channel depths of approximately 65� m deep would be
possible with channel widths of 500� m.

The minimum feature size possible with the molding
technique is thus much smaller than laser cutting, micro-
embossing, and wax printing. The di� culty in decreasing the
feature sizes, both width and depth, using these competing
techniques comes about due to the channels being formed
through compaction or removal of cellulose material from the
source and, in the case of wax printing, the application of
hydrophobic wax. Unlike these techniques, the challenges with

the molding technique come from increasing the depth of the
channels. Shallower channels are the easiest to form with the
molding process with channels with a depth of 1� m possible.
We have also shown that channels with a width of 5� m are
possible with molding, which is far below the minimum
achievable channel widths of the other techniques. We would
envision that channel widths larger than the 500� m studied
here would be easily fabricated. This demonstrates the versality
of the molding process in accessing previously unobtainable
channel widths and depths in paper-based micro� uidic devices.
This process also o� ers the great advantage of producing
channels with well-de� ned and controlled shape pro� les along
with channel walls which have the same surface chemistry and
� ow properties, through the avoidance of compaction, cutting
or applying wax to the device.

� CONCLUSION
Micropatterned nanocellulose sheets with feature sizes as small
as 5� m were consistently achieved by a spraying/molding
process. This is the highest resolution achieved in a native
nanocellulose sheet. The suspension parameters of the sprayed
material were varied with the objective of controlling mold
� delity and resolution. Variation in the diameter and aspect
ratio of the � bers was achieved by pretreatment via
homogenization (NFC system). The additions of carbox-
ymethyl cellulose (CMC), a soluble carbohydrate polymer, and
cellulose nanocrystals (CNC) were also investigated.

A novel index of molding conformation is presented and
linked directly with the aspect ratio of the mold and the� ber/
suspension properties. Three regimes for mold conformation
were identi� ed; full, partial, and no conformation. Pretreat-
ment of the suspension by homogenization does not in� uence
the transition between the conformation regimes in compar-
ison to that in the unmodi� ed suspension.37 Changes did occur
in the partial conformation regime where the resultant depth
was decreased after this process. This is due to an increase in
the aspect ratio of the� bers, which results in more networking
points per unit mass, and therefore a stronger network of� bers
is formed. The increase in the network strength leads to this
decrease in conformation with the mold.

The addition of CMC to the nanocellulose sheets did not
improve moldability. This is demonstrated by the two systems
having similar spline� ts of the data and the transitions
between full, partial and no conformation occurring at the
same mold aspect ratio values. CMC has previously been
shown to improve the resultant surface roughness of sprayed
nanocellulose sheets due to the increase in surface charge per
unit mass when compared to nanocellulose� bers,42 and we
have shown it to reduce suspension viscosity. The improve-
ment in surface roughness and decrease in viscosity does not
re� ect an improvement in the moldability, and this is due to
the aspect ratio of the� bers in suspension being similar to the
system containing only nanocellulose� bers (MFC system).

When CNCs were added to the nanocellulose suspension,
great improvement in the moldability was achieved. The
minimum feature size decreased to a value of 5� m for the 50/
50 CNC system, and the no conformation regime was never
reached. The suspension viscosity for the 50/50 CNC system
was not the lowest of the investigated systems, further
demonstrating that� ber aspect ratio and improved packing
are important driving factors of the achieved resolution for the
molding technique. The achieved resolution is an order of
magnitude smaller than that achieved with laser cutting30 and
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is 2 orders of magnitude lower than that achieved with
microembossing35 and wax printing.33 Another added
advantage of the molding technique is the added control of
the channel shape when compared to the laser cutting
completed in this study. Due to these achievable feature
sizes, this method is the foundation for a new generation of
paper-based micro� uidic devices.
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