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ABSTRACT: Paper is one of the oldest and most abundant
materials known to man. Recently, there has been a
considerable interest in creating paper devices by combining
paper with other functional materials. In this letter, we
demonstrate a simple fabrication technique to create water-
resistant ferro-patterns on wax paper using CO, laser ablation.
A resolution of about 100 um is achieved which is mostly
limited by the cellulose fiber size (~S0 pm) in the wax paper
and can be improved by using a smaller cellulose matrix. Laser
ablation results in modification of surface morphology and
chemistry, leading to a change in surface energy. We also
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present a 2D model for ferrofluid deposition relating the size of the pattern to the amount of ferroparticles deposited on the
surface. Finally, a paper gripper is presented to demonstrate advantages of our technique, which allows microscale patterning and

machining in a single step.
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1. INTRODUCTION

Paper is one of the oldest and most abundant materials known
to man. The technology of paper-making has been evolved over
thousands of years. As a result, production of various kinds of
papers has now become extremely economical. Paper is not
only cheap and easy to manufacture but it is also almost 100%
cellulose, a biodegradable and annually renewable resource.
Apart from its basic utility as a writing medium, paper has also
been employed in other applications such as packaging,
filtering, and art/craft. Recently, there has been a considerable
interest in paper as a low cost substrate to create microfluidic
~16 and actuators.'”'®

In this work, we present a novel method to pattern magnetic

devices,"® sensors,”' electronics,"*
material onto commercially available wax paper which
subsequently can be used to create magnetic microstructures
for tagging, sensing, and actuating applications. We previously
reported on a method to create paper-based magnetic actuators
by completely soaking a hydrophilic paper in ferrofluid and
laser-machining the magnetic substrate to the desired shape.'’
More recently, Fragouli et al*® reported on superparamagnetic
cellulose fibers through chemical reaction functionalization. In
both these methods, nanoparticles are present uniformly
throughout the paper matrix; preventing a fine spatial control.
The process described in this paper enables the creation of
microscale (~100 pym) wax-embedded magnetic patterns on
paper only in selected areas. In addition, this technique allows
simultaneous machining of the substrate by cutting through the

paper.
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2. EXPERIMENTAL SECTION

2.1. Laser Ablation. The patterning technique relies on
laser ablation of hydrophobic surface of wax paper to create
hydrophilic areas which are later selectively coated with
aqueous ferrofluid, as shown in Figure la—d. A computer-
controlled CO, laser cutting and engraving system [Universal
Laser System, Inc. Professional Series, maximum power 60 W,
maximum speed 2 mm/ms, wavelength 10 ym, Continuous
Wave (CW) mode] is used to directly write CAD-generated
patterns onto a wax paper. To avoid completely cutting through
the paper (instead of selective surface modification), the laser
power and scanning speed has to be carefully selected. Higher
laser power and lower scanning speed results in complete
removal of surface and bulk material (ie., paper), creating
through-paper defects. For the wax paper selected in our
experiments (Raynolds Cut-Rite Wax Paper, ~30 pm-thick),
the laser source is controlled at 15% of its maximum power and
is operated at a maximum scanning speed (2 mm/ms). Laser
interaction with the wax layer modifies the surface and creates
hydrophilic patterns, Figure la. The paper can also be
machined to desired shape in the same step by increasing the
power to 50% of its maximum. As a result, one can achieve
precise machining and patterning without any alignment step,
which cannot be accomplished by other paper patterning
techniques such as lithographic patterning' and wax printing.
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Figure 1. (a—d) Process of patterning ferrofluid on wax paper using laser ablation, (e) wax paper after laser ablation (scale bar = 15 mm), (f) wax
paper after ferrofluid deposition (scale bar = 15 mm), (g) array of dots (diameter,: 100 um; pitch, 300 ym) patterned on wax paper, (h) barcode
pattern after heat treatment, (i) barcode pattern immersed in water after heat treatment.

2.2. Ferromagnetic Nanoparticle Coating. The ablated
and machined samples are coated with aqueous ferrofluid
(EMG-60S, particle size 10 nm, Ferrotec Corp.), Figure 1b, and
dried out at room temperature, Figure lc. The ferrofluid is
retained in laser-ablated hydrophilic areas and rolls away in
unablated hydrophobic ones, forming desired patterns of
ferromagnetic nanoparticles. Finally, the patterned paper is
heat treated in order to melt the wax, covering the dried
terrofluid, Figure 1d.

2.3. Characterization. To understand the changes in
physical microstructure of the surface following laser ablation,
we observed wax paper under scanning electron microscope
(field-emission SEM, Hitachi S-4800) with an acceleration
voltage of 10 kV. High resolution images are obtained to study
the microstructure of paper after laser ablation and coating with
nanoparticles. Further, X-ray photospectrometric (XPS)
analysis is performed to analyze the change in chemical
composition of the surface. Contact angle is measured using a
gonimeter to quantify the change in surface energy.

3. RESULTS AND DISCUSSION

3.1. Laser Ablation. Figure le shows various magnetic
patterns on wax paper having a large variety of geometries and
dimensions. The contact angle of water on wax paper is 108°,
which is reduced to 70° when treated with laser. The treated
area does tend to absorb a small amount of water which does
not penetrate deep or move laterally since only surfaces of
cellulose fibers are exposed. White regions in Figure le are the
ablated areas which subsequently turned brown after exposure
to ferrofluid, Figure 1-f. Figure 1g shows an array of circles with
100 pm diameter and 300 ym pitch. Panels h and i in Figure 1
show the wax coated samples after heat treatment. Water
droplets bead up, even on the patterned areas, Figure 1h,
demonstrating a complete wax coating. Even with an overnight
water immersion, no significant loss of magnetic nanoparticles
is observed, Figure 1i.

Figure 2 shows the SEM images at various magnifications. As
can be seen, there is a noticeable difference in the surface
roughness following laser ablation accompanied by the
presence of porous microstructure which are absent in
unablated regions, Figure 2b, c. Nonablated wax paper area
shown in Figure 2c¢ clearly illustrates the presence of cellulose
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Figure 2. (a) SEM image of wax paper with ablated stripe (x30), (b) a
higher-resolution image (x400) of ablated area, (c) wax paper surface
(x400), (d) laser ablated surface showing nanofibers (x40 000), (e)
wax paper surface (X40000), (f) (x30) wax paper after ferrofluid
deposition, and (g) a higher-resolution image of laser ablated surface
after ferrofluid deposition (X400).

fibers larger than 10 pm. High-resolution image of the laser
treated area, Figure 2d, shows the presence of nanofiber-net,
which are not observed before laser treatment or after reheating
of the samples. We hypothesize that these nanofibers are
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formed due to melting and resolidification of wax, with
cellulose fibers providing anchor points for these wax
nanofibers. Figure 2e shows a high-resolution SEM image of
an untreated wax paper lacking the nanofiber nets. Images f and
g in Figure 2 are images of a ferroparticle-deposited surface at
low and high magnifications. Although the surface is still very
rough, most of the micropores seem to be filled with
terroparticles.

Along with nanofiber formation, thermal interaction of laser
with wax and atmospheric oxygen leads to oxidation of surface,
resulting in exposed C—OH, —COOH groups which are polar
and hence hydrophilic in nature. Figure 3 shows the wide and
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Figure 3. (a) Wide XPS spectra showing presence of oxygen in laser
ablated region, (b) high-resolution XPS spectra at Ols and Cls peaks
showing presence of —C—OH and —COOH bonds in laser ablated
region.

high-resolution XPS spectra, before and after laser ablation. A
strong peak for oxygen (Ols peak) is detected in the case of
laser ablated surface but no such peak is observed for original
wax paper (Figure 3a). High-resolution XPS spectra, Figure 3-b,
shows weak presence of oxygen in the wax paper but intensity
is significantly enhanced after laser ablation. Also, carbon peak
shows significant increase in intensity corresponding to —COH
and —COOH groups, accompanied by reduction in intensity of
C—C peak. This shows that laser ablation aided breaking C—C
bonds and oxidizing the carbon to form —COOH and C—OH
bonds. Overall, although exposed cellulose fibers can contribute
to hydrophilicity of the ablated areas, change in chemical
structure also plays an important role. Exposed areas of
cellulose fiber have the tendency to absorb some water but this
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is limited because the rest of the fibers are still soaked in solid
wax. When a droplet of water is placed on laser treated surface,
it does not soak inside or seep laterally unlike other water
absorbing papers.

3.2. Nanoparticle Patterning. For most practical
applications, it is important to know the amount of nano-
particles deposited on the surface. We developed an analytical
equation to estimate the mass of ferroparticles retained by
hydrophilic patterns. Figure 4a shows the schematic of
ferrofluid retained on laser ablated porous area. As expected,
some fluid penetrates the fibrous network and voids created
due to ablation while the rest stays on the surface forming a
specific contact angle. It is difficult to estimate the depth of
penetration of nanoparticles; however, because only the surface
is treated with laser and rest of the paper stays soaked in solid
wax, we do not expect ferrofluid to penetrate to the other side
which is confirmed by the fact that backside does not show the
presence of ferroparticles.

Assuming that the meniscus of ferrofluid on straight lines
takes the shape of a cylindrical surface, total volume of
terrofluid in one continuous hydrophilic strip can be given by

w(R — h) )L
(1)

2
where V is the total volume of ferrofluid, V}, is the volume
absorbed in the laser-created voids, 8 is the contact angle, R is
the meniscus radius of curvature, w is the width of laser ablated
area, h is the height of liquid from surface of paper, and L is the
length of the pattern. Volume absorbed in the fibrous mesh, Vj,
should be proportional to the depth of fibrous network, or

Vo = kLwt

V=V0+(9R2—

)

where t is the depth of laser-created fibrous network and k (<1)
is a proportionality constant.

Substituting Vo, R = w/2sin 6, R — h = w/2tan @ in eq 1, and
multiplying by weight concentration C, we get the total mass
(M) of ferroparticles deposited on a dry sample

M=CNkat+W(L2— 1 )
4sin“ 0@  4tan 0 (3)
. M M
mass per unitarea = — = ——
A NwL
= C| kt + w( 62 _ 1 )
4sin” 6 4tan 0 (4)

where N is number of ablated strips with dimensions of Lw.
Equation 4 clearly suggests that the amount ferrofluid deposited
per unit area depends not only on the concentration of the
ferrofluid but also on the width of patterns (w) and contact
angle (6). To verify this analytical expression, we created
samples with NwL = 30 mm* (L = 5 mm, N = 1—-10), Figure
4b. Samples were weighed before and after deposition and the
difference was recorded as the added mass of ferroparticles
(M). Figure 4d shows the concentration of added mass (M/A)
plotted against width (w) showing that the mass concentration
of ferrofluid deposited on the patterned area increases with
increasing the width of pattern as suggested by eq 4. The line in
the plot shows mass concentration calculated using eq 4.
Although the rise is linear for small widths, it starts to saturate
and deviates from the calculated value for wider patterns. This
discrepancy arises because of the assumption of droplet shape

dx.doi.org/10.1021/am3011065 | ACS Appl. Mater. Interfaces 2012, 4, 4435—4439



ACS Applied Materials & Interfaces

(b)

o 027
g
[ )
2025 R
g .
2 023
g021 )
g *
L
3 019
g
o017 £ ¢
8
015 +—H———F+—+—+—
0 1 2 3 4 5 6
Width (mm)
(©)

Figure 4. (a) Schematic showing geometric parameters of ferrofluid retained on porous hydrophilic laser ablated surface, (b) sample used to
characterize ferrofluid deposition as a function of geometry, and plot showing relationship between mass of deposited ferroparticles and pattern

width (w).

Figure 5. A magnetic gripper fabricated using the laser surface treatment and micromachining method. Wax paper cut at dotted red line and ablated
in brown area (a), ferrofluid is deposited in the ablated area and paper is folded (b), gripper in folded position (c), anchored gripper in presence of a
permanent magnet (d), gripper in “natural open position” (e), in “forced open position” (f), in “closed position” (g), gripper holding a ladybug (h),

and the complete assembly of gripper with clicker pen (i).

on the surface (deposited fluid volume is approximated as
horizontal cylindrical segment), which fails for large volumes of
fluid because of gravitational force. The expression used for
volume, which assumes a uniform cross-section, does not hold
true for wider samples as width becomes comparable to the
length. Overall, per unit area concentration of the ferroparticle
deposit is proportional to the pattern size until the point of
saturation.

3.3. Application as an Actuator. The patterning and
machining method described here can be used for various
applications such as magnetic tagging, sensors, and actuators.
For demonstration, we designed and fabricated a paper based
gripper that can hold objects by utilizing attractive force of
small permanent magnets (R311, K&J Magnetics Inc.). Figure
S shows the schematic and the actual fabricated device. As
shown in Figure Sa, wax paper was cut along dotted lines and
ablated in the brown regions. The cantilevers were cut and
patterned in the same step by only altering the laser power
level. Subsequently, ferrofluid was deposited in the ablated area
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and the structure was folded as shown in Figure Sb to bring
holding pads to face each other (Figure Sc) and four anchor
points of the actuator glued to a fixed anchor point (Figure Sd).
To ease the process of moving permanent magnet back and
forth, gripper was mounted on the tip of a clicker pen whose
refill was replaced by a thin rod with the magnet at the tip. The
distance was adjusted such that one click opens the holding
pads whereas a subsequent one closes it. Figure Se—g show the
gripper in various positions (insets show simple sketches
depicting the actuation mechanism/sequence). In its “natural
open position” two arms of gripper stay apart, Figure Sd. When
the magnet is brought closer to the ferrofluid patterned area, it
initially pushes the assembly mechanically to open up the
holding ends even more (Figure Sf) to its “forced open
position”. After completing the first click (corresponding to
protruding position while writing), holding pads remain in a
“closed position” due to the attractive magnetic force, Figure
Sg. During this phase, the gripper can be used to hold objects.
When pen is clicked for a second time, the magnet first pushes
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on the assembly to open up the holding pads releasing the
grabbed object and then settles in its “natural open position”. It
is important to note that in the “forced open position”, the
gripper has a larger jaw size allowing it to hold bigger objects.
Use of magnetic force instead of adhesive for this mechanical
movement facilitates easy replacement of paper-gripper thus
avoiding contamination. Also, an electromagnet can be used to
activate gripper using an electric switch instead of mechanical
movement but that demands a currents source which makes it
unnecessarily complicated. Figure Sh shows a ladybug held
using the paper gripper. Figure Si shows the whole assembly of
the actuator including the clicker pen. With this specific
configuration (actuator size (30 mm long and 10 mm wide),
clicker stroke length (6 mm) and ferro-particle concentration
(0.7 mg/mm?)) the gripper could hold samples weighing up to
S0 mg.

4. CONCLUSIONS

We successfully demonstrated a simple fabrication technique to
create water-resistant ferro-patterns on the wax paper using
CO, laser ablation. A resolution of about 100 ym was achieved
which is mostly limited by the cellulose fiber size (~50 ym) in
the wax paper and can be improved by using a smaller cellulose
matrix. Laser ablation resulted in modification of surface
morphology and chemistry leading to a change in surface
energy. We also presented a 2D model for ferrofluid deposition
relating the size of the pattern to the amount of ferroparticles
deposited on the surface. Our model correctly predicted that
larger patterns lead to higher mass concentration until the point
of saturation. Finally, we designed a paper gripper based on
magnetic actuation to demonstrate advantages of our technique
which allows microscale patterning and machining in a single
step.
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