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This paper describes the design and fabrication of electrically controlled paper actuators that
operate based on the dimensional changes of that occur in paper when the moisture absorbed
on the surface of the cellulose fibers changes. These actuators are called “Hygroexpansive
Electrothermal Paper Actuators” (HEPAs). The actuators are made from paper, conducting
polymer, and adhesive tape. They are lightweight, inexpensive, and can be fabricated using
simple printing techniques. The central element of the HEPAs is a porous conducting path
(used to provide electrothermal heating) that changes the moisture content of the paper and
causes actuation. This conducting path is made by embedding a conducting polymer
(PEDOT:PSS) within the paper, and thus making a paper / polymer composite that retains the
porosity and hydrophilicity of paper. Different types of HEPAs (straight, pre-curved, and
creased) achieved different types of motions (e.g., bending motion, accordion type motion). A
theoretical model for their behavior is proposed. These actuators have been used for the
manipulation of liquids, and for the fabrication of an optical shutter.

1. Introduction

Paper is an abundant, lightweight, and biodegradable material that has been used for
centuries for printing, packaging, and absorbing liquids. Paper is a porous hydrophilic
network of intertwined cellulose fibers.!"! This network defines the mechanical and fluidic
properties of the material.'”! In recent years, paper has become increasingly interesting as a
material in new applications.”" ! For example, we and others have used it for microfluidic -

' and electroanalytical devices as the basis for low-cost diagnostics,''""'*! as 3-D scaffolds for

13-15] [16-22]

cell growth,! as a substrate for printed electronics, and in micro-electromechanical

systems (MEMS).!"®#324 A missing component for paper-based devices is an electrically
controlled actuator that is embedded within the paper, can be fabricated by printing, and
continues to operate when the paper that supports it is creased and/or folded. Paper actuators
that fulfill these requirements have the potential to allow control of liquid transport in paper-

based microfluidic devices, to enable assembly of micro machines through self-folding, ** >
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(25271 1f mechanical work could be performed

and to serve as microactuators for paper devices.
with paper actuators, we could build new kinds of “paper-based machines”.

Given the attractive properties of paper, there has been surprisingly little research done on
the fabrication of paper actuators.”® Three examples are: (i) Paper-based actuators made by
integrating magnetic particles in paper. The actuation in these systems is achieved by (and

2%3% This approach produces tunable composite materials,

requires) an external magnetic field.!
but requires large quantities of magnetic additives that are controlled by the application of a
localized external magnetic field: this control is difficult and/or inconvenient to accomplish.
(11) Electrostatic zippers. These actuators consist of two sheets of paper that are coated with
carbon nanotubes and are separated by a dielectric layer. They actuate using electrostatic
fields.*" The paper zippers are simple in design, and low in cost, but have the disadvantage
that they require several kilovolts to actuate, and deliver only small movement. (ii1)
Electroactive papers."** These structures are fabricated by printing electrodes (usually
made from gold) on both sides of paper or of cellulose films. They are lightweight, and
flexible, but have the drawback that they require metallic electrodes. This requirement adds to
both their cost and complexity. Their performance also degrades over time, and they do not
function when creased. Because paper is hydrophilic, most systems based on it are affected by
the relative humidity (RH) of the environment.

This paper describes the design and fabrication of electrically controlled paper actuators
that exploit the hygroexpansive properties of paper; they expand or contract based on changes
of moisture within the paper. We call these actuators “Hygroexpansive Electrothermal Paper
Actuators” (HEPAs). Figure 1 shows a schematic representation of the four different types of
HEPAs (straight, pre-curved, creased-curved, and creased-sawtooth) that we fabricated and
characterized. These simple devices are made from paper, conducting polymer, and adhesive
tape. They are lightweight and inexpensive, and they continue to operate when bent and

scratched. We describe a theoretical model for their behavior, show that the actuation of the
3
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HEPAs is reversible over a large range of relative humidity, and demonstrate that they can be
designed to move along either a straight or curved path. We show that these actuators can be
used for the manipulation of liquids, and for the fabrication of an optical shutter.

2. Results and Discussion

Design and fabrication. Figure 1 sketches the fabrication of the HEPAs. The general
fabrication process is as follows. We wax printed a fluidic U-shaped channel on paper.?*”
Using a pipette, we added to the paper a suspension of the conducting polymer (PEDOT:PSS)
in water. The PEDOT:PSS suspension wicks into the predefined channel, and upon drying
coats the cellulose fibers throughout the thickness of the paper sheet (rather than localizing on
the surface, as seen from optical, and scanning electron microscope images; Figures 1b, c, d,
and S1). When dry it forms a conducting paper/PEDOT:PSS composite, which we used to
provide electrothermal heating. We note that without the patterned wax barrier (which also
spans the width of the paper) the PEDOT:PSS suspension would spread unevenly across the
paper by capillary wicking, and would not form a well-defined conducting path. To direct
actuation, we attached pieces of Scotch® tape (40 um thick), either on one side of the paper —
yielding the straight, pre-curved or creased-curved HEPAs — or on alternating sides — yielding
the creased-sawtooth HEPA — (Figure le). The final step consists in designing the form of the
HEPA. We fabricated two shapes: 1) the pre-curved HEPA fabricated by manually curling one
side of the straight HEPA, using a dull blade (similar to curling a ribbon"%); ii) the creased-
curved HEPA fabricated by manually folding the straight HEPA.

The HEPAs operate because of the moisture-induced dimensional changes of the
paper/PEDOT:PSS composite, and the absence of moisture-induced dimensional changes of
the tape. When the resistive heating element is turned on, the composite heats, the moisture
content of the paper is reduced, and the paper component of the composite contracts. When
the resistive heating element is turned off, the composite absorbs moisture from the

environment, the moisture content of the paper increases, and the composite returns to
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approximately its original shape. Since the tape is unaffected by moisture and heat (even up to
100 °C), it acts as the strain-limiting layer, thus the dimensional changes of the
paper/PEDOT:PSS composite are translated into a bending motion.

We designed four types of HEPAs (straight, pre-curved, creased-curved and creased-
sawtooth) that can perform a range of motions. Figure 1e shows schematic representations of
the four types of HEPAs, and their initial (the electrothermal element is off, OFF state) and
final (the electrothermal element is on, ON state) positions. For example, the initial position
(OFF state) of a straight HEPA is straight and then it bends to a certain angle to reach its final
position (ON state). A pre-curved HEPA, conversely, can perform the exact opposite motion
compared to a straight HEPA; its initial position is curved, and its final position is straight
(Figure le). The creased configurations of the HEPAs can perform more complex motions
(e.g., angular and accordion-type motions) as each crease changes its angle independently.
The total motion, therefore, is the sum of the change in angular motion of each individual
crease. The exact motion of each configuration of HEPA is influenced by three parameters: (i)
the consumed power; (i1) the dimensions of the actuators; (iii) the relative humidity of the
environment. In the following sections we examined in detail the effect of each of these
parameters (Figures 3, 5, 6 and S2 show photographic images of the HEPAs during
actuation).

Consumed power, resistance and driving voltage. The conducting paper/PEDOT:PSS
composite is used as a resistive element to generate the heat necessary for a change in the
moisture content — and in turn for actuation — of the HEPA. The speed of actuation is
proportional to the heat generated (greater heat = faster actuation), and this heat is related to
the power consumed, the resistance, and the driving voltage of the paper/PEDOT:PSS
composite. Using infrared (IR) thermal images, we concluded that temperatures of 80 °C are
high enough to generate maximum and fastest actuation at the lowest consumed power. To

study the heat distribution, we recorded the thermal profile of the paper/PEDOT:PSS
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composite, using an IR camera, at different applied voltages, and recorded the corresponding
power (P). The IR images indicated that at each voltage the temperature was uniform across
the surface of the resistive element, and the heat dissipated into the wax barrier (Figure 2).
We note that we did not observe any degradation in the paper/PEDOT:PSS composite (i.e. it
did not dissolve or burn) when we increased the temperature to 100 °C for 10 minutes (this
time is much longer than the required time for our actuation experiments). We calculated the

normalized power per area (P,), using P, = P/ LW Pn=P/LW (we used P, because it is

independent of the size of the actuator, and is directly related to the temperature), and we
concluded that we need P, = 0.3 Wem™ to reach a temperature of 80 °C.

Power is related to voltage and resistance through Ohm’s law (P =V*/R ). We measured
the sheet resistance (Rs) across the conductive paper/PEDOT:PSS channel at room
temperature at different PEDOT:PSS loading. The sheet resistance is a parameter that is

independent of the length, L, and the width, WV, of the HEPA (R, = RW /4L). As expected,

the resistance lowered with increased PEDOT:PSS loading (the lowest sheet resistance we

obtained was Rg= 70 Q/sq). For our experiments we fabricated HEPAs with sheet resistance
at room temperature of around 350 Q /sq.

The driving voltage of the actuator can be expressed as a function of the sheet resistance
and normalized power (V = ZLM ). From this relation, we note that actuators with lower

sheet resistance, and/or shorter length, operate at lower driving voltage for the same power
per area (note that the driving voltage is independent of the width of the HEPA). In this study,
we could, for example, actuate HEAPs with different dimensions (at P, = 0.3 Wem™) at
driving voltages between 20 V (for actuators with W=1 cm, and L=3 cm) and 100 V (for W=1
cm, and L=10 cm).

Since the resistance changes with temperature, we calculated the sheet resistance as a

function of power (and thus temperature). We plotted R(7)/Ry, where R, is the resistance at
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room temperature, and noted that the resistance decreased by less than 10% at the highest
temperature (Figure 2c). We, thus, concluded that the change in resistance does not have any
significant effect on the performance of the actuator, and, that we can therefore approximate
the resistance as constant for a given dimension.

Theoretical model of the motion. To understand the behavior of HEPAs, we developed an
analytical mechanical model (see SI). This model relates the curvature (x) of the bi-layer

actuator to the temperature-induced strain &, of the paper by Equation 1.

— 6€hE1E2t1t2 (tl + t2)
K= 2 272 2 (1)
(Et; —E,t;)" +4E Ett,(t, +1,)

Here, ¢ is the thickness, and £ is the Young’s modulus, for the paper layer (¢;, E£;), and the
tape layer (¢, E,). This result is analogous to a bi-layered beam under thermal expansion, but
instead of a thermal strain, this model uses the hygroexpansive strain (&,) defined as the ratio
between the changes in length to initial length as a function of moisture content (). In
certain regions &, is a linear, and reversible, function of the moisture content®”! described by
Equation 2 where f is defined as the hygroexpansion coefficient, and Am, is the change in the
moisture content.

&, = pAm, 2)

137381 By using Equation 1,

A typical value of 8 for many types of paper is approximately 0.1.
and the largest curvature that we measured (0.12 cm™), we calculated €, = 0.3% for a HEPA
with L:W =10:1 (see SI). This value is in agreement with the reported values for the
hygroexpansion of paper.*”! In reality, E; can also change with the moisture content (the
paper becomes stiffer as it dries), but the change in £, has a small effect on x, and we assume
E; to be constant. Equation 1 can also be used to optimize the relation between ¢, ¢, and E>,

and to design a HEPA that has maximum bending curvature for a given type of paper (with

fixed thickness and elastic modulus).
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Influence of the dimensions of the HEPAs on actuation, and generated force. Equation 1
predicts that the curvature of actuation, at constant temperature, is independent of the length
of the actuators. Our experiments, however, showed that this predictions only holds true for
longer actuators (L:W ratios > 3). Short actuators show a smaller, length-dependent actuation
(see Figure S2). We reasoned that the boundary effects become important for shorter actuators,
to the point that Equation 1 is no longer valid, and the actuators displace by a smaller
percentage (at the same power) than do longer ones. In this work, we only focused on
actuators with large L:W ratios (>3) at an on-state temperature of around 80 °C.

In addition to the movement of the HEPAs, we also measured their static force, (at the tip
of the actuators) using a straight HEPA. The largest specific force (force/total weight of the
HEPA) was measured to ~0.07 N/g (see Table 1). In contrast with the results from the free
actuation (without any loading), the specific force of the actuators increased as the L:W ratio
decreased. This behavior is expected because the stiffness (spring constant) of a bending
beam increases with a decrease in length, which allows the actuator to generate a larger force.
A noteworthy point about these results is that HEPAs can lift weights that are larger than their
own weights. For example, the shortest actuator can lift around 20 times (0.57g/0.027g) its
own weight. We demonstrate this structure with the fabrication and operation of an optical
shutter described in below.

Humidity Dependence. Because HEPAs actuate due to moisture-induced dimensional changes
of the paper/PEDOT:PSS composite, we studied the influence of RH on the motion of
bending, on the range of actuation, and on the speed of actuation (Figure 3 and 4). As shown
in Figure 3, we operated the same HEPA in two environments of different humidity: 1) dry
(RH = 15%), and i1) humid (RH = 85%). We started the experiment at low RH (15%). When
we turned on the electrothermal element, moisture evaporated from the paper/PEDOT:PSS
composite, the HEPA moved down, and the extra paper section (attached to the end of the

HEPA) contacted and absorbed a droplet of a solution of a blue dye (Figure 3b). When we
8
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turned off the electrothermal element, the HEPA returned to its original position (Figure 3c).
We then increased the RH to 85%, and repeated the experiment (Figure 3d, e, and f). At this
RH, the paper/PEDOT:PSS composite absorbed more ambient moisture, which resulted in an
initial state (off-state) with greater curvature (Figure 3d). Its final state (on-state), however,
was not visibly affected by the increase in RH, and the actuator picked up a solution of a red
dye (Figure 3e). We tested the speed of actuation and recovery of the same HEPA at seven
different RH (15-85%) and P = 1W (Figure 4). We note that for the same HEPA (L:W =
10:1cm) the speed of actuation, and of recovery is not noticeably affected by the RH. (Figure
4, and Movies M1-8). We also tested the HEPA at RH = 35% and P = 2W, and we note that
the speed of actuation (18s) and of recover (16s) are not influenced by this difference in
power. These experiments demonstrates that (i) the HEPAs can move weights (in the form of
a paper appendix, and water droplets), (i1) the HEPAs actuate over a wide range of values of
RH, because electrothermal heating releases the majority of the moisture absorbed in the
paper irrespective of RH, and (iii) the speed of actuation of the HEPAs is not noticeably
affected by the RH or the consumed power.

Creased HEPAs. An attractive property of HEPASs is, that they function even when folded /
creased. Unlike other paper actuators (fabricated with metallic conductors on the surface of
the paper), HEPAs do not break, upon repeated creasing when subject to high strain on
bending. To test the influence of creasing on the paper/PEDOT:PSS composite, we fabricated
a conducting path (I mm by 18 cm), folded it 11 times, and measured its resistance as a
function of the fold angle (Figure S3). The resistance changed less than 10 % between the
unfolded and folded structures, even after 1000 open / close cycles (Figure S3). Figure Sa
shows time-lapse photographs of the creased-curved HEPA that operated by closing and
opening the half circular shape. This HEPA closed at a greater angle than the pre-curved

variations, and could lift a weight (a piece of paper, m = 46 mg).
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Figure 5b shows time-lapse photographs of a creased-sawtooth HEPA that was creased in
an accordion-shape. The difference between these two designs was the position of the tape.
When the tape is positioned on one side of the paper/PEDOT:PSS composite, the angular
motion of each crease is in the same direction; this concerted motion resulted in curving
(Figure 5a, and Movies M9-M10). When we positioned the tape on alternate sides of the
composite, the cumulative angular motion resulted in linear actuation (Figure 5b), which is an
essential motion in many mechanical machines.

Proof-of concept of application: a paper optical shutter. Figure 6 shows a pre-curved HEPA
that acts as an optical shutter. We designed this HEPA to have an almost semi-circular shape,
with an extra paper section (shutter), and mounted it onto a backlit table (Figure 6). When the
electrothermal element was off, the shutter covered the hole and blocked the light. When we
turned the electrothermal element on, the shutter moved, uncovered the hole, and allowed the
light to pass through (Figure 6¢). The shutter opened in 8 seconds, and closed in 16 seconds
(at room temperature and RH = 40%, see time-lapse photographs in Figure 6¢, and movie
MI11). We tested 260 open/close cycles and did not observe degradation of actuation (see
Figure 6b).

3. Conclusion

Hygroexpansive Electrothermal Paper Actuators (HEPAs) made using paper, conducting
polymer, and tape, can be actuated using the hygroexpansive properties of paper, and are
controlled electrically by heating. The central element is the porous conducting path (used to
provide electrothermal heating). This conducting path is made by coating the fibers in the
paper (across the thickness of the sheet) with a conducting polymer (PEDOT:PSS) and thus
making a paper/polymer composite that retains the porous and hydrophilic properties of paper.
Upon electrothermal heating, the moisture content of the paper decreases, and the
paper/polymer composite contracts. When the electrothermal heating element is turned off,

the paper/polymer composite absorbs moisture from the environment (moisture content
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increases), and expands. Using theoretical calculations, we have shown that HEPAs can
operate over a range of voltages, and that a normalized power per area of 0.3 Wem™ is
suitable for achieving maximum actuation. We derived a mechanical model that relates the
curvature of the actuator to its dimensions, material parameters, and hygoexpansion. We
showed experimentally that this model could be used for actuators with a length to width ratio
greater than three (actuators with L:W <3 are less power-efficient). We showed that the
driving voltage of the HEPA was independent of L, and that larger actuation required larger
L:W ratios. We measured a maximum specific static force of 0.07 N/g, and we showed that
HEPASs with smaller L:W ratios have larger specific static force.

The HEPAs have four advantages: (i) They are lightweight, inexpensive, and
biodegradable. (i1) They are easy to fabricate using simple printing techniques. (iii) They
operate even when bent and scratched, because the element that provides electromechanical
work is embedded within the paper. These features offer the possibility of designing complex
folded structures. (iv) They can actuate many times without showing signs of degradation of
performance. HEPAs are similar to other paper-based actuators, in that they have the
disadvantage that their initial state is influenced by the relative humidity of the environment.
Unlike most other paper-based actuators, however, their final state is not affected by relative
humidity, as it is contingent on the electrothermal element drying the paper/polymer
composites. They also have obvious shortcomings: they exert only small forces, and are
relatively slow.

Due to their attractive properties (i.e. cost, weight, printability, and porosity), HEPAs could
be useful in applications benefitting from monolithic integration in paper-based printed

6-10

microfluidic®'” and electronic devices,!'® % paper MEMS,!"*****! printable and foldable

[24-26 25,27,40

micro machines, ) and robots.! ) Their speed of actuation, and the force they produce,

however, is low (by standards of more conventional electromagnetic and pneumatic / hydrolic

systems), but they are also lighter, much less expensive, and much more easily integrated with
11
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paper devices (diagnostic, bioanalytical, and electromechanical systems, for example) than are
the more universal systems. The systems in Figure 3, for example, might have the right
characteristics to be used to sample a droplet medium in bioanalysis, and the one in Figure 5
to reposition a filter in a low-cost environmental monitor. These systems have the functional
advantage that they can be reconfigured by folding and creasing without damaging them. The
ability to fabricate small (sub mm-scale) porous wires of PEDOT:PSS that extend across the
full thickness of a sheet of paper by using capillary wicking of an aqueous suspension of
PEDOT:PSS into a channel defined by wax-printed walls, is a new fabrication technique with
the potential for wide application in paper-based devices and machines, especially when
folding and creasing are an issue.l** "

5. Experimental Section

Materials .Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonic acid) (PEDOT:PSS
solution 10% in water) Clevios™ PH1000 was purchased from Heraeus, and mixed with 5
wt% dimethylsulfoxide (DMSO). PEDOT:PSS is stable in ambient conditions, and upon
drying, it forms thin films that are highly conducting (>1000 S/cm),"*"! and resilient to
bending and stretching.!*?) Whatman® Chromatography Paper Grade A was purchased from
Sigma Aldrich. Scotch® tape (40 um thick) was used as the strain-limiting layer to direct the
movement of actuation. This tape was unaffected by moisture and heat (even up to 100 °C).
Fabrication of HEPAs. The devices were fabricated by printing wax patterns with a Xerox
ColorQube and melting, the wax into the paper by placing the sheet of paper in an oven at
140 °C for 2 minutes. We then added the PEDOT:PSS solution with a pipette to the channels
that were defined by the wax. The patterned actuators were cut, and a layer of Scotch® tape
was attached to obtain the HEPA.

Electrical operation. A Keithly 2410 source-meter was as a digital multimeter, and as a power
source to deliver the power for resistive heating. The HEPAs were connected to the source-

meter with copper alligator clips.

12



WILEY-VCH

Thermal characterization. Thermal images were acquired using a FLIR T600-Series infrared
imaging camera.

Control of relative humidity. RH was controlled with two mass flow controllers [MKS 1179
A — 1,000 sccm and 10,000 scem], using LabView™, to regulated the flow of nitrogen (to dry)
and water vapor (to humidify) at different ratios into a glass chamber.

Calculation of optical shutter intensity. MATLAB® was used for calculating the light
intensity from each frame of a video from the optical shutter. The intensity was calculated as
the average gray-scale intensity of pixels corresponding to the circular optical window.

Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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Figure 1. a) Schematic representation of the fabrication of the HEPAs: 1) wax is printed and
melted into the paper to form the fluidic channels; i1) a suspension of PEDOT:PSS is added to
the channels; iii) the water evaporates, and deposits the conducting film of PEDOT:PSS in the
channel; 1v) a piece of tape is attached onto the paper/PEDOT:PSS composite to act as a
strain-limiting layer. b) Photograph of the wax patterned channel. c) Photograph of the
paper/PEDOT:PSS composite. d) Photograph of the cross section showing that the
PEDOT:PSS is embedded in the paper channel. €) Schematic representation of the four
HEPAS (straight, pre-curved, creased-curved, and creased-sawtooth), and of their motion of
actuation; L = length, and W = width.
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Figure 2. a) Photograph of the paper/PEDOT:PSS composite (the conducting path) embedded
in a sheet of paper. The dashed lines indicate the borders of the resistive element. b) IR
images of this conducting path at different consumed powers. ¢) Normalized resistance (R/Ry)
of the conducting path as a function of temperature, measured from the IR images.
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RH = 15% RH = 85%

Figure 3. Time-lapse photographs of the same pre-curved HEPA (L:W=5:1 cm) operated at
room temperature (at P=1 W and I = 1.5 mA), a) at RH = 15%, and b) at RH = 85%. The
volume of the solutions of the red and blue dye are 50 uL each.
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Figure 4. Actuation (a) and recover (b) times at different RH (P = 1W); in each case the time
is constant within +£10%.
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a) Creased-curved b) Creased-sawtooth
off  |off
Os

Figure 5. Time-lapse photographs of: a) creased-curved HEPA (L:W = 7:0.8 cm) Dashed
lines highlight the attached passive paper; b) creased-sawtooth actuator fabricated with the
tape positioned on alternating side of a HEPA (L:W=5:1cm; P=1W;1=1.5mA; RH =
40%).
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Figure 6 a) Photograph of a HEPA (L:W = 5:1 cm) optical shutter (P=1 W; 1=1.5 mA; RH
=40%). b) Number of on / off cycles vs. normalized light intensity calculated from the videos
of actuation. ¢) Time lapse photographs of the HEPA optical shutter. The device is placed on
a backlit table, and the light is seen only when the shutter opens. The dashed-lines highlight
the shutter area.
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Table 1. The maximum static force measured for actuators with different L: W ratios.

Maximum

Static force / Maximum

Length / width Weight of the paper

. g 1
(cm) in the actuator (g) weight (Ng™"/ g) Specific force (Ng')
6.5/0.85=74  0.050 1.86/0.19 0.013
55/0.85=6.5 0.043 3.53/0.36 0.027
35/0.85=4.0 0.027 5.58 /(0.57 0.068
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