Extreme Mechanics Letters 25 (2018) 53-59

journal homepage: www.elsevier.com/locate/eml

Contents lists available at ScienceDirect

Extreme Mechanics Letters

m EXTREME MECHANICS

Magnetic-responsive Fe304 nanoparticle-impregnated cellulose paper ®

actuators

Check for
updates

Xin Wang *°, Bin Han %%, Run-Pei Yu®", Fei-Chen Li *°, Zhen-Yu Zhao *",

b,e,*

Qian-Cheng Zhang *¢, Tian Jian Lu

2 State Key Laboratory for Strength and Vibration of Mechanical Structures , Xi'an Jiaotong University, Xi'an 710049, China
b State Key Laboratory of Mechanics and Control of Mechanical Structures, Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China

¢ School of Mechanical Engineering, Xi'an Jiaotong University, Xi’an 710049, China
d School of Engineering, Brown University, Providence, RI 02912, USA

€ MOE Key Laboratory for Multifunctional Materials and Structures, Xi'an Jiaotong University, Xi'an 710049, China

HIGHLIGHTS

o A type of magnetic-responsive Fe30,4 /paper nanocomposite is prepared through a low-cost blending method.
o Areversible and stable performance of flexural actuation of the beam-shaped actuator is achieved due to low magnetic hysteresis loop of the Fe304

/paper nanocomposite.

e The accordion-shaped actuator can reach a maximum strain of 100% while the star-shaped actuator can capture a spitball twice heavier than itself.
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Fe304 nanoparticle-infiltrated chromatography paper is prepared using a low-cost blending method.
Upon characterizing the basic material properties of the Fe;04/paper nanocomposite, beam-, accordion-
and star-shaped actuators are constructed using the nanocomposite and the corresponding actuation
performance is investigated experimentally. The beam-shaped actuator exhibits a reversible flexural
deformation due to low magnetic hysteresis loop of the Fe;04/paper nanocomposite, maintaining a stable
response after 100 cycles. The accordion-shaped actuator can reach a maximum strain of 100% while the
star-shaped actuator can capture a spitball twice heavier than itself.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Cellulose is the most abundant bio-polymer on Earth with low
expense, light weight, high availability, good renewability and
easy processability [1], has attractive mechanical properties with
specific modulus of 100 GPa cm® g~' and specific strength of 4 GPa
cm? g7, even higher than that of most metals and composites [2].
Based on the above advantages, cellulose-based materials (wood,
hemp, cotton, linen, etc.) and their artificial products (paper, tex-
tiles, etc.) have been widely used for thousand years, almost cov-
ering all fields of daily life. Recently, in order to further exploit the
mechanical properties, functionality and durability, a lot of novel
cellulose-based materials and applications have been proposed in
fields, e.g., structural materials [2-4]. energy storage [5-7], flexible
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electronics [8-10], and sensors [11-13], etc. For example, Song
et al.[3] created a so-called “super wood” with tensile strength of
587 MPa and specific tensile strength of 451 MPa cm? g~!, both of
which were even higher than that of metals and alloys. Encourag-
ingly, the corresponding fabrication method is universally effective
for various species of wood and deeply inspires the future design
of structural materials. Chen et al. proposed a novel design concept
of an all-wood-structured, low tortuosity, safe and biodegradable
supercapacitor, which is expected to achieve green and renewable
energy storage. Liu et al. [9] presented a comprehensive review of
paper-based wearable electronics, discussed both pros and cons
of each manufacturing tactic, and finally pointed out developing
trends of paper-based electronics in the emerging wearable appli-
cations.

Cellulose paper, as an artificial product comprising of bio-origin
ingredients, is also a common source of cellulose with rich abun-
dance. While cellulose paper is commonly used for printing, pack-
aging, and absorbing liquid, it is attracting remarkably increasing
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research interests for prototyping flexible actuators due to its
superiorities including flyweight, mature manufacturing process,
favorable mechanical bendability, biocompatibility and nontoxic-
ity over their counterparts. With the development of paper-based
devices (low-cost diagnostics [14], scaffolds for cell growth [15],
printed electronics [12], flexible sensors [11], etc.), it is of great
significance to create an actuator, which is embedded within the
paper, can be fabricated through a simple method and further
operate together with paper-based devices [16]. If mechanical
work could be performed with paper-based actuators, novel paper-
based machines could be built [17].

More recently, the paper-based actuators can be mainly divided
into two categories: single-responsive type and multi-responsive
type. As for single-responsive type, the actuators are stimulated by
only single external stimulus, such as electricity, humidity, heat or
light. Kim et al. [ 18] firstly proposed an electroactive paper (EAPap)
to construct a bending actuator based on the piezoelectric effect of
cellulose and ionic transport. Chen et al. [19] developed a paper-
based electrostatic zipper actuator consisting of two paper sheets
which were printed with the carbon nanotube ink and separated
by a dielectric layer (mylar or parylene), and applied the actuating
mechanism to the assembly of soft robots. Hamedi et al. [17]
created an electrically activated paper-based actuator based on the
hygroexpansive property of cellulose papers. For multi-responsive
type, Weng et al. [20] fabricated a multi-stimuli responsive ac-
tuator via a pencil-on-paper method and achieved bidirectional
bending by electricity, humidity and light. However, there are limit
research work focusing on designing the magnetic paper actuators.
By contrast, magnetic actuators made of hydrogel [21] and poly-
mer [22] have been reported. Herein, inspired by the fabrication
method of magnetic hydrogel [21], we proposes a single-magnetic-
responsive actuator made of Fe;0,4 nanoparticle-infiltrated paper
thatis prepared using a low-cost blending method. The microstruc-
ture, phase structure, magnetic properties and mechanical prop-
erties of the Fe;O4/paper nanocomposite are characterized first.
Beam-, accordion- and star-shaped actuators are then designed
and the actuation performance is tested.

2. Materials and methods

Whatman chromatography paper Grade A with a thickness of
180 wm and grammage of 88 g/m? and Fe;0, nanoparticles with
a purity of 99.9% (Sigma-Aldrich Chemicals, USA) are chosen as
basic materials to construct the Fe;04/paper nanocomposite. The
average particle size, density and specific surface area of the Fe30,4
nanoparticles are 20 nm, 5.18 g/cm® and 50 m?/g, respectively.
Tetramethyl Ammonium Hydroxide (Aladdin Chemicals, China) is
used as the surfactant. Tributyl Phosphate (Guangzhou Jinhuada,
China) is employed to reduce bubbles generated during stirring.

Before fabricating the Fe;O4/paper nanocomposite, 25wt%
Fe304 nanofluid is prepared by dispersing Fe;04 nanoparticles into
deionized water based on the method used in Ref. [23]. The Fe304
nanoparticles can easily agglomerate and sedimentate, attributed
to their high specific surface area and surface activity. As the sur-
factant, Tetramethyl Ammonium Hydroxide is subsequently added
into the nanofluid, with a mass proportion of 1:3 relative to the
nanoparticles. The mixture is then mechanically stirred for 1 h with
a rate of 2000 rmp (motor stirrer, JJ]-1H), followed immediately by
ultrasonic waves treatment at 20 kHz for 0.5 h (ultrasonic cleaning
machine, BRANSON 1800). To minimize bubbles generated during
stirring, Tributyl Phosphate with a bulk volume of 1-2 ml is added
into the mixture.

Fig. 1 shows the fabrication process of Fe304/paper nanocom-
posite: (1) Fe304 nanofluid with a pipette is added to the paper
sheet until full saturation; (2) the impregnated paper sheet is
dried; (3) the dried paper sheet is stored in a chamber of constant

temperature and humidity. Note that, the impregnated paper sheet
is dehydrated on an electric heating plate at 70 °C for 10 min, and
subsequently preserved at fixed temperature (23 °C) and relative
humidity (50%).

The microstructure of as-fabricated nanocomposite (surface
and cross section) is analyzed using scanning electron microscopy
(SEM, Hitachi S-3000N) and energy dispersive X-ray spectroscopy
(EDS, Oxford X-act). SEM images are taken at a working distance
of 14.9 mm with a voltage of 15 kV and a probe current of 109
(A, while EDS measurements are made with a voltage of 20 kV
and a probe current of 144 wA. The phase structure of pure Fe;04
nanoparticles and Fe3O4/paper nanocomposite is observed using
X-ray diffraction (XRD, X'Pert PROMPP). The magnetic proper-
ties (i.e., magnetic hysteresis loop, saturation magnetization, rem-
nant field and coercive field) of pure Fe304 nanoparticles and
Fe304/paper nanocomposite at ambient temperature are investi-
gated using a vibrating-sample magnetometer (VSM, Lakershore
7404) with a maximum applied field of 2.17 T. Tensile tests of
Fe304/paper nanocomposites are carried out using a universal
testing machine (SHIMAZU, AG-Xplus). The load cell for tension has
a maximum capacity of 1000 N, minimum force resolution of 0.83
N, and minimum displacement resolution of 0.033 wm. According
to ASTM Standard D882, the tensile specimens are cut into strips
with the length of 150 mm, width of 10 mm and gauge length of
100 mm. The thickness of the specimens is measured using a digital
micrometer (NSCING, Nanjing) with resolution of 0.001 mm.

3. Results and discussions

The amount of Fe304 nanoparticles embedded into the paper-
based nanocomposites was measured and it was associated with
the porosity of paper material and the concentration of Fe304
nanofluid [24]. The mass percentage of Fe30, nanoparticles in
the present nanocomposite is measured as 46.80%+1.88%, the
thickness of the composite film is around 193 wm, and the cor-
responding density is 0.857 g/cm?>. Fig. 2a-d show the surface
microstructure of the nanocomposite. It is observed from SEM
images (Fig. 2a-c) that Fe;04 nanoparticles are diffused into the
porous regions among cellulose fiber networks. It is found from
the EDS map (Fig. 2d, blue points represent Fe element) that Fe304
nanoparticles are uniformly distributed on the surface of cellulose
fibers. Besides, the cross-section morphology of the nanocompos-
ite is also observed through SEM and EDS images, as shown in
Fig. 3a-d. To analyze the diffusion of Fe304 nanoparticles through
thickness direction, EDS images of Fe element on the cross section
(Fig. 3d, blue points represent Fe element) are measured. It is
found that Fe element of the current nanocomposite is uniformly
distributed through thickness direction.

XRD patterns of both pure Fe304 nanoparticles and Fe3O4/paper
nanocomposite are shown in Fig. 4a-b. Fig. 4a shows that Fe304
is the major phase in the pure nanoparticles, which is similar to
the prior experimental results in Ref. [25]. By contrast, the major
phases of the nanocomposite are Fe304 and cellulose (the first ma-
jor peak in Fig. 4b). Although the intensity of the nanocomposite is
lower than that of the pure nanoparticles, the major phase of Fe ele-
ment is not changed. Fig. 4c displays the magnetic hysteresis loops
of both pure Fe304 nanoparticles and Fe;04/paper nanocomposite
at ambient temperature (25 °C). Under an external magnetic field,
the magnetic moment of Fe304 nanoparticles is exerted along the
magnetic gradient direction, and the magnetization increases with
magnetic field until saturation [26]. The pure Fe;04 nanoparticles
show a saturation magnetization of 63.1 emu/g, a remnant field of
3.4 emu/g and a coercive field of 35.3 Oe. As for the Fe;04/paper
nanocomposite, the saturation magnetization, remnant field, and
coercive field are 33.5 emu/g, 2.2 emu/g and 28.7 Oe, respectively.
The Young’s modulus, tensile strength, toughness and fracture
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Fig. 1. Fabrication process of Fe304/paper nanocomposite via a low-cost blending method.

(d)

Fig. 2. Surface morphology of Fe;04/paper nanocomposite. (a), (b) and (c) SEM images of Fe304/paper nanocomposite; (d) EDS image of Fe304/paper nanocomposite (blue
points represent Fe elements). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1

Mechanical properties of Fe;04/paper nanocomposite.
Direction Young’s modulus (MPa) Tensile strength (MPa) Toughness (MJ/m?) Fracture strain (%)
MD 769.1+24.3 494 +0.31 0.062 + 0.004 1.74 £ 0.08
CD 504.8 +29.7 3.45 4+ 0.28 0.061 % 0.007 2.42 £+ 0.05

strain of Fe;04/paper nanocomposite are measured via tensile
testing, as shown in Table 1 and Fig. 4d. On account of the highly
anisotropic behaviors of chromatography paper [27], the speci-
mens are tailored along both the machine direction (MD) and the
cross-machine direction (CD). The nanocomposite has better me-
chanical properties along MD than those along CD. Hence, the mag-
netic paper-based actuators are fabricated using the Fe;04/paper
nanocomposite along MD.

The force F,;, exerted on each Fe304 nanoparticle points along
the maximum magnetic gradient direction is given by [28]

F, = 22 gy 1)
Mo

where o is the permeability of free space (47 x 10~7 H/m),

Xp is the susceptibility of nanoparticles, V, is the volume of a

nanoparticle, Band VB are the magnetic flux density and magnetic

field gradient, respectively. Thus, under a tunable magnetic field,
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Fig. 3. Cross section morphology of Fe;04/paper nanocomposite. (a), (b) and (c) SEM images of Fe304/paper nanocomposite (blue frame line represent EDS region); (d) EDS
image of Fe304/paper nanocomposite (blue points represent Fe elements). (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

900 700
600
2 Z-‘ 500
7 7
[= =}
2 O 400
A= =
300
200
1
Degree
(b)
o 6
—CD
o0 6OF —MD
S
2 40
E ~
v <
E/ " K_——-—_ z
S , , . , L2
g -20000 -10000 10000 20000 A
o p— (]
~ et
o x
)
< .
p= Nanoparticles
Nanocomposites A
| 0.00 0.01 0.02 0.03
Applied field (Oe) Strain

(¢) (d)

Fig. 4. XRD patterns of (a) pure Fes04 nanoparticles and (b) Fe304/paper nanocomposites; (c) Magnetic hysteresis loop of pure Fe304 nanoparticles and Fe;04/paper
nanocomposites; (d) Typical tensile stress-strain curves of Fe;04/paper nanocomposites along MD and CD, respectively.
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Fig. 5. Performance of beam-shaped Fe304/paper actuator under tunable magnetic field: (a) Experimental principle; (b) Distribution of magnetic field; (c) Photographs of
actuator responses with increased magnetic field; (d) tip deflection and (e) bending angle as functions of magnetic field; (f) and (g) Repeatability test results with magnetic

field varying periodically between 0 mT and 90 mT.

Fe304 nanoparticles can drive the Fe;04/paper composite to work
as an actuator.

Based upon the Fe;04/paper nanocomposite, three types of
actuator are designed with their actuation performance measured.
Fig. 5a presents a beam-shaped actuator with in-plane dimensions

of 20 mm x 2 mm, which is attached on a polymethyl methacrylate
block with one end clamped by adhesive tape. With a tunable
external magnetic field produced by adjusting the distance be-
tween the actuator and a permanent NdFeB alloy magnet, the tip
deflection and bending angle at the free end are measured. The



58 X. Wang et al. / Extreme Mechanics Letters 25 (2018) 53-59

(a)

(b)

1N

Fig. 6. (a) Performance of accordion-shaped Fe;04/paper actuator subjected to tunable magnetic field. (1-5) show actuator deformation magnetically actuated at specific
normal strains. (b) Performance of star-shaped Fe;04/paper actuator under tunable magnetic field: (1) Initial condition of actuator; (2) Snapshots of gripping process; (3)

Snapshots of capturing process.

distribution of the magnetic field measured using Gauss meter
is presented in Fig. 5b. The magnetic intensity decreases as the
distance between the magnet and the actuator is increased, while
loading and unloading (hysteresis test) are achieved by placing
and removing the magnet. Fig. 5¢ shows a snapshot of the beam-
shaped actuator driven by an increasing magnetic intensity. Due
to fabrication defects and self-weight, the actuator has an initial
tip deflection of 2.91 mm and bending angle of 7.63°. Both the tip
deflection and bending angle increase with increasing magnetic
field, peaking at 9.91 mm and 30.12° when the magnetic field
reaches 90 mT. Subsequently, as the magnetic field is gradually
reduced to 0 mT, the tip deflection and bending angle recover to
3.35 mm and 8.7°, close to the initial values. This small hysteresis
effect is likely attributed to the large bending deformation which
may exceed the elastic deformation of the nanocomposite, causing
irreversible deformation. Fig. 5f-g presents the repeatability as the
magnetic field is varied periodically between 0 mT and 90 mT.
The actuation performance remains stable even after 100 cycles of
loading and unloading, existing good robustness. Compared to the
prior magnetic actuator [24], the as-fabricated actuator exhibits
a reversible flexural deformation due to low magnetic hysteresis
loop of the Fe;04/paper nanocomposite, reduces the fabrication
expense and facilitates the further applications.

As the Fe;04/paper nanocomposite is mechanical foldable, an
accordion-shaped actuator with prefolded creases is fabricated, as
shown in Fig. 6a. To this end, the Fe304/paper strip with a length
of 100 mm and width of 10 mm is folded 13 times. The actuator is
actuated by a NdFeB magnet with the magnetic intensity of about
230 mT. During the experiment, the maximum deformation and
strain achieved by the accordion-shaped actuator are 30 mm and
100%, respectively. Inspired by the Venus flytrap which could close
their leaves within a second for efficient prey capture [29], a star-
shaped actuator is proposed as a paper-based biomimetic gripper
which is fabricated based on the Fe304/paper nanocomposite, as
shown in Fig. 6b. Under a magnetic field, it behaves as a gripper and
can capture and lift a spitball almost twice as heavy as the actuator.

4. Conclusions

Cellulose paper material and Fe;04 nanoparticles are used to
fabricate Fe3O4/paper nanocomposite using a low-cost blending
method. The nanocomposite is then used to construct novel paper-
based magnetic actuators having different shapes. When sub-
jected to an external magnetic field, the paper-based actuators
display large deformation, high stability and reversible response.
The beam-shaped actuator achieves a nearly reversible and ro-
bust bending response, the accordion-shaped actuator reaches a
maximum strain of 100%, while the star-shaped actuator cap-
tures a spitball twice heavier than itself. The proposed magnetic-
responsive paper actuators hold great potential in the fields of
artificial muscles, soft robots, origami-inspired devices, magnetic
self-assembly and lab-on-paper devices.
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