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Abstract

A bundle of a few loblolly pine (Pinus taeda) cells are moisture-activated torsional actuators
that twist multiple revolutions per cm length in direct proportion to moisture content. The

bundles generate 10 N m kg ™!

specific torque during both twisting and untwisting, which is

higher than an electric motor. Additionally, the bundles exhibit a moisture-activated, shape
memory twist effect. Over 70% of the twist in a wetted bundle can be locked-in by drying
under constraint and then released by rewetting the bundle. Our results indicate that
hemicelluloses dominate the shape fixity mechanism and lignin is primarily responsible for
remembering the bundle’s original form. The bundles demonstrate proof of a high specific
torque actuator with large angles of rotation and shape memory twist capabilities that can be

used in microactuators, sensors, and energy harvesters.

(Some figures may appear in colour only in the online journal)

1. Introduction

Existing torsional actuators have tradeoffs between specific
torque, angle of rotation, reversibility, and environmental
constraints that limit their use in ambient conditions. Recent
examples of high specific torque actuators that can rotate
multiple revolutions per cm length, but not reversibly,
include carbon nanotube yarns in electrolyte solutions [1]
and wax-filled carbon nanotube yarns [2]. Actuators with
less than 4° per cm length rotation have been constructed
using piezoelectric materials [3, 4], conjugated polymers in
electrolyte solutions [5], and shape memory alloys [6, 7]. If
available, a high specific torque actuator that can reversibly
rotate large angles could be used for energy harvesters

0964-1726/13/0720014+-07$33.00

or sensing applications, especially if it also exhibits shape
memory twist behavior.

Here we show that bundles of a few wood cells
(figures 1(A) and (B)) can be used as moisture-activated
torsional actuators capable of reversibly delivering at least
two revolutions per cm length at a high specific torque.
Furthermore, they possess shape memory twist behavior.
Although other researchers have suggested using wood and
other lignocellulosic materials as inspiration for stimuli-
responsive actuators [8, 9], previous researchers only studied
small, unidirectional movements such as the opening of pine
cones [10], wheat awn movements [11], and bending of
leaning tree organs [12].

Wood possesses a structural hierarchy ranging from
individual cellulose microfibrils to cells to growth rings [13].

© 2013 IOP Publishing Ltd Printed in the UK & the USA
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Middle lamella

Figure 1. Scanning electron microscope images of a (A) side view
of a partially twisted bundle and (B) bundle cross-section.

(C) Ilustration of a wood cell bundle consisting of tracheids with
helically wound cellulose microfibrils held together by the middle
lamella.

In softwood, the most common cell is the axial tracheid,
typically 30-50 um in diameter and 3-5 mm in length.
The tracheid is hollow with nano-fiber-reinforced composite
walls of highly oriented, semicrystalline cellulose microfibrils
embedded in a matrix of amorphous cellulose, hemicel-
luloses, and lignin. Cellulose is a linear polysaccharide,
hemicelluloses are branched amorphous polysaccharides, and
lignin is a cross-linked amorphous aromatic polymer. From a
solubility parameter viewpoint [14], lignin and cellulose are
incompatible, but the molecular-level architecture of wood
overcomes this by using hemicelluloses to bridge between
the cellulose microfibrils and lignin, thus allowing the stiff
microfibril reinforcement to be efficiently incorporated into
the more compliant lignin and hemicelluloses matrix. In
wood, individual cells are held together by the middle lamella
(figure 1(C)), which consists of about 20% hemicelluloses
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Figure 2. Illustrations of (A) cell bundle twist indicator,

(B) torsional pendulum for calibration of a tungsten wire torque
sensor, and (C) configuration for measuring bundle torque during
moisture-induced twisting and untwisting.

embedded as an irregular, interconnecting network in a
matrix of lignin. Another substantial component of wood
is water, which is readily absorbed by hemicelluloses [15]
and lignin [16]. Moisture content (MC) in wood, defined
as water mass divided by oven-dried wood mass, depends
on temperature and relative humidity (RH). Up to MC of
approximately 30%, called the fiber saturation point, all water
in wood is bound by intermolecular attractions within the
wood cell walls [17]. At MCs above the fiber saturation point,
free water forms in wood cavities.

2. Materials and methods

2.1. Bundle and twist indicator construction

Bundles of a few wood cells were extracted from
loblolly pine (Pinus taeda) latewood. First, 50 pm-thick
longitudinal-tangential sections were cut with a disposable
microtome blade fit into a sled microtome. Under a dissecting
microscope, hand razors were then used to separate out
individual bundles. Scanning electron microscopy images of
bundles post-experiment showed that despite efforts to align
bundles with the longitudinal tracheid axis, they deviated by
approximately 5°-20° from axis. Bundle dimensions ranged
from 1 to 2.5 cm in length, with a rectangular cross-section
of 50 um in the narrow dimension and 100 to 150 um
in the wide dimension (figure 1(B)). Typically, a bundle
cross-section contained 3—10 full cells. Twist indicators made
of hollow polypropylene tubes, or more commonly known as
‘cocktail straws’, were attached to one end of the bundles
(figure 2(A)). The twist indicators were then hung from the
top of a Plexiglas® glove box.

2.2. Moisture-induced bundle twisting

Twisting was induced by directly wetting a bundle with a
water droplet protruding from the end of a hypodermic needle
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or by changing the RH within the glove box. The RH was
controlled either with a water—glycerin bath placed inside
the glove box or an InstruQuest HumiSys™ HF (Coconut
Creek, FL, USA) RH generator. Dried air (nominally 0%
RH) was achieved by flowing air through a column dryer
filled with anhydrous calcium sulfate. Both digital movies
and time-lapse digital photography were employed to monitor
time-dependent bundle twist. Experiments were performed at
room temperature. Twist as a function of RH conditioning
was obtained first in adsorption and then in desorption. The
bundles were conditioned at each RH for 10 h.

2.3. Specific torque

A torque sensor inspired by the sensitive torsional pendulums
used by Coulomb [18-20] and Cavendish [21] in their
fundamental measurements of the electrostatic force constant
and gravitational force constant, respectively, was built to
measure the torque generated during bundle twisting and
untwisting. A 10.2 cm length of a 63.5 um diameter tungsten
wire from Metal Cutting Corporation (Cedar Grove, NJ, USA)
was used. The sensor was calibrated by attaching a series of
five masses with known moments of inertia and measuring
the resulting natural frequencies of oscillation. The masses
consisted of two brass spheres threaded onto a fine threaded
brass rod and the moments of inertia were modified by
changing the distance between the brass spheres (figure 2(B)).
The calibration experiments measured the shear modulus
of the wire to within 3% of the known 161 GPa tungsten
shear modulus. The torsional spring constant of the wire was
2.5 x 107 N m rad~!. To measure torque generated during
bundle twisting a wood bundle was fixed to the end of the
tungsten wire (figure 2(C)). After conditioning the bundle in
dry air, the bundle free end was also fixed to a removable rigid
support. The movement of the twist indicator was monitored
as the RH increased to 100% to assess twisting torque. The
same procedure was followed going from 100% to 0% RH
to assess untwisting torque. To calculate specific torque for
comparison with other types of torsional actuators the volume
of the bundle was estimated using the cross-section area
measured from SEM images (similar to figure 1(B)) and the
measured bundle length. Then, the mass of the bundle was
calculated using the 0.6 g cm™> specific gravity of loblolly
pine latewood [22].

2.4. Moisture-activated, shape memory twist

The moisture-activated, shape memory twist effect was
studied by first wetting a bundle with a droplet of water
and constraining the bundle indicator at full twist while
the bundle dried. Then the constraint was released and the
bundle rewetted with a water droplet and allowed to untwist
freely to its original twist. To assess the twist recovery factor
(6r) as a function of RH conditioning, two bundles were
first conditioned at 3% RH. Then they were wetted with
water droplets and at maximum twist the indicators were
constrained as the bundles dried and reconditioned to 3%
RH. The constraint was then released and the bundles were
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Figure 3. Cell bundle twisting caused by wetting with a water
droplet: (position 1) the water droplet touches the cell bundle,
causing it to twist; (position 2) the water droplet was removed and
the bundle untwists as it reconditions with the glove box RH.
Experiments were performed at 0, 50, and 70% RH. The glove box
RH was controlled with a water—glycerin bath.

conditioned at sequentially higher RHs, returning to 3% RH
between each step to calculate the shape recovery factor, 6;f,
induced by the previous RH condition. The 6, was defined
following [23] as (6y — brec)/Bu, Where 6 is the unlocked twist
and 6. is the recovered twist, which was a function of the RH
conditioning.

2.5. Moisture-activated, nanoindent recovery

The moisture-activated recovery of nanoindents was studied
in both the tracheid wall and middle lamella using surfaces
prepared with a diamond knife [24]. The nanoindents were
made with a Hysitron TriboIndenter® (Minneapolis, MN,
USA) equipped with a Berkovich probe. The nanoindenter
chamber was maintained at 35% RH using a water—glycerin
bath. Images of residual nanoindents before and after
moisture-activated recovery were obtained with a Quesant
(Agoura Hills, CA, USA) atomic force microscope (AFM)
incorporated in the TriboIndenter® using contact mode.

3. Results and Discussion
3.1. Moisture-induced bundle twisting

A cell bundle begins to twist immediately when touched with
a water droplet and continues to twist as the water droplet is
moved up and down its length until it is water saturated and
no further twisting can occur. After the droplet is removed,
the bundle untwists as the bundle MC reconditions with
the glove box RH (figure 3). Twisting and untwisting are
governed by swelling and shrinkage of the hemicelluloses
and lignin constrained by the helically wound cellulose
microfibrils. Figure 3 shows experiments performed at O,
50, and 70% glove box RH. When conditioned at 0%
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Figure 4. Twist of a cell bundle and moisture content from solid
pine [29] as a function of RH. The RH was controlled with an RH
generator.

RH the hemicelluloses and lignin are at their lowest MC
and have their largest potential to swell during wetting.
This is why the largest twist during wetting (2 rev cm™!
length) is observed when the cell bundle is conditioned
at 0% RH. The bundle twist is substantially less than
that observed for an individual cell [25, 26], as expected
because the neighboring cells inhibit some of the twist [27,
28]. Nevertheless, the bundles have much higher angles of
rotation than actuators constructed from conjugated-polymer
systems [5], piezoelectric materials [3, 4], and shape memory
alloys [6, 7].

Angular speeds during twisting and untwisting can be
assessed from figure 3. However, speeds depend on the
moment of inertia of the twist indicator and are therefore
properties of the cell bundle twist indicator system and not
the cell bundles themselves. The observed maximum angular
speed during wetting is 0.2 rev (cm length s)~! in 50 and
70% RH, and 0.3 rev (cm length s)~! in the 0% RH. These
speeds are not likely the maximum potential values because
twisting speed will depend on how uniformly the bundle can
be wetted and a water droplet can only wet a small portion of
the bundle at a time. As the bundle reconditions to the glove
box RH, the maximum angular untwisting speed of the cell
bundle indicator increased with decreasing RH, with values
of 0.08, 0.05, and 0.02 rev (cm length s)’1 for 0, 50, and 70%
RH, respectively. The untwisting speed is likely highest in 0%
RH because there is the greatest potential for change in MC,
and therefore twist, as the cell bundle dries in 0% RH from
the water saturated state.

Bundle twist as function of RH conditioning is shown in
figure 4 for both adsorption and desorption. The amount of
twist change with RH increases at higher RH. Also, hysteresis
is observed between adsorption and desorption. For a given
RH, twist is less in adsorption than desorption. The twist
data possess a shape and hysteresis that are similar to water
sorption isotherms, which demonstrate a direct relationship
between twist and MC.

Using our torque sensor (figure 2(C)) we found that a cell
bundle produces 6 x 10~7 N m torque during both twisting
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Figure 5. Experiment showing shape memory effect: (position 1)
water droplet touches bundle; (position 2) indicator needle
constrained during drying; (position 3) indicator needle released;
(position 4) bundle rewetted and allowed to twist freely, whereupon
it recovers towards its original angle (position 5). The RH was
controlled at 60% in the glove box using a water—glycerin bath.

and untwisting, which results in a 10 N m kg~! specific

torque. Compared to other torsional actuators with high
angles of rotation, the bundle specific torque is higher than
commercial electric motors (up to 6 N m kg_l) [30], carbon
nanotube yarn in electrolyte solutions (2.4 N m kg_l) [1],
and wax-filled carbon nanotube yarns (8.4 N m kg~') [2].
Also, the 10 N m kg~! specific torque generated by the
bundles during untwisting is an improvement over the carbon
nanotube yarn actuators, which must be coupled to torsional
return springs to produce high torques during untwisting [1,
2]. The present results suggest an architecture that would
obviate the need for external return springs.

3.2. Moisture-activated shape memory effects

A moisture-activated, shape memory twist effect is also
exhibited by the bundles (figure 5). This effect is observed
by constraining a wetted bundle to prevent it from untwisting
during drying. Then, after removing the constraint the
majority (about 70%) of the twist remains locked-in. Finally,
when the bundle is rewetted, it recovers the locked-in twist. To
gain insights into the interplay of cellulose, hemicelluloses,
and lignin in the shape memory effect, we study moisture-
activated recovery of nanoindents placed in the middle lamella
and tracheid wall. A nanoindent in the middle lamella
completely recovers after wetting (figure 6) and demonstrates
that a composite of lignin and hemicelluloses—without
the cellulose fibrils—is a moisture-activated shape memory
material. The partial recovery of the nanoindent in the tracheid
wall is likely a consequence of the severe, nonrecoverable
deformation of the cellulose microfibrils during nanoinden-
tation (figure 6). However, the nearly complete recovery in
the shape memory twist experiment (figures 5 and 7) suggests
that no permanent cellulose microfibril deformation occurs
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Figure 6. Atomic force microscopy images showing moisture-induced recovery in nanoindents placed in the middle lamella ((A), (B)) and
tracheid wall ((C), (D)). Nanoindents were made and imaged dry ((A), (C)). Then the surface was wetted with a drop of water and allowed
to dry before reimaging ((B), (D)). The nanoindent in the lignin-rich middle lamella completely recovers, and the nanoindent in the tracheid

wall mostly recovers, with the depth decreasing from 410 to 110 nm.

during moisture-induced twisting, in which the strains are
much smaller than for the nanoindents.

Because shape memory effects in polymers are usually
controlled by property changes at a melting or glass transition
(Ty) [31], the behavior of the moisture-dependent 7 of
the lignin and hemicelluloses provides insight into the
mechanisms controlling the water-activated shape memory
effect in the lignin and hemicelluloses composite. Under dry
conditions, hemicelluloses and lignin have 7, values well
above room temperature, with estimates ranging from 150
to 220°C and 130 to 200 °C, respectively [32, 33]. Because
water acts as a plasticizer, Ty values for hemicelluloses and
lignin decrease during water uptake [32-34]. However, only
the Ty of hemicelluloses decreases to below room temperature
at elevated RH [16, 32-34]. Kelley and coworkers [33]
estimated that the T, of in situ hemicelluloses drops
below room temperature beginning at about 60% RH. Both
Cousins [15] and Olsson and Salmén [34] estimated that the
T, of extracted hemicelluloses drops below room temperature
beginning at about 80% RH. In contrast, even water-saturated
lignin has a T, of approximately 70 °C [35].

Hence, we hypothesize that (1) hemicelluloses, whose
mechanical properties drastically change as their T, crosses
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Figure 7. Shape memory twist recovery factor (6;¢) and moisture
content (MC) from the adsorption isotherm of solid pine [29] as a
function of relative humidity (RH). Each symbol type represents
one of two bundles that were tested simultaneously. The 6r was
defined following [23] as (6y — 6rec)/6Ou, Where 6, is the unlocked
twist (corresponds to position 4 in figure 5) and 6y, is the recovered
twist (corresponds to position 5 in figure 5), which was a function of
the RH conditioning. RH was controlled with an RH generator.
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room temperature with changing MC, dominate the shape
fixity mechanism and (2) lignin, whose 7, remains above
room temperature, dominates the recovery mechanism.
During moisture-induced twisting, secondary molecular
bonds, particularly hydrogen bonds between hydroxyl groups,
break and reform within the hemicelluloses softened by the
uptake of water. This breaking and reforming of bonds falls in
line with the ‘Velcro’ analogy recently put forth by Keckes
et al [36] for viscous flow in wood polymers. Eventually,
the cross-linked lignin and stiff cellulose microfibrils restrict
further swelling and twisting. If the bundle is then dried
under a constraint that prevents untwisting, the hemicelluloses
will vitrify into a new conformation, and upon release of
the constraint the majority of the twist will be locked-in by
the stalled kinetics of recovery. When rewetted and dried
without constraint the bundle will return to its original twist,
primarily because of lignin’s ability to remember its original
configuration provides the necessary restoration forces.

Based on this hypothesis, twist recovery should
predominantly occur above 60-80% RH, which is the
RH when the T, of hemicelluloses drops below room
temperature [15, 33, 34]. The dependence of the twist
recovery factor (6;r), which measures the percentage of
locked-in twist recovered after conditioning at a given RH, is
plotted and compared with the adsorption isotherm in figure 7.
Similar to the relationship between twist and MC in figure 4,
a direct relationship is observed between 6, and MC. Indeed,
6,r exhibits an upswing above 60% RH (figure 7), indicating
that twist recovery accelerates as the T, of hemicelluloses falls
below room temperature. However, substantial twist recovery
also occurs at lower RH. This is likely caused by the complex
distribution of hemicelluloses and lignin within the cell
walls, which results in a large distribution of relaxation-time
spectrum and consequently a large distribution in mechanical
softening behavior controlling the twist recovery.

4. Concluding remarks

Bundles of wood cells, or possibly even bioinspired synthetic
bundles, provide engineers with new torsional actuators that
possess high angles of rotation, high specific torque, and shape
memory twist behavior that could be incorporated into the
design of smart materials and structures. Recently reported
synthetic torsional actuators, such as carbon nanotube yarn [1,
2] and fiber-directed conjugated-polymer systems [5], could
be modified to include a shape memory matrix. The material
providing the shape fixity mechanism could be activated by
any of a variety of external stimuli, including temperature,
solvent, moisture, light, or magnetic fields [23, 31, 37]. The
synthetic torsional actuators could be used singly or, like our
bundles, a bundle of actuators could be engineered to give a
prescribed angle of rotation or specific torque.
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