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ABSTRACT  

Nature has often provided inspiration for new smart structures and materials. Recently, we showed a bundle of a few 
wood cells are moisture-activated torsional actuators that can reversibly twist multiple revolutions per centimeter of 
length. The bundles produce specific torque higher than that produced by electric motors and possess shape memory 
twist capabilities. Here we also report that ion diffusion through wood cell walls is a stimuli-responsive phenomenon. 
Using the high spatial resolution and sensitivity of synchrotron-based x-ray fluorescence microscopy (XFM), metal ions 
deposited into individual wood cell walls were mapped. Then, using a custom-built relative humidity (RH) chamber, 
diffusion of the metal ions was observed in situ first at low RH and then at increasingly higher RH. We found that ions 
did not diffuse through wood cell walls at low RH, but diffusion occurred at high RH. We propose that both the shape 
memory twist effect and the moisture content threshold for ionic diffusion are controlled by the hemicelluloses passing 
through a moisture-dependent glass transition in the 60–80% RH range at room temperature. An advantage of wood over 
other stimuli-responsive polymers is that wood lacks bulk mechanical softening at the transition that controls the stimuli-
responsive behavior. We demonstrate using a custom-built torque sensor that the torque generation in wood cell bundles 
actually continues to increase over the RH range that hemicelluloses soften. The hierarchical structure of wood provides 
the inspiration to engineer stimuli-responsive polymers and actuators with increased mechanical strength and higher 
recovery stresses. 
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1. INTRODUCTION  
New stimuli-responsive structures and materials are sought for areas as diverse as drug delivery systems, deployable 
space structures, energy harvesting, sensors, and artificial muscles1–5. Stimuli-responsive materials are designed to 
respond to a variety of external stimuli, such as heat, solvent, light, moisture, or magnetic fields. Although moisture-
activated actuations in plants have previously been studied with the motivation to inspire new stimuli-responsive 
materials and structures6–8, much of the previous work concentrated on only small, unidirectional movements such as 
opening of pine cones9, unfolding ice plant seed capsules10, wheat awn movements11, and bending of leaning tree 
organs12. Recently, we discovered that a bundle of a few loblolly pine (Pinus taeda) wood cells is a high specific torque 
actuator with large angle of rotation and shape memory twist capabilities13. Both the torsional actuation and shape 
memory twist effect are moisture-activated and derive from the hierarchical structure of wood. Individual wood cells, 
called tracheids, can be thought of as long hollow tubes typically 3–5 mm in length and 30–50 μm in diameter. The cell 
walls consist of helically wound semicrystalline cellulose microfibrils embedded in a matrix of amorphous cellulose, 
hemicelluloses, and lignin14. Cellulose is a linear polysaccharide, hemicelluloses are branched amorphous 
polysaccharides, and lignin is an amorphous aromatic polymer15. Individual wood cells are held together by the middle 
lamella, which consists of an open cellular hemicelluloses structure embedded with lignin. As the uptake of moisture 
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swells the amorphous wood polymers in the cell walls, the constraint from the helically wound cellulose microfibrils 
causes wood cells to twist16-17. The amount of twist in a cell bundle will depend on the helical angle of the cellulose 
microfibrils and the number of cells in the bundle18-19. In one of our bundles, which consisted of approximately five cells 
in cross section, we observed two revolutions per centimeter of length when the sliver was conditioned form 0 to 100% 
relative humidity (RH)13. The twisting was fully reversible during drying and repeatable. 

Stimuli-responsive synthetic torsional actuators with helically wound reinforcement, similar to wood cells, have been 
reported, but none meets the performance of wood cell bundles. Torsional actuators using conjugated polymers have 
been demonstrated, but twisted less than 4° per centimeter of length20. Carbon nanotube yarn in electrolyte solutions21 
and wax-filled carbon nanotube yarn22 torsional actuators twisted multiple revolutions per centimeter of length, but could 
not untwist without being coupled to return springs. Similarly, although carbon nanotube yarn torsional actuators 
produced high specific torques during twisting (2.4 N·m/kg for nanotube yarn in electrolyte solutions21 and 8.4 N·m/kg 
for the wax-filled carbon nanotube22), they could not produce untwisting torques. Our wood cell bundle with 
approximately five cells in cross section produced 10 N·m/kg specific torque during both twisting and untwisting. For 
comparison, electric motors typically produce up to 6 N·m/kg specific torque23. The superior performance of the wood 
cell bundle suggests that much is still to be learned about optimal design of stimuli-responsive synthetic torsional 
actuators.  

In addition to high angle of rotation and high specific torque, bundles of wood cells also exhibit a shape memory twist 
effect13. If the bundle is wetted and then constrained during drying, the majority of the twist is locked-in after constraint 
release.  Upon rewetting and drying, the unconstrained bundle returns to its original twist.  We also observed that a 
nanoindent impression in the middle lamella fully recovered after being wetted13. This observation meant that a good 
shape memory material can be made from lignin and hemicelluloses. Shape memory effects in polymers are usually 
controlled by property changes at a melting or glass transition1-2. Moisture-induced glass transition in hemicelluloses 
predominately occurs between 60% and 80% RH at room temperature24–26. In contrast, even for water-saturated wood, 
lignin glass transition is well above room temperature, at approximately 70°C27. Therefore, we concluded that moisture-
dependent glass transition of hemicelluloses likely controls the shape fixing mechanism in wood cell bundles, and indeed 
in twist recovery experiments we observed the majority of the twist was unlocked over the 60–80% RH range13.  

An advantage of wood over other stimuli-responsive actuators made from shape memory polymers is that wood does not 
experience the drastic bulk mechanical softening associated with the polymer crossing a melting or glass transition 
during shape fixing and recovery steps. The reported elastic modulus of shape memory polymers below the transition 
can be between 10 and 3000 MPa. However, above the transition, the polymers soften and elastic moduli are typically 
only between 0.1 and 10 MPa1.  Consequently, recovery stresses are limited for shape memory polymer actuators and 
shape memory polymers have little, if any, potential to be used in load-bearing applications. In contrast, the decrease in 
wood elastic modulus associated with the hemicelluloses’ glass transition is very weak24. The elastic modulus of bulk 
wood undergoes large mechanical softening at the lignin glass transition, which occurs well above room temperature 
even for water-saturated wood27. It is uncertain, however, what impact the hemicelluloses’ glass transition has on the 
torque generated by the cell bundle. In our previous work, we assessed only the overall specific torque generated as the 
bundle was conditioned from 0 to 100% RH or 100% to 0 RH. In this proceeding, cell bundles were conditioned at 
multiple RH steps between 0 and 100% in both adsorption and desorption to investigate if the hemicelluloses’ 
mechanical softening in the 60–80% RH range impacts cell bundle torque generation.  

The large amount of twist recovery occurring in the 60–80% RH range in wood cell bundles suggests that in this RH 
range, large interconnecting regions of softened hemicelluloses are being formed. Large interconnected regions are 
likely formed through percolation of smaller regions. Recently, we proposed that large interconnecting regions of 
softened hemicelluloses facilitate long-range chemical transport within wood cell walls28. This proposal is also supported 
by fitting impedance measurements to a percolation model with the threshold for ionic conduction set at 16% moisture 
content, which occurs when wood is conditioned at approximately 75% RH at room temperature29. In this context, wood 
cell walls are also stimuli-responsive materials for chemical transport, which could inspire new drug delivery systems. In 
this proceeding, initial experiments showing a moisture threshold for diffusion of Cu ions in wood cell walls are 
reported. The experiment utilizes the high spatial resolution and sensitivity of synchrotron-based x-ray fluorescence 
microscopy (XFM). 
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2. MATERIALS AND METHODS 
2.1 Torque sensor  

Commercial torque sensors could not be found to reliably assess the small torque (less than 10–7 N·m) generated during 
moisture-induced twisting of cell wall bundles. We therefore designed and built torque sensors that were inspired by the 
sensitive torsional pendulums used by Coulomb30–32 and Cavendish33 in their fundamental measurements of the 
electrostatic force constant and gravitational force constant, respectively. The torque sensors used 63.5-µm-diameter 
tungsten wires from Metal Cutting Corporation (Cedar Grove, NJ, USA). Miniaturized connectors were constructed 
using plates machined from 0.4-mm-thick brass sheets and bolted together with brass screws and nuts (thread size 00-90) 
from J.I. Morris Company (Southbridge, MA, USA) (Figure 1a).  

 
Figure 1. Sketches of a) connector design for tungsten wires and cell bundles, and b) dumbbell mass for torsional 
pendulums. The spheres were 4.76-mm-diameter brass and threaded to screw onto the 74-mm-long threaded rod (brass, 
thread size 00-90, obtained from J.I. Morris Company (Southbridge, MA, USA)). Five dumbbells were constructed using 
ri = 6.4, 12.7, 17.8, 25.4, or 34.3 mm. 
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The torsional stiffness k of a round wire is given by  

L
dGk

32

4π
=

        (1) 

where G is shear modulus (161 GPa for tungsten), d is wire diameter, and L is wire length. Torque Τ can then be 
calculated from  

 

θkT =
         (2) 

where θ is twist in radians. To validate the k of the tungsten wire used in the torque sensors, experiments were performed 
to calculate the tungsten G and compared to the literature value of 161 GPa. Experiments consisted of measuring natural 
frequencies of oscillation of 15 torsional pendulums made from combinations of attaching one of five dumbbell-shaped 
masses to one of three lengths of wire. Details of the dumbbell masses are given in Figure 1b. The natural frequency of 
each torsional pendulum was measured by perturbing it and analyzing digital movies of the oscillations. Natural 
frequency ω of a torsional pendulum is governed by 

 

LI
dG

I
k

32
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        (3) 

where I is moment of inertia of the attached mass. For each dumbbell,  

 

2
rod 2 ii mrII +=

        (4) 

where Irod is the moment of inertia of the rod, m is the sphere mass and two nuts that secured the sphere on the threaded 
rod (see Figure 2b), ri is half the distance between the sphere centers, and i = 1 to 5 representing one of the five 
dumbbell masses. For our dumbbell masses, we include contributions of the connecting plates and bolts into Irod. 
Therefore, Irod cannot be calculated simply and is an unknown. However, we assume it is a constant for all five masses 
because rod length and connectors were all the same. The following analysis was used to assess G using only the known 
wire diameter, wire lengths, sphere mass, distance between spheres, and measured natural frequencies.  

Squaring Equation 3 gives 
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For each dumbbell mass ω2 plotted against L–1 is a linear relationship as shown in Figure 2.  
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Figure 2. Linear relationship between natural frequency squared (ω2) and inverse wire length (L–1) for each dumbbell mass 
based on Equation 5.  

The slope mi of each linear fit in Figure 2 is Gπd4/(32Ii). Taking the slope ratio of m1 to mi and using Equation 4 gives 
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From Equation 6, a plot of m1/mi vs. ri
2 is linear with a slope equal to 2m/I1 (Figure 3).  

 
Figure 3. Relationship between slope ratio (m1/mi) and the square of half the distance between the sphere centers (ri

2) 
following Equation 6.  
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Using the slope of the linear relationship in Figure 3 and known sphere mass (0.44 g), the value of I1 can be calculated 
from Equation 6. Then, using the m1/mi ratio and Equation 6, Ii for i = 2 to 4 can be calculated. For each of the 15 
configurations, G was then calculated by rearranging Equation 5. The result was G = 157 ± 1 GPa (uncertainty one 
standard deviation), which is within 3% of the 161 GPa literature value. 

In addition to validating the tungsten wire torsional stiffness, these experiments also provide five dumbbell masses with 
known moments of inertia that can be used in future experiments with wood cell bundles, the advantage being that they 
can easily be placed inside a glove box attached to cell wall bundles. With the known moment of inertia, natural 
frequency could be calculated as a function of RH conditioning. Then, with knowledge of cell bundle diameter, G can be 
assessed. Additionally, the generation of T during twisting can also be studied in the future through the equation T = Ia 
where a is angular acceleration.  

2.2 Specific torque of moisture-induced sliver twisting 

Previously established methods were used to make a wood cell bundle approximately 50 µm in diameter extracted from 
latewood loblolly pine13. One end of the cell bundle was connected to the end of a 10.2 cm length of 63.5-µm-diameter 
tungsten wire (k = 2.3 × 10–6 N·m/rad) using the setup illustrated in Figure 1a. The torque sensor was set up inside a 
Plexiglas® glove box in which RH was controlled by an InstruQuest HumiSysTM HF (Coconut Creek, FL, USA) RH 
generator. After conditioning the bundle in lab-supplied compressed air (3% RH) for 10 h, the bundle free end was fixed 
by constraining the bottom rod with a stack of Al bars. A digital photograph was taken to identify the starting position of 
the rod between the cell bundle and tungsten wire. Then, the bundle was conditioned for 10 h each at eight RH steps up 
to 94% RH and then 10 h each at eight RH steps back down to 3% RH. Time-lapse photography was used to ensure that 
the wood bundle stopped twisting, and the final image was used to measure change in twist at each step. To calculate 
specific torque, first the volume of the bundle was estimated using cross-section area measured from scanning electron 
microscopy images post-experiment and bundle length. Then, mass of the bundle was calculated using 0.6 g/cm3 as the 
specific gravity of loblolly pine latewood34.  

2.3 X-ray fluorescence microscopy (XFM) 

In XFM, x-rays are focused onto a sample and incident x-rays can be absorbed by an atom. Absorbed x-rays typically 
lead to the ejection of an inner-shell electron for sufficiently high incident energy. For medium- to high-Z elements, the 
relaxation of an outer-shell electron typically fills the inner-shell vacancy and results in the emission of a fluorescence 
photon that has energy characteristic of the element. The fluorescence photons are then detected with an energy 
dispersive detector to assess the type and amount of element present in the spot illuminated by the focused x-ray beam. 
Maps of elements in a specimen can then be built up point by point by raster scanning the focused x-ray beam over 
regions of interest35–37. We used synchrotron-based XFM at beamline 2-ID-E at the Advanced Photon Source at Argonne 
National Laboratory (Argonne, IL, USA) to monitor metal ion diffusion in wood cell walls as a function of RH 
conditioning. For the experiments, 2-µm-thick longitudinal-tangential latewood loblolly pine sections were cut using a 
diamond knife fit into a Sorvall (Norwalk, Connecticut, USA) MT-2 ultramicrotome. The wood sections were then 
secured over the hole in a copper StrateTekTM 1/1 mm double folding TEM grid from Ted Pella Inc. (Redding, CA, 
USA). Ions were implanted into a small region of the wood section using a small droplet of copper sulfate saturated salt 
solution using a micropipette connected to a XenoWorks™ Digital Microinjector (Sutter, Novato, CA). An optical 
microscopy image of the droplet on the wood section is shown in Figure 4. The wood section was then fit into a custom-
built RH chamber in the beamline. The RH was controlled by a HumiSysTM relative humidity generator (Instruquest, 
Coconut Creek, FL). The temperature and relative humidity inside of the chamber was continuously monitored by a 
Sensirion (Staefa, Switzerland) SHT1x sensor. A 10.2-keV x-ray beam was focused into a spot approximately 0.8 by 0.5 
µm. Elemental maps were built over the indicated area in Figure 4 using 0.3-µm step sizes with 5-ms dwell times at 
each step. Images were obtained at 42, 52, 55, 60, 65, 71, 75, 80, 85, 90, and 95% RH. At each RH step the chamber was 
given approximately 30 min to equilibrate and was maintained at the RH for the approximately 60 min needed to obtain 
the image. Data analysis was carried using the MAPS software package38. In brief, full spectra were fit to modified 
Gaussian peaks, the background was iteratively calculated and subtracted, and results were compared to standard 
reference materials (NBS 1832 and 1833, NIST). A more detailed manuscript describing ion diffusion in wood cell walls 
is forthcoming39, and only initial results demonstrating that wood cell walls are stimuli-responsive chemical transport 
materials are given here.  
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Figure 4. Optical microscopy image of the droplet of CuSO4 saturated solution used to implant Cu ions in a 2-μm-thick 
longitudinal–tangential section of latewood loblolly pine. The region mapped with XFM is indicated. 

3. RESULTS  
3.1 Torque generation during moisture-induced wood cell bundle twisting 

The specific torque generated during moisture-induced twisting and untwisting of a wood cell bundle is shown in 
Figure 5. When conditioned from 3% to 94% RH, this bundle produced 25 N·m/kg specific torque, which is much 
higher than our previously reported bundle that produced 10 N·m/kg specific torque13. This higher specific torque 
suggests that more detailed work is needed to find the optimal cell bundle design to produce the highest specific torque 
possible. Also included in Figure 5 are typical moisture sorption isotherms taken from loblolly pine40. Both specific 
torque and sorption isotherms continuously increase with RH, and their similar shapes suggest that torque is strongly 
related to moisture content. However, the hysteresis in the torque isotherms is different than the hysteresis in the sorption 
isotherms. The hysteresis is much smaller and, in contrast to the moisture sorption isotherms, specific torque in 
adsorption lies above specific torque in desorption. Also indicated in Figure 5 is the 60–80% RH region over which 
hemicelluloses mechanically soften as they undergo a moisture-induced glass transition24–26. Specific torque continually 
increases through this region, meaning mechanical softening of the hemicelluloses does not impact the generation of 
torque in wood cell bundles.  
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Figure 5. Specific torque generated during relative humidity (RH) conditioning as assessed by the custom-built torque 
sensor in Figure 1a. Also included are moisture sorption isotherms taken from loblolly pine40. Moisture content is defined 
as water mass divided by oven-dried wood mass. 

In the shape memory twist effect in wood cell bundles, the hemicelluloses’ glass transition is believed to control the 
shape fixing mechanism. Typical shape memory polymers undergo mechanical softening above their shape fixing and 
shape recovery transition and, as a result, have very small recovery forces. In contrast, wood does not undergo 
mechanical softening as the hemicelluloses’ pass through their glass transition24, and based on the results in Figure 5, it 
would be expected that wood cell bundles are also capable of producing large recovery torques when the hemicelluloses 
are mechanically softened during shape fixing and recovery. This improved performance likely results from the effective 
incorporation of stiff cellulose microfibrils into the matrix of the hemicelluloses and lignin, although the complex 
cellular structure of wood may also be contributing. Through further study of the hierarchical structure of wood, 
inspiration should emerge to build polymer-based stimuli-responsive actuators with improved mechanical properties and 
higher recovery stresses. 

3.2 Moisture threshold for ion transport in wood cell walls 

XFM images from the specified region in Figure 4 are given in Figures 6a-l. All the figures are Cu maps except for the 
Zn map in Figure 6a. The Zn mapped in Figure 6a is naturally occurring, and because Zn has a higher concentration in 
the middle lamellae than in the cell wall41, it can be used to help identify the middle lamella in the XFM maps. The areas 
between and to the outside of the middle lamellae are secondary cell walls. The high concentration of Cu in the upper 
left hand corners in Figures 6b-l is the region implanted by the droplet shown in Figure 4. In the initial Cu XFM map at 
42% RH, a sharp boundary of the implanted region is observed in the cell walls and middle lamella. For RH steps below 
65% RH, no obvious diffusion of Cu can be observed. However, beginning at 65% RH, some fuzziness at the interface 
appears and in subsequent images Cu movement can be observed first in the middle lamella and then in the cell walls. 
By 95% RH, Cu ions have spread throughout the map. Unfortunately, the RH control was not perfect and the RH values 
with an asterisk after them experienced an RH spike while the image was being made, as described in the figure caption. 
Nevertheless, the threshold for ionic diffusion appears to be in the same 60–80% RH range that also corresponds to the 
range over which hemicelluloses go through their moisture-induced glass transition.  
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Figure 6. X-ray fluorescence microscopy (XFM) maps of a) Zn and b–l) Cu after relative humidity (RH) conditioning. RH 
values denoted by * experienced the following RH spikes during the imaging: 65% RH – 70% RH spike for 15 min; 75% 
RH – 78% RH spike for 1 min; 85%RH – 87% RH spike for 1 min. (scale bar = 10 μm) 

We recently proposed that long-range chemical transport through wood cell walls occurs through percolated regions of 
hemicelluloses mechanically softened after passing through their moisture-induced glass transitions28. A schematic of the 
cell wall nanostructure illustrating this mechanism is shown in Figure 7. The cell wall nanostructure is not fully known 
but is believed to consist of cellulose microfibrils coated with hemicelluloses and oriented in the longitudinal cell 
direction. The region between cellulose microfibrils also contains lignin and additional hemicelluloses regions. As the 
cell wall begins to absorb moisture, regions of hemicelluloses pass through moisture-induced glass transitions and 
mechanically soften. At the percolation moisture content, regions of mechanically softened hemicelluloses connect to 
exceed a percolation threshold so continuous diffusion channels are formed to facilitate long-range chemical transport. 
The moisture threshold for ionic diffusion through wood cell walls observed by XFM (Figure 6) provides strong 
evidence to confirm the recently proposed mechanism for long-range chemical transport through wood cell walls28 and 
the percolation model of electrical conduction in wood29.  
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Figure 7. Schematic of cell wall nanostructure showing moisture sorption causing regions of hemicelluloses to soften 
and then percolate to form diffusion channels. 

4. DISCUSSION  
Potential applications for wood cell bundles or wood-inspired synthetic materials and structures are numerous. When 
cell bundles are exposed to changes in RH, they twist in direct proportion to RH producing high specific torque. The 
bundles can twist revolutions per centimeter of length in a few seconds when directly wetted or in 10s of seconds when 
exposed to step changes in RH. These are favorable characteristics for stimuli-responsive torsional micro actuators. 
Because of their small size they also reach equilibrium within a few minutes, making cell bundles a responsive and 
inexpensive RH sensor. Using the moisture-induced twist recovery factor previously studied13, a system could also be 
designed to serve as a long-term peak RH sensor that acts passively and could be used in remote places. Additionally, a 
system could be designed to harvest energy from twisting bundles if they are placed in an environment that experiences 
regular changes in RH.  

Opportunities also exist to use inspiration from wood to improve other torsional actuators being developed. For instance, 
wood cell walls may provide a solution for carbon nanotube yarn-based torsion actuators to overcome their lack of 
ability to return to their original form without return springs. In both electrolyte-driven and wax-filled yarns, expansion 
of material between the helically wound carbon nanotube yarns causes twist, but nothing is inherent in the system to 
remember its original configuration. In wood cell walls, lignin serves this function and remembers its original 
configuration and provides the returning forces. Lignin is basically a cross-linked amorphous polymer capable of 
absorbing water. A cross-linked matrix material that can expand when exposed to stimulation might be more appropriate 
than wax- or electrolyte-based systems. The cell wall could be further simulated by perhaps first coating the carbon 
nanotubes with a material that could mimic the hemicelluloses and provide a shape fixing mechanism within the carbon 
nanotube yarn as well.   

One primary advantage of wood over other stimuli-responsive polymers (e.g., shape memory polymers and controlled 
drug release polymers) is that wood maintains its mechanical strength over the full range of operating conditions. In 
wood, both the shape memory twist effect and onset of ion diffusion are likely controlled by mechanical softening of the 
hemicelluloses. However, because of the nanostructure of wood cell wall there is little bulk mechanical softening of 
wood associated with the hemicelluloses softening. Apparently, cellulose microfibrils and lignin are capable of 
maintaining wood strength when wet. Wood could therefore provide inspiration for a new type of drug delivery system. 
The drug could be implanted into a material that is stiff enough to push into tissue. Once inside the tissue, the material 
could be stimulated to release the drug over a prescribed period of time. But by maintaining its mechanical strength the 
device could then be wholly withdrawn from the tissue after treatment.   
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5. CONCLUSIONS 
Wood continues to provide new inspiration for stimuli-responsive materials and structures. Bundles of wood cell walls 
are moisture-activated torsional actuators capable of high angles of rotation, high specific torque, and shape memory 
twist effects. Additionally, chemical transport through wood cell walls is moisture-responsive. The origins of these 
behaviors derive from the complex hierarchical wood structure that spans from the molecular-scale up to cell bundles in 
the work presented here. There is strong evidence the shape memory effects and moisture threshold of ionic diffusion are 
controlled by the hemicelluloses being mechanically softened as they pass through a moisture-induced glass transition. 
However, despite the hemicelluloses component softening, wood does not undergo a drastic mechanical softening. 
Therefore, in contrast to other shape memory polymers, wood bundles can maintain their mechanical strength during 
shape fixing and recovery steps. Also, the generation of torque over the RH range that hemicelluloses soften is found to 
be unaffected by the hemicelluloses softening. The combination of mechanical properties and stimuli-responsive 
behavior is very interesting and should inspire improved or new stimuli-responsive structures and materials. 
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