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Elasto-Plastic Effects on Shape-Shifting Electron-Beam-Patterned 

Gel-Based Micro-Helices  

Xinpei Wu,a Feiyue Teng,a,b Emre Firlar,c,d Teng Zhang,e and Matthew Liberaa† 

Shape-shifting helical gels have been created by various routes, 

notably by photolithography. We explore electron-beam 

lithography as an alternative to prescribe microhelix formation in 

tethered patterns of pure poly(acrylic acid). Simulations indicate 

the nanoscale spatial distribution of deposited energy that drives 

the loss of acid groups and crosslinking. Upon exposure to buffer, a 

patterned line converts to a 3D helix whose cross section comprises 

a crosslinked and hydrophobic core surrounded by a high-swelling 

pH-responsive corona. Through-thickness asymmetries generate 

out-of-plane bending to drive helix formation. The relative core and 

corona fractions are determined by the electron dose which in turn 

controls the helical radius and pitch. Increasing pH substantially 

raises the swelling stress and the rod elongates plastically. The 

pitch concurrently changes from minimal to non-minimal. The in-

plane asymmetry driving this change can be attributed to shear-

band formation in the hydrophobic core. Subsequent pH cycling 

drives elastic cycling of the helical properties. These findings 

illustrate the effects of elastoplastic deformation on helical 

properties and elaborate unique attributes of electron lithography 

as an alternate means to create shape-shifting structures. 

1. Introduction 

 

Shape-shifting structures can be generated by 

patterning bending and buckling stresses that direct 

a material to deform in response to stimuli such as a 

change in temperature or hydration. One specific 

shape-shifting structure is the helix. Helices are 

manifested in nature by plant tendrils, seashells, 

animal horns, and, at a very different length scale, 

secondary and tertiary molecular structures. Helical 

structures can exhibit many different sizes and 

mechanical properties and are of particular interest 

due to their ability to mimic muscle action.1, 2 

 

Shape-shifting helices form due to differential 

stresses through the thickness of a material where 
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New Concepts: We develop a new variation of electron-beam 

lithography able to pattern shape-shifting gel-based structures, 

specifically microhelices. Other approaches to create helices 

have used photolithography or the macroscopic assembly of 

layered sheets. E-beam patterning opens a different variable 

space that includes maskless control over the nanoscale 

distribution of deposited energy that drives local radiation 

chemistry. In contrast to photolithography, focused electrons 

can pattern pure homopolymers. Here, we concentrate on 

poly(acrylic acid) (PAA). Since PAA is a weak polyelectrolyte, the 

swelling and, hence, the magnitude of the bending stresses that 

drive shape shifting can be controlled by pH. Key helical 

properties cycle elastically with periodic pH changes. However, 

above pKa the stresses are sufficient to drive plastic deformation 

which introduces in-plane anisotropies that convert the helical 

pitch from minimal to non-minimal. Unlike the intentional 

prescribing of lateral anisotropies used by other patterning 

methods, our system dynamically changes the pitch by a process 

intrinsic to the shape shifting itself. More broadly, we can expect 

that e-beam patterning strategies can be applied to almost any 

homopolymer that is cross-linkable by electrons, including 

hydrophobic homopolymers or multilayer homopolymer films, 

most of which cannot be studied by photolithography. 

 

Page 1 of 14 Materials Horizons



COMMUNICATION Materials Horizons 

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

the thickness (h) is typically much smaller than the 

two lateral dimensions of width (w) and initial 

length (Lo). In the particular case of shape-shifting 

gels, one way to impose differential stresses 

involves the layering of materials with different 

swelling properties.3-7 The bending mechanics are 

then akin to the classical problem of a bilayer strip.8 

This approach is particularly useful for creating 

structures on mm-to-cm length scales, since sheets 

of material can be mechanically cut, oriented, and 

bonded prior to swelling. A second way is to impose 

a gradient in the crosslink density.9-13 Such 

structures have been created using photolithography 

where light adsorption creates an exposure gradient 

which is highest at the incident surface and 

decreases with depth into the material.   

 

Here we explore electron-beam (e-beam) 

lithography as an alternate method to impose 

swelling gradients. Like photolithography, the basic 

concept of depth-dependent radiative dose follows a 

Beer's-law decay of intensity with depth.14 There are 

important differences, however.15 Notably, while 

the incident photon energy in photolithography is 

typically fixed, the incident electron energy can be 

easily changed. Consequently, e-beams offer 

substantial control of the depth over which energy is 

deposited. E-beam processes also do not require a 

mask, and the digital inputs can be easily changed to 

create different patterns. Furthermore, since the 

pattern consists of a defined array of points, e-beams 

allow for specific control of the lateral distribution 

of deposited energy both by varying the interpixel 

spacing between adjacent points,  and by varying 

the radiative point dose, Dp, delivered to each pixel. 

 

Another significant distinction is that e-beams can 

pattern homopolymers. Inelastic energy transfer 

occurs over a continuous range of electron energies 

up to the incident energy. In addition to direct 

knock-on displacement, valence electron excitations 

and the decay of excited plasmons can create 

radicals that induce various radiation chemistries 

able to drive crosslinking and other reactions. These 

can occur in simple polymer systems including pure 

and fully saturated homopolymer hydrocarbons. 

 

We show that focused electron irradiation can 

pattern shape-shifting helices from homopolymer 

films of pure poly(acrylic acid) (PAA). Asymmetric 

swelling drives out-of-plane bending when the 

patterned structures are immersed in aqueous 

buffers. The swelling can be controlled by  and Dp. 

Since PAA is a weak polyelectrolyte with a pKa of 

about 5.0,16, 17 pH provides an external trigger that 

can dramatically change the magnitude of swelling 

and influence the helical properties. In addition to 

elastic effects that correlate with pH, we show that 

plastic deformation can occur. This plasticity creates 

in-plane asymmetries which irreversibly affect the 

helical properties, notably the helical pitch, which 

converts from minimal to non-minimal. 

 

2. Results and Discussion 

 

2.1 Shape-shifting helices by e-beam patterning 

 

Shape-shifting lines were e-beam patterned in films 

spin cast onto single-crystal Si substrates from 

solutions of Cy3-labeled homopolymer PAA (Mw = 

450 kDa) dissolved in methanol. The patterning used 

a focused electron beam digitally rastered at an 

interpixel spacing x of 2 nm. Each pixel was 

irradiated using electrons with an incident energy Eo 

of 2 keV or 10 keV and a point dose Dp (e.g., 4 fC). 

 

Electron irradiation drives a number of radiation 

chemistries in polymers, the net effect of which can 

be crosslinking as manifested by the classical case 

of polystyrene.18 Notable among non-traditional 

resists is poly(ethylene glycol) (PEG). E-beam 

patterning crosslinks PEG and can graft the 

crosslinked structure to an underlying substrate to 

produce surface-patterned micro/nano-scale gels. 

Such patterned gels have been used to control the 

spatial interactions of proteins and cells with 
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surfaces as well as mediate site-specific 

chemistries.19-21 Thin films of PAA have similarly 

been shown to crosslink under electron irradiation to 

form surface-grafted pH-responsive nanogels.22 In 

contrast to PEG which forms semicrystalline films, 

solvent-cast PAA is amorphous and possible effects 

of varying polycrystalline structure on the patterning 

are avoided. 

 

The patterned structures can be surface tethered by 

leveraging the influence of electron energy on 

penetration depth. Monte Carlo (MC) simulations 23 

(Fig. 1A) indicate that the penetration of 2 keV 

electrons in a solid PAA film is much less than that 

of 10 keV electrons. We thus used PAA films with a 

thickness (to) of ≥  500 𝑛𝑚 so 2 keV patterning 

would drive radiation chemistry near the film 

surface. These regions were then coupled to the 

substrate (Si) by a so-called tethering pad created 

using 10 keV electrons (Fig. 1B). Details of the 

simulations are provided as Supplementary 

Information. After patterning, the sample was 

developed using 0.01 M phosphate buffer ([Na+] = 

0.0148 M) at pH 3.0 or 7.4.  Left behind was a 

patterned structure tethered at one end to the 

substrate but otherwise free to adopt an equilibrium 

shape (Fig. 1C) in buffer.  

 

 

Figure. 1: (A) Monte Carlo simulation of electron trajectories shows the difference in penetration 

depth of 2 keV and 10 keV electrons. (B) A shape-shifting structure is patterned in the near-

surface of a polymer film using 2 keV electrons. (C) Developing in a good solvent removes 

unexposed polymer while the shape-shifting structure remains tethered. (D) A confocal image of 

an array of hydrated PAA helical hydrogels (Dp= 4 fC) developed in 0.01 M phosphate buffer at 

pH 3.0. The inset shows a patterned PAA film (dry) prior to development.  (E) Key parameters 

characterizing a helix where N is the number of helical repeats. 
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Fig. 1D shows one result where an array of straight 

lines (Lo = 60 µm) was patterned in a PAA 

homopolymer film (Dp = 4 fC), developed at pH 3.0, 

and then imaged while hydrated in pH 3.0 buffer. 

The lines transformed into helices. One such line 

prior to development is shown in the fluorescence 

image inset in Fig. 1D. The dark contrast that 

indicates the patterned line and tethering pad arises 

from electron-beam damage to the Cy3 groups. The 

key helical parameters are illustrated by Fig. 1E. The 

helix in Fig. 1D (top inset) is right-handed, its pitch 

(P) is 1.2 µm, its pitch angle α is 8.2°, its radius 

(R=D/2) is 1.3 µm, and its string length (L) is 65.6 

µm. 

 

2.2 Energy deposition generates swelling gradients 

 

Shape shifting occurs upon hydration because of 

asymmetric swelling, which is determined by the 

spatial distribution of energy deposited by the 

electron beam. We modelled this distribution by 

repeating MC simulations of point irradiations 

spaced x = 2 nm apart and summing the energy 

deposited in each voxel (8 nm3). Fig. 2 presents 2-D 

sections of energy deposition perpendicular to the 

line direction (�̂�) far from the ends of the patterned 

line to avoid proximity effects. Fig. 2A represents 

the case where the point dose, Dp, is 40 fC.  The 

simulation of Fig 2B was done identically except for 

the lower point dose of Dp = 4 fC. 

 

We used a model of pH-dependent swelling 24 

together with published G values 25, 26 to convert the 

energy per voxel into a corresponding measure of 

the swell ratio at each voxel (see Supplementary 

Information). A G value is defined as the number of 

chemical events that occur per 100 eV of deposited 

energy, and the published G values determine 

energy thresholds for crosslinking and for mass loss 

(via damage to pendant PAA acid groups). The 

model converts the number of crosslinks per 

molecule into a measure of the swell ratio, Q, where 

Q is the volume ratio of a hydrated voxel to the dry 

(as-irradiated) voxel. This model shows that 

patterning a line in a precursor film of PAA 

homopolymer generates a rod-like structure (Fig. 

2C) with a non-swelling core, roughly 

hemispherical, surrounded by a high-swelling 

corona. Its cross section can be parsed into three 

general regions. Regions 1 and 2 correspond to the 

core. Here the model predicts Q = 1 (no swelling). 

In region 2 (light blue), the majority of monomers 

have lost their acid groups, and this region thus 

resembles a largely hydrophobic hydrocarbon. In 

region 1 (dark blue), the dose is high enough to 

heavily crosslink the material and damage the acid 

group on every monomer unit. Region 1 is thus 

hydrophobic with a modulus and yield strength 

greater than region 2. In contrast, the corona (region 

3, green in Fig. 2) receives orders of magnitude less 

energy. It corresponds to a polyelectrolyte gel with 

a crosslink density that decreases nonlinearly 

radially away from the point of e-beam incidence. 

 

 

Figure 2: Monte Carlo simulations of energy 

deposition in the y-z plane for a line patterned along 

𝑥 (x = 2 nm) with Dp = 40 fC (A) and 4 fC (B).  

Energy per voxel is converted into a volume swell 

ratio, Q, at pH 3 (left side) and pH 7.4 (right side). 

(C) Patterning a line along �̂� produces a rod with a 

non-swelling core (blue) and a high-swelling corona 

(green). (D) AFM height profile across a dry line 

patterned (Dp = 40 fC) on a thin film (to = 253 nm). 

The inset shows partial profiles across the line when 

dry (red), at pH 3 (green), and at pH 7.4 (blue).   
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Atomic Force Microscopy (AFM) confirmed that 

the patterned line comprises a low-swelling core 

surrounded by a high-swelling and pH-dependent 

corona. To prevent helix formation, these 

measurements were done on thin films where the 

patterned line was grafted to the substrate. Fig. 2D 

shows a height profile across a line after 

development and drying. The central region (core) 

has a height of ~150 nm, which is substantially less 

than that of the dry precursor film (to = 253 nm) and 

indicates mass loss consistent with the radiation-

driven CO/CO2 release. There is less mass loss at the 

edges (corona). AFM also confirms that the core is 

low swelling (Fig. 2D inset). The core height 

increases only slightly when hydrated in either pH 

3.0 or pH 7.4 buffer.  In contrast, the corona swells 

under these same conditions and particularly so at 

the higher pH.  

 

2.3 Helix formation 

 

There is an extensive literature on helix formation.27-

29  In systems formed by photo-lithography or by 

manual bilayer fabrication,3, 10, 12, 30-33 out-of-plane 

bending arises because of asymmetric deformation 

through the thickness (�̂�). In our case, the high-

 

Figure 3: Patterned parallel lines separated by a distance ∆y shape shift into single helices (A: ∆y = 

200 nm), double helices (B: ∆y = 300 nm & D: ∆y = 550 nm), and two independent helices (C: ∆y = 

600 nm) depending on the magnitude of ∆y. All lines were patterned using Dp = 4 fC, x = 2 nm, and 

Lo = 50 µm and developed in pH 7.4 buffer.   
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swelling corona forces the rod to deform out of the 

x-y plane.  

 

Helix formation is understood in terms of 

minimizing the energies associated with out-of-

plane bending and shear along the helical axis. A 

roll, which involves the formation of concentric 

layers where each subsequent layer has an 

incrementally larger radius, forms in the absence of 

shear.34  Roll formation occurs in relatively wide 

ribbons. In contrast, the out-of-plane bending 

curvature in rods and narrow ribbons can remain 

constant if shear enables the self-avoiding condition 

where each consecutive turn just misses the 

preceding turn. This condition is met in our case of 

a narrow rod with out-of-plane bending due to the 

asymmetric swelling in �̂�. 

 

In the absence of in-plane asymmetry, the elastic 

shear energy associated with the self-avoiding 

condition is minimized when subsequent helical 

turns are immediately adjacent to each other. In 

other words, the pitch is minimized. The helix in Fig. 

1D is effectively minimal pitch even though there 

are gaps of dark contrast between adjacent turns. 

These gaps correspond to lightly crosslinked gel 

with a very low fluorophore concentration. To show 

this, identical lines (Dp = 4 fC; pH 7.4 developing 

buffer) were patterned parallel to each other and 

separated laterally by a distance y ranging from 50 

nm to 1000 nm. For ∆y ≤ 200 nm, the two separate 

lines cannot be resolved (Fig. 3A). In contrast, 

double helices form for 300 nm ≤ ∆y ≤ 550 nm (Figs. 

3B & D). The two parallel lines trace similar helical 

paths offset from each other. For ∆y ≥ 600 nm (Fig. 

3C), the two lines are independent. Their helical 

properties (pitch, radius, etc.) are similar, but their 

spatial trajectories are uncorrelated and their 

chirality is random. 

 

These parallel-line experiments can be understood 

by considering the extent to which the electron 

interaction volumes overlap in the �̂� direction (see 

Fig. 3 schematic insets). Figs. 3B and 3D show 

little/no fluorescent signal between the two lines, 

because the crosslinked corona material there is 

highly hydrated and the fluorophore concentration is 

extremely low. However, we confirmed that the two 

lines are physically connected by changing the pH 

from 7.4 (Fig. 3D1) to 3.0 (Fig. 3D2) and then back 

to 7.4 (Fig. 3D3). The line separation decreased as 

expected when the crosslinked PAA deswelled at pH 

3.0, and the larger separation was recovered when 

the pH was returned to 7.4. The fact that the lines do 

not separate indicates that they are physically 

(covalently) connected despite the contrast gap.  

 

In addition to Dp = 4 fC, similar experiments were 

performed for Dp = 10 fC and 40 fC (See Figs. S2 

and S3). We measured the size of the maximum 

contrast gap in each case, and we label it at pH 3.0 

as 𝑃3
𝑚𝑖𝑛 (Table 1). When referred to a patterned 

single line, these measurements can be used to 

differentiate between minimal and non-minimal-

pitch helices. Since, for example, the pitch of the 

helix in the Fig. 1D top inset (Dp= 4 fC; pH = 3.0) is 

1.2 µm and is less than 1.3 µm (Table 1), we can 

conclude that this is a minimal pitch helix. The very 

lightly crosslinked corona between subsequent turns 

of this helix touch each other and possibly compress 

the coronal gel there slightly. 

 

An important basic issue raised by the parallel-line 

experiments centers on the electron range. The fact 

that the two lines become uncorrelated at separations 

Table 1 - Maximal contrast gaps give pitch 
thresholds for minimal pitch helices. 

Point 
Dose (fC) 

Center to center 

distance (µm); [𝑃3
𝑚𝑖𝑛].   

y (nm) 

pH 3 

4 1.3 550 

10 2.1 900 

40 2.3 1200 
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of ∆y > 500 nm indicates that the maximum lateral 

range of a 2 keV electron incident in PAA exceeds 

250 nm. In contrast, our Monte Carlo simulations 

(Fig. 2A) suggest that this lateral range is only about 

125 nm. We attribute the difference to two 

uncertainties in the simulations. First, the 

simulations only follow the electron trajectories 

until the electron energy falls to 5 eV. The remaining 

travel distance and how its energy is distributed 

along that final path to generate additional crosslinks 

is ignored. At the extreme periphery of the irradiated 

volume, for example, the network will terminate 

with polymer molecules attached by only one 

crosslink, and these are not accounted for by the 

model. Second is the uncertainty associated with the 

model used for the electron stopping power. While 

there is very good agreement between experiment 

and theory (Bethe model)35 for electron energies of 

about 1 keV and more, stopping-power models for 

lower electron energies (E  <  ~200 eV), 36-40  

overestimate the stopping power. In addition, there 

is also the experimental possibility of local substrate 

charging during electron irradiation, which could 

locally deflect the incident electron trajectory and 

thus increase the apparent electron range.  

  

2.4 pH-controlled swelling 

 

The pH controls the magnitude of swelling in the 

corona and thus influences the helical properties of 

single lines. The images in Fig. 4A, for example, 

follow the same two helices, patterned using 

different point doses, after they were developed in 

pH 3.0 buffer (D3 buffer), then immersed in pH 7.4 

buffer, and then returned to pH 3.0 buffer. Figs. 4 B-

D follow the longitudinal strain (𝜖 = (𝐿 − 𝐿0)/𝐿𝑜), 

the helical radius (R=D/2), and the pitch (P) during 

pH cycling. After the initial development step, these 

properties cycle elastically with each pH change. We 

estimate an upper bound of about 200-300 ms for 

these helices to shape-shift when the pH is changed 

(see Fig. S4), though the buffer change and 

subsequent image acquisition take much more time 

(tens of seconds). Fig. S5 shows pH cycling data for 

30 cycles, at which point we stopped the experiment. 

 

Fig. 4B shows the strain associated with lines (Lo = 

100 µm) patterned using three different point doses 

as the lines were first developed in pH 3.0 (D3) 

buffer and then cycled between pH 7.4 and pH 3.0.  

When first developed, the string length in each case 

grows to produce the strain 𝜖𝐷3. Subsequent 

exposure to pH 7.4 buffer increases the corona swell 

ratio by orders of magnitude, which further increases 

the longitudinal strain. Since the original strain is not 

recovered when the buffer is returned to pH 3.0, 

there is a plastic component (𝜖𝑝𝑙𝑎𝑠). Subsequent 

cycling indicates that the elastic strain (𝜖𝑒𝑙𝑎𝑠) is 

recoverable, but the plastic strain generated during 

the initial excursion to pH 7.4 remains. Fig. S6 

shows that aging in pH 7.4 buffer for 5 days has little 

effect on the strain and pitch. 

 

Strain data are summarized in Table 2. They display 

trends consistent with the relative mechanical 

properties of the patterned lines where the fraction 

of the most rigid region 1 material increases with 

dose (Fig. 4E). The 40 fC lines elongate the least 

while the 4 fC lines elongate the most with the 10 fC 

lines in between. While the pH change in itself has 

relatively little effect on the hydrophobic core 

(regions 1 & 2), it creates a substantially larger 

swelling force due to the polyelectrolyte gel in the 

corona (region 3).  Fig. S6 indicates that aging in pH 

7.4 buffer for 5 days provokes no recovery of the 

plastic deformation. 

 

Table 2 - Average longitudinal strains (n = 5) 

Point 
Dose 
(fC) 

pH 
3.0 

(D3) 

pH 
7.4 

pH 
3.0 

𝝐𝒆𝒍𝒂𝒔 𝝐𝒑𝒍𝒂𝒔 

4 0.07 0.42 0.21 0.22 0.14 

10 0.02 0.26 0.11 0.16 0.09 

40 0.01 0.16 0.07 0.09 0.06 
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2.5 Plastic deformation creates a non-minimal pitch 

 

Significantly, plastic deformation correlates with the 

formation of helices with a non-minimal pitch. This 

is indicated by the images and the strain data in Fig. 

4. The double line experiments (Fig. 3) define 

threshold pitches that differentiate between minimal 

and non-minimal pitch helices (Table 1). The 

thresholds for pH 3.0 are indicated in Fig. 4D as 

color-coded dotted lines. For the three point doses 

the pitch at pH 3.0, after a prior excursion to pH 7.4, 

is greater than the corresponding threshold value. In 

Figure 4: (A) Confocal images of hydrated helices formed from lines (Lo = 100 µm) patterned with Dp 

= 4 fC (left) and 40 fC (right) after developing in pH 3.0 buffer (top), then immersed in pH 7.4 buffer 

(middle), and then in pH 3.0 buffer (bottom). The helical properties as a function of pH (B, C, D). 

Each helix was developed in D3 buffer and then cycled between pH 7.4 and 3.0. The dotted lines in 

(D) indicate the maximum pitch at pH 3.0 for a minimal pitch helix. (E) Line profiles of swell ratio 

(pH 7.4) as a function of depth extracted from the MC simulations. 
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other words, the plastic deformation induced by the 

pH change from D3 to 7.4 is preserved, as can be 

expected, when the pH is later changed from 7.4 

back to 3.0, and this plastic deformation produces a 

non-minimal helical pitch. 

 

2.6 Non-minimal pitch requires in-plane anisotropy 

 

In helical systems where the pitch is non-minimal, 

there needs to be a mechanism to stabilize this 

extended conformation. Non-minimal pitch helices 

have been reported many times, and they are 

associated with some form of in-plane lateral 

anisotropy superimposed on the out-of-plane 

bending stress. Chen et al,41 for example, embedded 

nitinol wires between latex sheets pre-strained in 

perpendicular directions and cut ribbons from the 

resulting bilayers at various angles relative the wire 

axis. Similarly, Kumacheva et al.42 developed a 

hydrogel sheet with periodic stripes of different 

composition and different swelling properties with 

stripes oriented at angles relative to the long axis of 

the sheet. Other examples of lateral anisotropy 

include paper systems,43 shape-shifting pasta,44 and 

oriented inorganic bilayer thin films.45     

 

The fact that lateral anisotropy can generate a non-

minimal pitch helix is illustrated by the finite 

element (FE) simulation in Fig. 5. We conducted 

simulations of a core-shell composite rod with a 

semi-circular cross-section as a simplified model 

approximating the swelling profile in Figure 2. The 

rod geometry is shown in Figure 5A. Its length is 25 

𝜇𝑚, its core diameter is 300 nm, and its coronal shell 

thickness is 60 nm. The mechanical anisotropy is 

assumed to be on the x-z plane with a major axis 

denoted as 1 and a minor axis as 2. 𝐸𝑖
𝑐 represents the 

elastic modulus of the core along the i=1 or 2 

direction. Figure 5B illustrates the effect of in-plane 

anisotropy.  When 𝐸1
𝑐 = 𝐸2

𝑐 , a minimal pitch helix 

is formed.  Increasing the 
𝐸1

𝑐  
𝐸2

𝑐 ⁄ ratio to form an in-

plane mechanical anisotropy generates a non-

minimal pitch helix. Here we assumed the major 

axis is angled 45o with respect to the line direction 

of the rod consistent with possible shear band 

formation during plastic deformation (see below). 

We note, however, that other angles will generate 

non-minimal pitch helices if the anisotropic axes do 

not align with the geometric axes of the rod.  

 

2.7 Anisotropy can be introduced by shear banding 

 

We conjecture that plastic deformation creates a 

lateral anisotropy within our helical rods by shear 

banding.  Despite that the core corresponds to a 

crosslinked homopolymer, this material, notably the 

softer region 2 material, can nevertheless plastically 

deform. The yielding and plastic deformation of 

amorphous polymers has been of longstanding 

interest to the scientific community.46, 47 Post-yield 

plastic deformation in polymers typically occurs by 

crazing, shear banding, or a combination of the 

two.48, 49 Modelling and experiments to understand 

such deformation remain an active research area.50-

52 Most relevant here is that shear bands tend to 

preferentially form under conditions of relatively 

high crosslinking48, 53, 54 or spatial confinement.55-57 

Both conditions are present in region 2. Shear bands 

 

Figure 5: (A) The geometry of the simulated rod. 

(B) Snapshots of helices with different anisotropic 

material properties. Increasing the in-plane 

anisotropy increases the non-minimal pitch.  
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have distinct mechanical and structural properties 

compared to the surrounding material. Polymer 

segments between crosslinks can align along the 

direction of maximum shear stress. When these 

segments reach maximum extension, either the 

bands grow laterally or additional bands are 

nucleated elsewhere. Ward and Sweeney46 argue 

that the preferred band angle is 54.7o away from the 

longitudinal axis. Within a band one can anticipate 

that the modulus will increase in the direction of the 

maximum shear stress due to the molecular 

alignment. Such a phenomenon would give rise to 

the lateral asymmetry in modulus simulated by Fig. 

5 and can account for the development of non-

minimal helices when macroscopic plastic 

deformation of the rods is observed. 

 

2.8 Electron dose controls helical properties 

 

Fig. 4 shows that the helical properties depend on 

the electron dose. Notably, the helical radius at a 

given pH is greater for lines patterned with Dp = 40 

fC than those patterned with Dp = 4 fC (Fig. 4C), 

because the higher-dose lines have a greater 

resistance to the out-of-plane bending force. One 

illustration is given by the MC data (Fig. 2; pH 7.4), 

which are replotted in Fig. 4E as profiles of swell 

ratio as a function of depth (z). These simulations 

predict that the depth of the electron-polymer 

interaction is similar for two different point doses, 

consistent with the fact that the electron range is 

determined primarily by the incident electron 

energy. The cores, however, are strikingly different. 

The ratio of region 1 material (solid line) to region 2 

material (dashed line) is substantially higher in the 

40 fC case than in the 4 fC case.  

 

We measured the helical radius across a range of 

point doses developed in pH 7.4 buffer (Fig. 6A) and 

then used these data to guide the patterning of 

variable-dose lines. Figs. 6B and 6C show confocal 

images of such lines that transformed into tendrils. 

The patterned lines comprised twenty 5 µm 

segments with each segment having a point dose 1 

fC different from its nearest neighbors. The image 

data in Fig. 6 indicate that such patterning produces 

conical helices (tendrils) with a continuously 

varying radius. As expected, with dose increasing 

away from the tethering pad, the radius increases 

(Fig. 6B), and with dose decreasing away from the 

 

Figure 6: (A) The helical properties depend on incident point dose.  Each data point and error bar 

correspond to the average and standard deviation of measurements from 5 different helices. (B & C) 

Tendrils were formed by patterning connected line segments each with incrementally different point 

doses developed and imaged in pH 7.4 buffer. The point dose increases (B) and decreases (C) by with 

increasing distance from the tethering pad. The total initial line length is Lo = 100 µm.  
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tethering pad, the radius decreases (Fig. 6C). Not 

shown is the case where a segmented line was 

created first with an increasing and then with a 

decreasing point dose, which produced a tendril that 

first opened and then closed. 

 

2.9 Patterned lateral anisotropy controls chirality 

 

The chirality of single-line helices is random (Table 

3). The helical properties (L, R, , etc.) were 

furthermore independent of the chirality. 

Importantly, while patterning creates a clear depth-

dependent swelling asymmetry that drives out-of-

plane bending, the MC simulations (Fig. 2) indicate 

that there is no lateral asymmetry to dictate chirality. 

Whether the helix is left-handed or right-handed is 

left to chance. Fig. S7 shows that patterning a line at 

an angle of ± 45o (rather than 90o) relative to the 

tethering pad also has no effect on the chirality.   

 

Similar random chirality occurred in double-

stranded helices when the patterning conditions of 

each line were the same (Figs. 3B and D). We refer 

to these as symmetric double lines because of the 

identical patterning conditions for each line. In 

contrast, patterning parallel lines separated from 

each other laterally by a distance ∆y where the 

exposure conditions for each line are different can 

provide complete control over the chirality. We refer 

to such patterns as asymmetric double lines.   

 

We found a window of dose combinations and 

lateral offsets able to control chirality. Here we 

present results involving the asymmetric patterning 

of one line using 40 fC and a second parallel line 

offset by ∆y = 200 nm using 4 fC.  The geometry is 

illustrated by Fig. 7A, and example images are given 

in Figs 7B and 7C.  In one case, the more rigid 40 fC 

line was patterned on the left side of the 4 fC line, 

and in the other case the 40 fC line was patterned on 

the right side. In contrast to single lines where the 

number of left-handed and right-handed helices 

observed is similar, asymmetric double lines exhibit 

only one chirality and that chirality inverts when the 

asymmetry is inverted (Table 3). The influence of 

the asymmetry can be attributed to the fact that the 4 

fC line is less rigid than the 40 fC line and will 

Table 3 - Chirality of patterned lines 

Chirality 

  

Single lines 

  

Asymmetric 
double lines 

Left line/Right line 

  4 fC 40 fC 40/4 fC 4/40 fC 

Left-
handed 

22 19 62 0 

Right-
handed 

33 22 0 20 

 

 

 

Figure 7: (A) Schematic asymmetric parallel lines 

with confocal images (pH 7.4) where one 

asymmetry generates a left-handed helix (B) and 

the inverted asymmetry generates a right-handed 

helix (C). A perversion is generated when the 

asymmetry is inverted once along the lines (D), 

and two perversions are generated when the 

asymmetry is inverted twice (E). Lo = 50 µm in 

(B) and (C), and Lo = 100 µm in (D) and (E).  
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elongate more when exposed to solvent (see Table 

2). This difference creates a bending moment much 

like the traditional bilayer strip but now with the 

bending moment in-plane rather than out-of-plane.  

 

Because of the flexible patterning afforded by e-

beam lithography, there are many variables which 

can be explored vis a vis chirality control. For 

example, in the case of asymmetric parallel lines, the 

asymmetry can be modulated along the length of the 

lines. Fig. 7D illustrates the effect of one such 

modulation where the asymmetry is inverted. This 

produces a perversion where the chirality inverts.  In 

the case where the asymmetry is inverted twice (Fig. 

7E) the resulting helix exhibits two perversions 

where the chirality starts as right-handed, inverts to 

left-handed, and then inverts back to right-handed.  

Conclusions 
We have used focused electrons to drive radiation-

induced chemistry in films of pure poly(acrylic 

acid). 2 keV electrons crosslink PAA, and the spatial 

distribution of deposited energy creates asymmetric 

swelling gradients. Monte Carlo simulations of 

energy deposition coupled with a model of pH-

dependent swelling indicate that patterning a one-

dimensional line creates a three-dimensional rod 

structure comprising a low-swelling hydrophobic 

core along the rod axis surrounded by a high-

swelling corona. This structure was confirmed by 

AFM. Exposing the patterns to low-ionic strength 

buffer released the rod from the unexposed PAA and 

enabled the rod to shape shift into a helix in response 

to swelling-induced out-of-plane bending.  

 

Since PAA is a weak polyanion, cycling the pH 

above and below pKa cycled the helical properties. 

Notably, initially increasing the pH to 7.4 from 3.0 

produced a swelling pressure sufficient to drive both 

elastic and plastic deformation within the helices. 

The plasticity converted a helix initially manifesting 

a minimal pitch to one with a non-minimal pitch that 

is associated with an additional in-plane mechanical 

anisotropy. The formation of shear bands within the 

hydrophobic core can simultaneously account for 

both the plastic deformation and the concomitant 

development of a mechanical anisotropy due to 

strain-induced molecular alignment at an angle 

relative to the principal helical axis. In contrast to 

other approaches such as photolithography that rely 

on extrinsic patterning to impose a lateral anisotropy 

that generates non-minimal pitch helices, the 

anisotropic plastic deformation we observe is 

intrinsic to the material system and represents 

another controllable shape-shifting mechanism.   

 

More generally, in the context of creating shape-

shifting structures, e-beam patterning is almost 

entirely unexplored. It does, however, bring an array 

of processing variables – incident electron energy, 

radiative dose and spatial distribution of that dose – 

that can be exploited to make novel structures. E-

beam approaches are maskless and provide 

considerable patterning flexibility. In addition to 

simple lines, this paper shows additional examples 

involving symmetric and asymmetric double lines 

which can produce double-stranded helices and 

chirality-controlled helices, respectively. Notably, 

without the need for initiators or complex 

chemistries, the space of potential polymer systems 

to study is large and unique. We have concentrated 

here on poly(acrylic acid), but the same ideas can be 

applied to almost any homopolymer system that 

preferentially crosslinks in response to electron 

irradiation, including hydrophobic polymers such as 

polystyrene or multilayer homopolymer systems. 

 

Experimental section/methods 

 

 A detailed description of the materials and 

methods used in our experiments and models is 

provided as Supplementary Information. 
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