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            Abstract
The formation of microscopic cavities and microfibrils at stress hotspots in polymers is typically undesirable and is a contributor to material failure. This type of stress crazing is accelerated by solvents that are typically weak enough not to dissolve the polymer substantially, but which permeate and plasticize the polymer to facilitate the cavity and microfibril formation process1,2,3. Here we show that microfibril and cavity formation in polymer films can be controlled and harnessed using standing-wave optics to design a periodic stress field within the film4. We can then develop the periodic stress field with a weak solvent to create alternating layers of cavity and microfibril-filled polymers, in a process that we call organized stress microfibrillation. These multi-layered porous structures show structural colour across the full visible spectrum, and the colour can be tuned by varying the temperature and solvent conditions under which the films are developed. By further use of standard lithographic and masking tools, the organized stress microfibrillation process becomes an inkless, large-scale colour printing process generating images at resolutions of up to 14,000 dots per inch on a number of flexible and transparent formats5,6.
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                    Fig. 1: Organized stress microfibrillation phenomenon.


Fig. 2: Structure from standing-wave interference.


Fig. 3: Organized stress microfibrillation in other polymers.


Fig. 4: Applications of organized stress microfibrillation method.
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Extended data figures and tables

Extended Data Fig. 1 Standing-wave modelling and light coherence.
a, Reflecting light within the thin film interferes to form standing waves. As the thickness of the film increases, the minimum intensity remains close to zero while the maximum intensity of the standing wave oscillates within the film, as shown by finite difference time domain simulations of polystyrene on silicon. b, Profiles of standing waves in films of different thickness. The colour shows the light intensity relative to the maximum light intensity that can be achieved in this system (the colour scale shows relative light intensity, unitless). At any thickness, for example those indicated by A and B in a, standing-wave interference occurs, although the anti-node intensity can vary by a factor of up to 0.6 in this polystyrene system. Fluctuations in thickness of the thin films therefore do not prevent crosslinking from occurring as long as the applied dose is high enough. The table below outlines the coherence length of the LED light sources used. Approximating Gaussian light sources, the coherence length is \({l}_{{\rm{c}}}=\sqrt{\frac{2ln\left(2\right)}{{\rm{\pi }}}}\frac{{\lambda }_{0}^{2}}{n{\rm{\Delta }}{\lambda }_{0}}\) where Î»0 is the free space wavelength of the light source, Î”Î»0 is the spectral width (full-width at half-maximum, FWHM), and n is the refractive index of the medium39. The polymer films in this study had thicknesses of less than 1Â Î¼m so that coherent interference could be achieved with light sources that have coherence lengths on the micrometre scale.


Extended Data Fig. 2 Colour change during layer formation in acetic acid.
Crosslinked polystyrene film (28 kDa) is submerged in acetic acid and porous layers are formed within one minute. Images show snapshots of the stepwise colour change that occurs during the formation of the layers. The time after submersion is indicated in each image. Images were captured using a digital single-lens reflex camera with a macro-lens (EOS Kiss X5, Canon and 60-mm EFS, Canon); see Supplementary VideoÂ 1. We found that the large-scale colour change can begin from any location on the film including the centre (as shown), edges and corners, depending on the local film condition. The final structure and in-plane layer formation dynamics as discussed within this paper are independent of these large-scale colour change effects.


Extended Data Fig. 3 Spectroscopic analysis of the development of films.
a, Reflectance spectrum of the developed polystyrene (28 kDa) films and a model photonic multilayer film spectrum produced using the transfer matrix method. bâ€“d, Real-time spectroscopy of the immersion process in acetic acid at various conditions. b, Polystyrene film crosslinked and developed in an acetic acid bath (20â€‰Â°C). The film initially undergoes a series of sharp changes in spectra, indicating changes in film thickness, and then after formation of a Bragg peak (green arrows), the spectrum persists. c, Polystyrene film crosslinked and developed in an acetic acid bath (30â€‰Â°C). Unlike in b, the final Bragg peak decays. d, Polystyrene film crosslinked, and then annealed at 160â€‰Â°C for 2 days and developed in an acetic acid bath (30â€‰Â°C). The heat map shows a smooth change in spectra, indicating a gradual increase towards a final swollen film without microfibril formation. e, After crosslinking, films were post-annealed at a range of temperatures (60â€“160â€‰Â°C) to remove stresses in the films (thermal de-stressing). Clear stepwise changes in the spectrum are seen in films that were thermally de-stressed below the glass transition temperature (approximately 110â€‰Â°C). After thermal de-stressing at higher temperatures the stepwise expansion effect is reduced and the films simply expand smoothly. f, The film thickness expansion over time is derived from real-time spectra where 1.0 corresponds to the initial film thickness. After microstructure expansion finishes the films relax to equilibrium thickness. Without any stress or external force, crazes in glassy polymers undergo collapse under certain conditions40, as seen by the decay of the expansion ratio.


Extended Data Fig. 4 Hansen parameter plots.
Specific solvent conditions associated with Hansen solubility theory were identified for each of the polymers used in this study: polystyrene (PS), PMMA, polycarbonate (PC) and PSF. RED, relative energy difference.Â The blue dots and red crosses denote successful and unsuccessful application of organized stress microfibrillation respectively. The regions within the dotted lines are magnified in the insets. The numeric labelling of each solvent is detailed in the corresponding table where the weight ratio of components in a mixture is indicated in parentheses, for example, â€˜16(1:5)â€™ refers to a solution of toluene and methanol with a weight ratio of 1:5. THF, tetrahydrofuran.


Extended Data Fig. 5 The recording of reflected and transmitted colour.
a, Illustration for experimental setup to record reflected and transmitted colour of polystyrene film (192 kDa) with BDABP printed on a transparent support. b, An example showing reflected and transmitted colour of the Kyoto University logo printed on a PET substrate. A camera (EOS Kiss X5, Canon) with macro-lens (60-mm EFS, Canon) was used to take the photos. The film reflects blue light and transmits the complementary yellow colour, which can be seen in the shadow of the film. The light source is a 190-W ultrahigh-performance mercury lamp (BenQ, China).


Extended Data Fig. 6 Micro-LED crosslinking of films.
a, b, The image to be printed is turned into to a two-tone image with Floydâ€“Steinberg dithering using GIMP software (https://www.gimp.org/) (b). c, The image is then converted to a CAD file using Tanner L-Edit IC Layout software (Mentor Graphics, https://www.mentor.com/tannereda/l-edit). The micro-LED system can control the on/off state of an array (1,024Â Ã—Â 768) of 1Â Î¼mÂ Ã—Â 1Â Î¼m light sources, which produce a single frame. The dashed grids in c indicate how such composite images are divided into individual frames. d, An SEM image shows the structure and boundary of a pixel formed in 35-kDa PS/PQ through micro-LED illumination. Scale bar, 1 Î¼m. e, The image resolution is calculated from the printed stripes (light blue) in 35-kDa PS/PQ, which are 1.8 Î¼m wide, corresponding to 14,000 dots per inch. The average linewidths were calculated by first converting the image to a binary image, where the light blue and dark blue were mapped to white and black respectively. The average width of the patterned lines is then calculated as the total area of the white pixels divided by the height of the image and total number of lines. Scale bar, 10Â Î¼m.





Supplementary information
Supplementary Video 1 | Colour change of films during development.
Video of polystyrene (28 kDa) film crosslinked by 254 nm light developing in acetic acid. The colour of the film changes in a step-wise pattern as new microfibril separated layers are formed. Video was acquired using a DSLR camera with a macro lens (EOS Kiss X5, Canon. EFS 60 mm, Canon).
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