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Abstract:  
Textile industry is one of the most wasteful and polluting industries in the world. With 200 liters 
of water required to produce 1 kg of yarn, the industry uses over 26 trillion gallons of water 
annually, and pollutes wastewater with dangerous chemicals released during textile production. 
Textile maintenance often consumes even more energy and water than the production phase, and 
presents unique challenges in off-grid locations, disaster zones, during medical emergencies, or in 
other situations when frequent washing, drying, and re-use of fabrics are needed. Recycling of 
colored or blended textiles often presents a challenge for the waste-sorting near-infrared 
scanners, and most textiles end up in landfills or burned. Polyethylene (PE) has emerged recently 
as a promising polymer for wearable textiles owing to its high infrared transparency and tunable 
visible opacity, which allows the human body to cool via thermal radiation, potentially saving 
energy on building refrigeration. Here, we show that single-material PE fabrics may offer a high-
performance sustainable alternative to conventional textiles, extending beyond radiative cooling. 
PE fabrics exhibit ultralight weight, low material cost, as well as recyclability. Industrial Materials 
Sustainability (Higg) Index calculations predict low environmental footprint of PE fabrics in the 
production phase. Via standard industry tests, we demonstrate efficient water wicking and fast 
drying performance of PE fabrics, which, combined with their excellent stain resistance, offer 
promise to reduce energy and environmental footprint of the textiles in their use phase. Unlike 
previously explored nano-porous PE materials, the high-performance PE fabrics in this study are 
made from fibers melt-spun and woven on the standard equipment used by the textile industry 
worldwide and do not require any chemical coatings. We also demonstrate that the PE fibers can 
be dry-colored during fabrication, resulting in dramatic water savings without masking the PE 
molecular fingerprints scanned during the automated recycling process. 
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The textile industry is a global commercial enterprise with market size valued at $961.5 billion in 
2019,1 producing an estimated 80 to 100 billion articles of clothing, or about 62 million tons each 
year2. It is also one of the most polluting and wasteful industries on earth, reputedly second only 
to oil and gas3, consuming massive amounts of water for cotton production, and generating an 
estimated 11 million tons of textile waste annually the US alone4,5. Textile production is 
responsible for an estimated 1.2 billion metric tons of CO2 equivalent (CO2e) per year, or 5-10% 
of global Greenhouse Gas (GHG) emissions6. The textile industry recognizes that it has a problem. 
It has adopted the UN Sustainable Development Goals (SDGs),7 formed initiatives like the G7 
Fashion Pact, but the impact on reducing the environmental footprint to date has been small. 

The textile industry has long made use of natural fibers such as wool, cotton, silk, and linen, until 
the last century has witnessed rapid adoption of synthetic materials, including polyester, acrylic, 
and nylon. There is one common plastic, however, which – until recently – has been largely 
overlooked as a high-performance material for wearable textile production. This plastic is 
polyethylene, a low-cost and lightweight synthetic polymer. Polyethylene is one of the most-
produced materials in the world, reaching annual production levels above 100 million metric tons, 
is cheap (see Supplementary Table S1), corrosion-resistant, easy to make, easy to recycle,8–10 and 
can be converted into a new fuel source at the end of its lifespan11. Typically used in insulation, 
packaging and toy production8, polyethylene also finds use in carpets and tarps. Non-woven 
polyethylene materials such as Tyvek® are used for lab wear and protective apparel for health 
workers and first responders, but they do not provide either functionalities or the level of comfort 
expected from everyday clothes or bedding textiles. Ultrahigh molecular weight (UHMWPE) fibers 
(such as Dyneema® and Spectra®), fabricated by the proprietary gel-spin processes, are very 
strong yet prohibitively expensive for everyday textile applications, finding use in e.g., bullet-proof 
vests, ropes and fishing nets. 

Several years ago, we predicted theoretically that polyethylene can be a promising material for 
wearable textile production owing to its high transparency for long-wavelength infrared radiation 
emitted by the human body12. Infrared transparency of polyethylene garments may allow the body 
heat to escape radiatively, providing a passive cooling mechanism not available when using 
conventional textiles, which all exhibit high infrared absorptance. Visible opacity of polyethylene 
fabrics can be simultaneously achieved by engineering either the fiber or the pore sizes to scatter 
the short-wavelength visible light efficiently12,13. Follow-up experiments on nano-porous 
polyethylene films and fiber-based knitted textiles confirmed their passive cooling performance13–

16. This property – unique for a polymer material suitable for wearable applications – provides a 
simple, low-cost solution to reduce energy consumption in HVAC systems8,12, further elevating the 
sustainability profile of the polyethylene-based textiles. 

Here, we show that polyethylene fabrics manufactured via standard textile industry processes and 
equipment offer competitive functional performance on many other measures beyond the passive 
radiative cooling functionality. In particular, we demonstrate that properly engineered woven 
polyethylene fabrics composed of multi-filament yarns can combine excellent stain resistance with 
efficient moisture wicking and fast-drying performance. As a result, woven PE fabrics are shown 
to exhibit passive evaporative cooling in addition to previously demonstrated passive radiative 
cooling, potentially translating into high level of personal comfort and further HVAC energy 
savings. In turn, stain-resistance and fast-drying functionalities of the PE fabrics offer significant 
energy savings in both domestic and industrial fabrics use via reduced temperature and time of 
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washing and tumble-drying cycles. Importantly, we show that the above functions can be achieved 
without treating PE fabrics with chemicals and without blending PE fibers with other fibers or 
sandwiching PE textiles with other fabric layers, which would have compromised the fabric 
recyclability. We also show that these properties can be maintained during the use phase via 
regular exposure to sunlight and friction occurring during the washing, drying and wear process. 
Finally, we demonstrate that polyethylene yarns can be colored via spin-dyeing (also referred to 
as either dope- or solution-dyeing) technique in an environmentally-friendly fashion, which 
eliminates the large amounts of potentially toxic wastewater created during conventional yarn 
dyeing processes. We also show that spin-dyeing of polyethylene fibers can be achieved with 
either conventional dyes or unconventional inorganic nanoparticle colorants, and allows for the 
automated infrared-scan sorting during recycling at the end of the material lifecycle. 

Results 

Upholding circular economy principles in textile industry requires the use of new raw materials 
that have a less environmental impact, upcycling existing plastic waste, as well as enhancing fabrics 
longevity and multi-functionality to promote re-use over recycling17–19. By using the data in the 
online Higg Materials Sustainability Index (MSI) database20 (see Methods), we predict that the 
fabrication process of woven fabrics made of melt-spun PE yarn will exhibit the lowest 
environmental footprint among all common woven textiles, including cotton, linen (flax), wool, 
silk, nylon, and polyester (polyethylene terephthalate, PET). The data shown in Fig. 1a reveal that 
PE fabrics are expected to outperform conventional textiles by all indicators, including climate 
change, ozone depletion, human and ecosystem toxicity, particulate matter release, terrestrial 
acidification, freshwater and marine eutrophication, as well as fossil and water resource depletion.  

Furthermore, it was recently demonstrated that polyethylene can be biologically sourced via 
fermentation of cellulosic sugars from waste biomass to ethanol, followed by its dehydration to 
ethylene and subsequent polymerization. This technology has been successfully commercialized 
by a number of companies including Braskem21. According to the measurement conducted by 
Carbon Trust and the Brazilian Technical Standards Association, polyethylene from renewable 
sources has a negative emission footprint (-2.11 kg of CO2 equivalent per kilogram of product), i.e., 
it helps to sequester CO2 from atmosphere. The use of bio-sourced PE can help to further reduce 
the environmental footprint of the PE fabrics production (Fig. 1a).  

Supplementary Fig. S1 and Supplementary Table S2 summarize the contributions of different 
indicators to the overall environmental footprint of different textile types. Furthermore, the 
possibility of recycling the PE material (either mechanically or chemically) allows for additional 
reduction in the environmental footprint of polyethylene textiles22. Recyclability environmental 
gain indices of different materials compared in Fig. 1a22 show that PE and polyester have the 
highest potential for recycling at the end of the material lifecycle. 

The MSI Higg index only accounts for the environmental footprint of the material incurred during 
the production and end-of-lifecycle phases. However, studies show that textiles and garments may 
leave even larger environmental footprints in the course of their usage phase, by consuming 
energy, water, and chemicals during washing and tumble-drying processes23–25. In the following, 
we demonstrate that not only the new woven PE fabric has potential to significantly reduce 
environmental footprint in production, use, and end-of-lifecycle phases, but also it simultaneously 
offers high personal comfort.  
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Figure 1. Polyethylene cast into the fiber form and woven into a fabric yields low-environmental footprint material 
for wearable textiles. (a) A schematic of the lifecycle of different fabrics, including comparative estimates of the 
environmental burden of each step. Production (cradle-to-gate) phase: non-dimensional MSI Higg indices, 
representing environmental footprints of 1 kg of PE woven fabric and of the same amounts of conventional woven 
textiles20,21. Use phase: the properties of the PE textiles demonstrated in this work offer reduction of the 
environmental footprint. End-of-life phase: Recyclability environmental gain indices of different materials22. Inset: 
Woven polyethylene textile fabricated on a standard industrial loom from linear low-density polyethylene (LLDPE) 
fibers produced by a standard melt-spin industrial process. (b) A high-resolution optical image, (c,d) scanning electron 
microscopy (SEM) images, and (e) a micro computed tomography (micro-CT) image reveal the details of the woven 
PE fabric composition and the fiber/yarn shape and size. (f,g) Frequency distributions of the yarn porosity (f) and the 
fiber diameters (g) evaluated on 48 yarn cross-section images and 100 individual fiber images, respectively, via SEM 
and micro-CT analysis. The average values are (53.0 ± 4.8) % and (18.5 ± 6.2) 𝜇𝑚, respectively.  
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Polyethylene can be cast in the form of continuous mono-filament fibers and multi-filament yarns 
via a simple process of melt extrusion (see Methods and Supplementary Figs. S2, S3).  Polyethylene 
fabric shown in Figs. 1b-e has been woven on an industrial loom from a multi-filament yarn 
composed of 247 fibers of about 18.5 micron in diameter each (see Methods and Supplementary 
Figure S3). The yarn has been produced from a linear low-density polyethylene (LLDPE) material 
by a conventional melt-spin industrial process. Unlike previously demonstrated nano-porous 
polyethylene films and fabrics13,15, the woven textile is neither mechanically reinforced by blending 
it with other fibers nor chemically treated to add a hydrophilic coating to the fiber surfaces. 

The main micro-structure features of the woven PE fabric were evaluated by scanning electron 
microscopy (SEM) measurements (Figs. 1c,d) and via micro computed tomography (micro-CT) 
imaging techniques (Fig. 1e, Supplementary Video S1 and Supplementary Fig. S4). The average 
diameter of the PE fibers in the yarn is (18.5 ± 6.2) 𝜇𝑚 and they are arranged in a closely packed 
yarn with an average porosity of (53.0 ± 4.8)% (see Fig. 1f,g and Supplementary Note 4). The 
fiber thickness and the dense woven pattern (plain - or tabby - weave) of the PE textile shown in 
Fig. 1 were chosen to optimize the efficient moisture transport and fast-drying performance of the 
material, and thus to promote higher comfort feeling and efficient passive cooling via evaporative 
process.  

A common reservation to the use of polyethylene for wearable textiles stems from the inherent 
PE hydrophobicity, which is expected to prevent perspiration wicking. In Fig. 2, we demonstrate 
that this problem can be overcome by the proper textile engineering on the nano-, micro- and 
macro-scales (see Supplementary Video S2). We evaluated the water wicking capability of the 
woven PE fabric according to the AATCC 1977 standard, by partially submerging fabric samples 
into a water bath and measuring the height of the wet area forming in each sample 10 minutes 
after its exposure to water (see Fig. 2a and Methods).  

Comparison to the corresponding wicking performance of several types of conventional fabrics 
revealed that the water wicking properties of the woven PE fabrics exceed those of natural (cotton 
and linen) and synthetic (polyester) commercial woven textiles with the same plain-weave pattern 
(Fig. 2b and Supplementary Fig. S6). This result seems counter-intuitive because polyethylene is 
known to be inherently hydrophobic, and PE films (including conventional low-density PE films and 
non-woven Tyvek PE material used in the experiment) are often used as waterproof covers and 
tarps (see Supplementary Fig. S7). As expected, the Tyvek sample did not exhibit any vertical water 
wicking in the AATCC 1977 test (Fig. 2b). The observed moisture wicking performance of the 
woven PE fabric is a result of a combination of the surface properties of individual fibers, the 
average fiber diameter, and the yarn composition.  

The parameters determining the wicking process in a multi-filament yarn include: the water-fiber 
contact angle 𝜃, the fiber radius 𝑟, the yarn structure, and the yarn porosity 𝜙 (Fig. 2c-e and 
Methods). The contact angle 𝜃 between the fiber and a distilled water droplet was measured to 
quantify the surface hydrophilicity of individual fibers (see Methods). The theoretical contact angle 
of pristine PE is approximately 94°, which would not allow the fiber surface wetting or a capillary 
suction in the yarn (see Supplementary Note 6). However, our data show that the surface of the 
melt-spun PE fibers is weakly hydrophilic, resulting in a reduced average water-fiber contact angle 
of 𝜃 = (71.3 ± 3.3)°, sufficient to promote wicking in the woven fabric (Fig. 2c, Supplementary 
Figs. S8 and S9, Methods and Supplementary Note 6). To eliminate the possibility of PE 
contamination by another material that would reduce the fiber surface energy, we confirmed the 
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purity of the chemical composition of the PE fibers by the Fourier Transform Infrared Spectroscopy 
measurements aided by the Attenuated Total Reflectance technique (FTIR-ATR, see Methods and 
Supplementary Fig. S10) and by the X-ray photoelectron spectroscopy (XPS, see Methods and 
Supplementary Fig. S11). Our calculations confirm (Supplementary Note 6) that the water-fiber 
contact angle is not related to the fiber shape but is uniquely determined by the balance of the 
surface free energy at the three-phases contact line. Thus, the observed 𝜃 and the hydrophilicity 
of the PE fabric are due to a fabrication-process-induced increase of the surface free energy, by 
approximately 25% with respect to pure PE, which remains stable for 3-4 testing cycles (see 
Supplementary Note 9 and Supplementary Fig. S12).  

The observed fiber surface hydrophilicity is a result of the fiber surface oxidation during the PE 
thermoforming by the melt-spin fabrication process in air, and is in line with prior observations of 
the water contact angles on ultra-high molecular weight polyethylene (UHMWPE) fibers.26 
Polymer thermoforming is known to not only oxidize the surface of the material but also to form 
initiation sites for future oxidation in the presence of oxygen even at ambient temperatures27,28. 
The XPS measurements revealed higher atomic concentration and molecular weight % of oxygen 
extracted from the XPS spectra of the PE yarn fabricated several months later than the yarn used 
to weave the PE fabrics (see Supplementary Fig. S11), confirming that the oxidation occurs at the 
fiber production stage. 

Accordingly, the PE fiber surface oxidation can be further increased in magnitude and duration by 
additional fiber treatment, such as oxygen-plasma or UV-ozone, during or after the fabrication29. 
As an example, we measured the water-fiber contact angle on our PE fibers after treating them 
with oxygen plasma for 1, 3 and 10 minutes (see Methods and Supplementary Fig. S10a). As 
expected, we observed a reduction of 𝜃 by 14%, 23% and 27%, respectively. The FTIR-ATR spectra 
of the modified fibers accordingly show a slight increase in the infrared absorptance in the 
frequency range 1600 𝑐𝑚−1 − 1700 𝑐𝑚−1, corresponding to the spectral signature of the C=O 
stretching bond, and indicating the presence of the oxygen functional groups on the fiber surface30 
(see Supplementary Fig. S10b).  

It should be emphasized that all the PE fibers characterized in this manuscript have been woven 
from as-drawn LLDPE multi-filament yarns without any specific surface treatment. We also 
observed experimentally that mechanical friction – a process that naturally occurs in the process 
of fabrics wearing, washing, and tumble-drying – restores the PE fabrics hydrophilicity, which we 
deliberately impeded by subjecting the fabric to eight wetting-drying cycles (see Supplementary 
Video S3). Finally, exposure of the fabric to UV light resulted in the partial restoration of the 
hydrophilicity impeded by wetting and drying processes (see Supplementary Fig. S13 and 
Supplementary Video S4), offering another mechanism of passive performance maintenance as a 
result of regular exposure to sunlight. Further optimization of the conditions of the fiber drawing 
and yarn weaving processes as well as follow-up studies on the synergistic effect of friction, 
sunlight illumination, and temperature variations on PE fabrics and garments may be needed to 
establish the optimum parameters for the material fabrication and care. 

To understand, predict, and engineer the mechanisms of the moisture transport through PE yarns 
and textiles, we developed a model (see Methods and Supplementary Figs. S14-S18) of the liquid 
transport through capillaries in a multi-filament yarn31,32. In this model, the internal structure of 
the yarn is approximated as an infinite assembly of identical parallel fibers with circular cross 
sections, tightly packed into a periodic structure with identical distances between neighboring 
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filaments. The yarn is composed of non-ideally wetting fibers (i.e., with contact angles ranging 
from zero to 90 degrees) arranged in either a hexagonal (Fig. 2d) or a square (Fig. 2e) periodic 
lattice. To explain and optimize the PE yarn moisture transport functionality, which was 
experimentally observed in the vertical wicking test, we modeled water transport along the yarn 
in the direction parallel to the fibers axes. The along-the-yarn wicking process is considered 
dominant, as the ratio between the thickness of the fabric (perpendicular to fiber axis) and the 
length of the yarn (parallel to fiber axis) is on the order of 10-2. The input parameters of the model 
are the fiber radius 𝑟, the yarn porosity 𝜙 and the water-fiber contact angle 𝜃. The values of these 
parameters, which are used to make the model predictions, are obtained through experimental 
characterization (see Methods) and are equal to 2𝑟 = (18.5 ± 6.2) 𝜇𝑚, 𝜙 = (53.0 ± 4.8)%, and 
𝜃 = (71.3 ± 3.3)°. 

 

Figure 2. Wetting properties of the PE fabric, yarn, and fibers. (a) Infrared-camera images of a water-immersed woven 
PE fabric sample show the advancement of the transition line between the wet and dry regions at increasing times. 
(b) Vertical wicking distances in the woven PE fabric (blue bar) and in commercial woven textiles (gray bars) ten 
minutes after their contact with water. The corresponding data taken for the commercial non-woven PE material 
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Tyvek revealed no wicking action. (c) An optical image of a water droplet on a PE fiber and the contact angle 
parameters experimentally evaluated from the image. (d,e) Schematics of the elementary computational cells of a 
cross-section of an ideal yarn with a periodic hexagonal (d) or square (e) fiber arrangement. The grey circles represent 
the fibers composing the yarn. The water transport is modeled in the direction parallel to the fibers axes. (f) 
Comparison of the vertical wicking model predictions to the experimental results. The ideal model predictions (shaded 
areas) are calculated for yarns with the fiber diameters of (18.5 ± 6.2) 𝜇𝑚, contact angle of (71.3 ± 3.3)°, and 
porosity of (53.0 ± 4.8)%. A single parameter comprising all the real yarn non-idealities was fitted on the 
experimental data set. (g) Fabric structure optimization to achieve efficient wicking: the height of the wet area in the 
ideal square-lattice PE yarn 10 mins after exposure as a function of the fiber radius and the yarn porosity for a fixed 
contact angle of 71.3°.  The red star represents the predicted performance of a yarn with the same combination of 
fiber radius and porosity as those experimentally evaluated for the PE woven fabric. 

 

Figure 2f compares the model predictions of wicking action in the ideal hexagonal-lattice and 
square-lattice yarns with the experimental results of the vertical dynamic imbibition of the woven 
PE. The intervals of the model predictions for each ideal periodic-lattice yarn were computed 
within the experimental uncertainty of the fiber diameter, the contact angle and the yarn porosity. 
Since the real textile structure (see. Figs. 1b-e) is more complex than the simple linear model 
geometry, the ideal-yarn model overestimates the experimental performance of the woven PE 
textile. To account for the non-parallelism of the fibers in the yarn, the deviation from the ideal 
periodic pattern, yarn bending, a finite number of fibers in the yarn, and water evaporation 
occurring during the test, the model was modified by including a reduction coefficient (see 
Methods), fitted on the experimental data. The fitted model prediction for the square-symmetry 
ideal yarn with 60% performance reduction exhibited the best agreement with the experimental 
data in Fig. 2f as well as with the measured value of the maximum wicking height of 
(13.8 ± 0.8) 𝑐𝑚 measured in the woven PE fabric (see Methods). 

The model was then used to predict the optimum fiber size and yarn configuration to achieve 
efficient moisture wicking action. Figure 2g illustrates that the optimum fiber radius and porosity 
in a square-lattice yarn composed of fibers with the contact angle of 71.3° are predicted to be 
approximately 15 𝜇𝑚 and 45%, respectively. The optimum hexagonal-lattice yarn was predicted 
to have fibers of 20 𝜇𝑚 in diameter and the porosity of 45% to achieve efficient wicking 
performance (see Supplementary Fig. S18). Although the wicking performance can be further 
improved by reducing the yarn porosity below 45%, the porosity range chosen in Fig. 2g and 
Supplementary Fig. S18 represents typical values for wearable woven textiles and provides a 
compromise between efficient capillary moisture transport and the fabric mechanical flexibility. 
The parameters of the PE multi-filament yarn used in this work (marked with a star on Fig. 2g) are 
not far from the optimum model predictions. 

While the woven PE fabric is wicking moisture efficiently, water does not penetrate inside the PE 
fibers (see Supplementary Video S5), allowing it to evaporate efficiently from the fiber surface. In 
contrast, it is known that performance of natural fibers such as cotton and linen is hindered by the 
water absorbed and subsequently trapped within the fiber volume, which typically reduces the 
fabric drying rate.33 To measure and compare the combined rate of moisture wicking and 
evaporation in different woven fabrics, we tested their drying performance by measuring the 
evaporation rate of a single droplet of water covered by a fabric sample according to the ISO 17617 
standard (see Methods and Figs. 3a-c). This test allowed us to evaluate the performance of 
different fabrics under a testing condition similar to the perspiration wicking and evaporation from 
the fabric-covered skin surface. In this situation, moisture transport both across and along the 
fabric contributes to the droplet spread and evaporation. Note that due to the structure of the 
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woven fabric (see Fig. 1e, Supplementary Figs. S3 and S4, and Supplementary Video S1), efficient 
moisture wicking in the direction along the yarn not only helps to spread the droplet laterally but 
also promotes vertical moisture transport across the fabric to its top surface.  

Comparison of the data for the vertical test wicking distance (Fig. 2b) and the horizontal test drying 
rate (Fig. 3d) show that while woven PE fabrics outperform other tested textiles on both measures, 
the materials that exhibit good wicking performance may underperform significantly in the 
combined wicking-drying test. This situation is observed for textiles made of natural fibers such as 
cotton and linen due to their moisture-trapping properties.33 In contrast, the very slow drying rate 
measured for the non-woven Tyvek PE film is predominantly influenced by the material 
hydrophobicity, which inhibits water wicking, traps water under the textile, and ultimately slows 
down the evaporation process. This combination of the observed fast wicking and the subsequent 
fast evaporation exhibited by the woven PE fabric is generally advantageous for applications in 
wearables and bedding, promoting both personal comfort feeling and the evaporative cooling 
functionality. It also offers an opportunity to reduce both the temperature and the duration of the 
tumble-drying cycle, resulting in energy savings and lowered environmental impact. 

Fabrics that promote efficient moisture transport and evaporation offer a passive way of cooling 
the human body (or any surface they cover) via the process of evaporative cooling. To measure 
and compare the evaporative cooling performance of different fabrics, we recorded the 
temperature distribution underneath different types of drying fabrics over time. Essentially, the 
evaporation test of the ISO 17617 standard was repeated by replacing the Petri dish with a 
hydrophobic and thermally insulating surface mimicking the human skin, which had four 
equidistantly embedded thermistors (see Fig. 3e). The water droplet was introduced on top of the 
central thermistor and then covered with a textile sample. The radial temperature distribution on 
the simulated skin was evaluated by recording the input from all the four thermistors, exploiting 
the axial symmetry of the water front propagation. Efficient moisture transport along the woven 
PE textile followed by the efficient evaporation process yielded fast droplet spreading, maximizing 
the evaporation surface and providing a uniform temperature distribution on the skin under the 
wet area. As a result, the drying rate of the sessile droplet on the simulated skin covered by the 
woven PE fabric has been measured to be 3.2 times higher than on a bare skin surface. As shown 
in Fig. 3f, all the four thermistors registered sharp initial temperature drop, followed by even 
sharper reverse transition as the temperature returned to its initial value upon complete 
evaporation of water. The steep slope of the initial temperature drop is the result of the fast water 
front propagation and simultaneous fast evaporation, while the steep slope of the temperature 
recovery process is due to the PE hydrophobicity, which prevents water capture inside the PE fiber 
volume and thus thermal inertia. 

In stark contrast, cotton (Fig. 3g and Supplementary Fig. S20) and linen (Supplementary Fig. S19) 
exhibited slower initial temperature drops and much longer temperature recovery times, with the 
areas further away from the fabrics center cooling down less than the center. The observed 
performance is once again governed by the water absorption inside the volume of natural fibers, 
which hinders initial propagation of the water front, reduces the evaporation surface, and slows 
down the evaporation process. This property increases the drying time of natural textiles, reduces 
comfort, and leads to longer times and higher temperatures of tumble-dry processes, thus 
increasing energy consumption23. The polyester fabric exhibited evaporative cooling performance 
intermediate between those of the woven PE and natural textiles, while the effectiveness of 
evaporative cooling of Tyvek-clad and bare skin surfaces was severely hindered by the lack of 
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moisture wicking and spreading via capillary transport, leading to a reduced evaporation rate and 
uneven temperature distribution on the surface of the skin (Supplementary Fig. S19). 

 

Figure 3. Comparative drying and evaporative cooling performance of textiles. (a,b) Photographs of the experimental 
setup used to measure the drying rate of textiles according to the ISO 17617 standard with modifications. (c,d) Drying 
rate of the woven PE fabric and conventional textiles. The drying rate of the commercial non-woven PE material Tyvek 
is also shown for comparison. (e) Schematics of the experimental setup used to measure the lateral moisture 
spreading and evaporative cooling performance of textiles (top view). (f,g) Temperature measurements underneath 
woven PE (f) and cotton (g) fabrics covering a drop of water deposited on top of thermistor 1.  

The hydrophobicity of pristine polyethylene stems from the lack of ionic bonds or polar molecular 
groups on the PE macro-molecule for water molecules to attach to (see Fig. 4a). The same 
properties of the PE macro-molecule prevent soiling and degradation of polyethylene materials 
due to exposure to organic and inorganic contaminants, including acids and alkalis34. Although 
slight oxidation of the melt-spun fiber surface enables achieving weak hydrophilicity of the PE 
fibers and textiles, our tests show that the woven PE fabrics retain stain resistance properties 
typical for pristine PE materials. Figure 4 compares stain resistance of the woven PE fabric to those 
of the conventional textiles. As illustrated in Figs. 4a-c, the molecular structures of polyethylene 
terephthalate (polyester) and cellulose (cotton and linen) are significantly more complex than 
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those of polyethylene and feature multiple sites available for strong attachment of dyes, dirt, and 
microorganisms.  

Figure 4d shows dry textile samples (top row), the same samples stained with a food colorant 
(middle row), and the stained samples washed by rinsing them with cold tap water for 30 seconds 
(bottom row). Simple cold-water rinsing of the PE textile resulted in the complete stain removal. 
In contrast, cotton, linen, and polyester fabrics remain stained after undergoing the same 
staining/washing procedure, with natural fabrics exhibiting the most persistent stains. This stain-
resistance property of polyethylene is expected to inhibit accumulation of dirt and microorganisms 
in PE textiles, and can help to reduce the consumption of energy, time, water, and detergent 
during the fabrics use phase. 

 

Figure 4. Simple structure of polyethylene molecule inhibits PE fabrics staining and simplifies washing procedure. (a) 
Polyethylene molecule is comprised of a carbon backbone surrounded by satellite hydrogen atoms, without ionic 
bonds or polar groups. (b,c) Polymer molecules of polyethylene terephthalate (polyester) and cellulose (cotton and 
linen) exhibit multiple sites available for the attachment of dyes and contaminants. (d) Photographs of woven fabric 
samples stained by a commercial food colorant and subsequently rinsed under the running cold tap water without 
the use of soap or any chemicals. Complete removal of the stain from the PE textile was observed after approximately 
30 seconds of rinsing time. The photos of other fabric samples before (top) and after (bottom) rinsing reveal the stains 
persisting after the rinsing procedure. 
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However, this stain-resistance property also makes it impossible to color polyethylene textiles by 
conventional dye-dipping techniques34, and historically hindered its applications in the textile and 
fashion industry. While there are many markets available for uncolored (white) PE textiles, 
including underwear, bedding, tableware, bandage materials, wastewater treatment filters, etc., 
other applications require colored fibers and fabrics. To address this issue, we have developed a 
process for embedding colorants into the PE fibers during their fabrication by melt-spinning, which 
can produce a variety of colors (Fig. 5a). This spin-dyeing process does not require water use, and 
generates colored fibers with colorants firmly trapped between polymer chains, offering promise 
for good color fastness performance. It also allows the use of non-conventional materials as 
colorants, including inorganic micro- and nano-particles along with conventional organic dyes35,36. 
The red and blue PE fibers in Fig. 5a have been colored by embedding disperse dyes into the fiber, 
while brown color has been achieved by doping the fiber with 100 nm-diameter Si nanoparticles 
(see Methods). 

 
 
Figure 5. (a) Examples of the PE fibers with and without embedded colorants, including red and blue disperse dyes, 
and Si nanoparticles.  (b) Optical reflectance spectra of the colored and non-colored PE fibers in the near-infrared 
range compared to those of cotton and polyester fabrics. (c) The results of the principal component analysis of the 
spectra in panel b, which reveal the opportunity to automatically sort both colored and non-colored PE textiles by 
their spectral fingerprints during the recycling process. (d) An SEM image of the blue PE fiber with the embedded dye 
powder, illustrating its stable capture by the polymer matrix, which reduces the risk of performance degradation and 
environmental hazard associated with the dye release into the environment. 
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The measured near-infrared spectra of colorless (white) and colored fibers with embedded organic 
and inorganic coloring agents shown in Fig. 5b (see Methods) reveal that the presence of the 
colorant does not obscure the characteristic near-infrared spectral features of polyethylene, 
which are distinctly different from those of cotton and polyester. These ‘spectral fingerprints’ are 
overtones and combinational bands of the molecular vibrational modes associated with stretching 
deformations, and are typically used to distinguish and sort different types of materials during the 
automated recycling process30. The principal component analysis of the near-infrared spectra of 
all the materials shown in Fig. 5b (see Methods and Supplementary Fig. S21) reveals that the fibers 
made of the same base material type (i.e., LLDPE, HDPE, cotton, and polyester) can be easily 
distinguished from each other by their spectral fingerprints regardless of the presence of the 
embedded colorants (Fig. 5c). Polyester plastic waste is already being recycled into the industrial 
fiber form, and we expect that similar process can be easily established for the waste PE recycling. 
Finally, Fig. 5d shows an SEM image of a fiber exhibiting visual coloring due to the embedded blue 
disperse dye and demonstrates safe encapsulation of dye into the fiber matrix, holding promise 
for a good color fastness of the PE fibers and textiles. 

Discussion 

Polyethylene is one of the most-produced materials in the world37, and is fully recyclable, either 
mechanically via a melt-extrusion process or chemically via solvent dissolution and pyrolysis 
(material breakdown at high temperatures in the absence of oxygen)9,10. However, most of PE 
waste ends up being incinerated, as it is not economically viable to recycle it in the form of low-
cost plastic bags and films. New types of high-value products made from PE – such as fabrics and 
wearables – can make its recycling profitable and help to close the material lifecycle17,19. The LCA 
analysis predicts (Fig. 1 and Supplementary Fig. S1) that even the use of virgin fossil-derived PE 
material for textile production can help to reduce the environmental footprint of the textile 
industry, with recycled material offering further reduction of energy needs, CO2 release, and 
environmental damage. These predictions are supported by the results of the recent study on the 
environmental impact of the grocery bags conducted by the Danish Environmental Protection 
agency38, which also identified LDPE bags as the most environment-friendly option. Bio-derived PE 
material offers further environmental footprint reduction and is still fully recyclable at the end of 
its lifecycle. 

This study further suggests that the use of polyethylene offers potential for significant reduction 
of environmental footprint of textiles not only in the production phase, but also during the use 
phase. In particular, the demonstrated stain-resistance of the woven PE fabric can help in reducing 
the use of water, energy and chemicals during its wash cycle, while the observed fast fabric drying 
performance is advantageous for reducing the energy consumption and the amount of waste heat 
generated during the tumble-dry cycle. In comparison, a breakdown of energy consumption 
during the four major phases in the life cycle of a cotton T-shirt (i.e., material/production, 
transportation, use, and disposal) shows that over 70% of energy is consumed in the use cycle 
(mostly for high-temperature washing and tumble-drying)23.  

The evaporative cooling functionality of PE fabrics revealed and quantified in this study not only 
allows to shorten (or even completely eliminate) the tumble-drying cycle but also provides an 
additional powerful mechanism to achieve thermal comfort both indoors and outdoors. This 
mechanism can be exploited in the engineering of high-performance athletic apparel for 
professional sports, farming and gardening, military use, and recreational outdoor activities to 
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reduce thermal stress and improve performance. Furthermore, the efficient evaporative cooling 
of woven PE fabrics demonstrated in this study, together with their previously discovered passive 
radiative cooling functionality, can help to reduce the HVAC energy consumption in hot climates 
or during the peak summer season8,12,13,15. Passive evaporative cooling and anti-fouling properties 
of PE textiles can also be leveraged for applications beyond the wearables and consumer textiles, 
e.g., to improve performance and increase durability of passive water purification platforms39,40 
or to cool produce in remote off-the-grid locations41.  

Polyethylene internal properties can be dramatically varied by engineering the polymer chain 
length and branching as well as by the control of the material crystallinity8. Through a combination 
of mechanical, X-ray, and thermal characterization of the PE fibers and fabrics (see Supplementary 
Figs. 22-24 and Supplementary Tables S5,S6), we demonstrated control over the fiber tensile 
strength, melting temperature, and abrasion resistance via internal polymer properties and 
external fabric structure properties. In turn, the tested handle-feel properties of the woven PE 
textiles revealed that they exhibit high softness and flexibility relative to other tested materials, 
with high recovery after compression (Supplementary Table S7). Importantly, all the PE fibers 
exhibiting a wide range of tensile strength properties have been fabricated by standard melt-
extrusion. This sets them apart from commercially available high-strength high-cost UHMWPE 
fibers (such as Dyneema and Spectra), which are fabricated by the proprietary gel-spin process. 
All the PE fibers and yarns used in this work can be woven and knitted by using standard industrial 
equipment, and fabrics with different woven/knitted patterns can be engineered and tailored for 
a specific application (see Supplementary Fig. S25).  

Polyethylene is biologically inert and can be softened without plasticizers. Owing to its chemical 
inertness, polyethylene is considered safe for use in cosmetic formulations, and is one of the most 
common materials used in medical implants because it does not degrade in the body42,43.  As we 
demonstrate here, PE yarns can be spin-dyed with a variety of organic and inorganic colorants, 
which can be carefully chosen to reduce the potential health risks44. Although polyethylene has 
long been shunned by the textile producers due to its resistance to traditional dyeing techniques, 
the performance apparel industry is increasingly embracing the spin-dyeing technology (long used 
in carpet production) as the means to reduce the textile environmental footprint and to 
significantly improve the fabrics color fastness to washing, drying, and light exposure45–47. The 
spin-dyed PE yarn color fastness is expected to further reduce environmental and health risks by 
limiting the colorant release to the environment, and to expand the garment life span34. 

We would finally like to emphasize that all the passive cooling and stain-resistance functionalities 
of PE fabrics discussed in this work have been achieved by meso-scale engineering of the structure 
of polymer fibers, yarns, and knitting/woven patterns, and do not require blending PE with other 
materials or covering its surface with chemical coatings. The nanoparticle colorants added for 
aesthetic purposes can be removed from the colored PE textiles during the recycling process, e.g. 
via centrifuging or filtering. In contrast, commercially-available fabrics with evaporative cooling 
performance are typically composed of two or three layers of different polymer materials, often 
with additional coatings, which complicates and often prevents their recycling. Finally, most 
fashion accessories such as buttons, hooks, zippers, and labels can also be made from 
polyethylene, enabling a single-material platform ideal for efficient automated recycling at the end 
of the garment life cycle. While material degradation of discarded PE textiles can be a subject of a 
separate study, a clear recycling pathway for PE fabrics and garments is expected to reduce the 
probability of them ending up in landfills and contributing to the microplastic pollution. It can also 
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offer an opportunity to recycle the previously accumulated large amounts of LDPE waste, whose 
recycling is currently not economically viable due to the lack of added-value LLDPE products. The 
single-material polyethylene-based multi-functional and circular fabric platform could offer 
unique advantages for a wide range of applications and consumer markets in textile industry and 
beyond. 
 
Methods  

Fabrication of PE fibers, yarns, and woven fabrics 

The polyethylene fibers and yarns used in this study have been fabricated by the standard fiber 
melt spinning process from the linear low-density polyethylene (LLDPE) and high-density 
polyethylene (HDPE) granules and pellets (Alfa Aesar). The monofilament fibers of varying 
diameters have been fabricated at the US Army CCDC Soldier Center (Natick, MA) by using a 
conical miniature twin-screw extruder (MicroCompounder, DACA Instruments). The multi-
filament LLDPE yarns have been fabricated by the MiniFibers Inc. (Johnson City, TN) on an 
industrial-scale melt-spin extruder. The yarns are composed of 247 individual filaments with 2 dpf 
(denier per filament). The yarns have been woven into a plain-weave textile on an industrial-scale 
loom at the Shingora Textile Ltd. (Ludhiana, Punjab, India). The monofilament fibers have been 
dry-colored via the spin-dyeing process, by mixing the colorants with the PE material prior to the 
fiber melt extrusion. The colorants used in this study included commercial disperse dyes (Millipore 
Sigma) and silicon nano-powders (US Research Nanomaterials Inc.), see Supplementary Note 2.  
 
Structural characterization of fibers, yarns, and fabrics 

The microscopic structure of the PE fibers and fabrics has been characterized with a high-
resolution scanning electron microscope (HR-SEM, Zeiss, model Merlin). To obtain the cross-
sectional view of the woven fabric and estimate the average fiber radius, inter-fiber capillary size, 
and yarn porosity, the fabric samples were scanned in a high-resolution micro-CT scanner to a 
pixel size of 2 μm (Zeiss Xradia 620 Versa, 0.4x objective). For further detail, see Supplementary 
Notes 3 and 4.  
 
Characterization of the wicking performances of the fabrics 

The wicking rates of various fabrics presented in Fig. 2b were estimated via a vertical wicking test 
according to the AATCC 1977 standard. The bottom ends of vertical fabric specimens were partially 
submerged in the bath filled with distilled water, and the wicking distance was measured after a 
10-minutes period. Infrared camera images (FLIR ETS320) were used to identify the transition 
point between the dry and wet portions of the fabrics, and a caliper (Anytime Tools dial caliper 6") 
was used to measure the wicking distances. See Supplementary Note 5 for more details and for 
the procedure used to measure the maximum capillary height.  

Water-fiber contact angle characterization 

The water-fiber contact angle 𝜃 was computed by measuring the ratio between the maximum 
length and the thickness of droplets deposited on a PE fiber and the fiber radius (see Fig. 2c)48,49. 
The fibers were extracted from yarns randomly picked from woven PE fabric samples, and fixed 
with tape between two glass slides. Water was sprayed on the fiber to allow the deposition of 
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droplets on its surface. A confocal microscope coupled to a Raman spectrometer (Horiba, LabRAM 
HR Evolution) was used to photograph the droplets deposited on the fiber. A maximum of two 
droplets were photographed on each fiber before replacing the sample. The contact angle was 
calculated by averaging the data from 16 separate measurements. See Supplementary Notes 6 
and 7 for more detail. 

Spectral characterization of fibers and fabrics  

The spectral characterization of fabrics in the wavelength range between 250 nm and 2500 nm 
was carried out by using a UV-Vis-NIR spectrophotometer Agilent, model Cary 5000, equipped 
with an integrating sphere in which samples were placed in the reflectance port (scan rate of 600 
nm/min). The surface chemistry of fibers comprising the woven PE fabrics was probed via the 
Fourier Transform Infrared (FTIR) spectroscopy, using the Attenuated Total Reflectance (ATR) 
mode. For this, a Nicolet 6700 spectrometer equipped with a Nicolet Continuµm Microscope with 
an ATR objective equipped with a Germanium crystal was used. ATR-FTIR spectra were collected 
in the range 4000-650 cm-1 at resolution of 4 cm-1 and were averaged over 32 scans. We have 
performed additional analysis of the surface oxidation of the PE fibers by using the X-ray 
photoelectron spectroscopy (XPS). We have used the Physical Electronics Versaprobe II X-ray 
Photoelectron Spectrometer to perform elemental and chemical spectroscopic analysis of fiber 
surfaces. Monochromatic Al Kα radiation (hν = 1486.6 eV) was used as the excitation source to 
analyze the different binding energy peaks (pass energy 11 eV, analyzer resolution ≤0.5 eV). For 
further detail, see Supplementary Note 8. 
 

Theoretical model of water transport along the yarn (parallel to the fibers axis) 

The ideal yarn structure was simulated as an array of identical, parallel cylinders forming periodic 
hexagonal or square lattices (Figs. 2d,e). The model can predict the time-dependent height of the 
water front in a fabric sample during vertical imbibition, ignoring the effect of the water 
evaporation. The dynamic imbibition of a single-phase fluid (water) in a rigid porous material (yarn) 
under isothermal condition was modelled by combining the Darcy’s law and the continuity 
equation50: 
 

∇ ⋅ (−
𝐾

𝜇
(∇〈𝑝𝑤〉 + 𝜌𝑔)) = 0 , (1) 

where 𝐾 is the permeability of the fabric, 𝜇 is the dynamic viscosity of the wetting fluid, 𝜌 is the 
density of water, 𝑔 is the gravitational acceleration, and 〈𝑝𝑤〉 is the pore-averaged pressure of the 
fluid. A one-dimensional equation for the position ℎ of the advancing water front was derived 
using the following boundary conditions:  

 𝑝𝑤 = 𝑝𝑎𝑡𝑚  at  ℎ = 0 , 

𝑝𝑤 = 𝑝𝑎𝑡𝑚 − 𝑝𝑐 + 𝜌𝑔ℎ𝑡  at  ℎ = ℎ𝑡 , 
(2) 

where 𝑝𝑎𝑡𝑚is the atmospheric pressure, 𝑝𝑐 is the capillary pressure, and ℎ𝑡 is the position of the 
water front at time 𝑡. Finally, the implicit equation describing the advancement of the water front 
is 50: 

 
𝑝𝑐 ln |

𝑝𝑐

𝑝𝑐 − 𝜌𝑔ℎ𝑡
| − 𝜌𝑔ℎ𝑡 =

𝜌2𝑔2𝐾

𝜙𝜇
𝑡 . (3) 
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This equation shows that the wicking properties of a textile are determined by three parameters: 
the yarn porosity 𝜙, the microscopic permeability 𝐾 and the capillary pressure 𝑝𝑐. The yarn 
porosity was evaluated from the micro-CT characterization as 𝜙 = (53.0 ± 4.8)%. The 
microscopic permeability 𝐾 along the fiber axis is a function of 𝜙 and 𝜙𝑚𝑖𝑛, where the latter is the 
minimum porosity of the yarn and is uniquely determined by the supposed fibers arrangement 
(namely, square or hexagonal). The model used to evaluate 𝐾 is described in Supplementary Note 
10. The capillary pressure 𝑝𝑐 = 𝜌𝑔ℎ𝑚𝑎𝑥 is a function of the maximum capillary height along the 
fiber axis ℎ𝑚𝑎𝑥, which was evaluated following the modelling approach proposed by Princen31,51 
(see Supplementary Notes 11 and 11.2). The limits of validity of the model are described in 
Supplementary Note 11.3. The effect of the input parameters on ℎ𝑚𝑎𝑥  and on ℎ𝑡 is described in 
Supplementary Note 11.4. Considering all the parameters involved in Eq. 3, the whole transport 
model is only a function of the geometrical parameters 𝑟, 𝜙 and of the contact angle 𝜃. 

The non-ideality of the real yarn was accounted for via a single coefficient 𝐴, included to reduce 
the capillary pressure: 𝑝𝑐 = 𝜌𝑔(𝐴 ⋅ ℎ𝑚𝑎𝑥). For both fiber arrangements, the reduction coefficient 
𝐴 was scanned through 30 equidistant points in the range 0.3 ≤ 𝐴 ≤ 0.5, and the other model 
parameters (namely, 𝜙, 𝑟, and 𝜃) were consequently fitted on 171 experimental data points 
obtained from five different vertical wicking tests. The fitting was performed by minimizing the 
root mean squared error (RMSE) between the modeling prediction and the experimental data set. 
The best fit for the hexagonal fiber arrangement was obtained with 𝜙𝐻 = 0.554, 2𝑟𝐻 = 21.6 𝜇𝑚, 
𝜃𝐻 = 73° and 𝐴𝐻 = 0.46, while the coefficients fitting the data with a square yarn symmetry are 
𝜙𝑆 = 0.554, 2𝑟𝑆 = 20.1 𝜇𝑚, 𝜃𝑆 = 71° and 𝐴𝑆 = 0.36. For both arrangements of fibers, the fitted 
values of porosity and contact angle are within 5% with respect to the average experimental value, 
while the fitted value of the fibers diameter are 13% and 17% larger, for the square and hexagonal 
arrangements, respectively. The result is consistent with the large uncertainty related to the 
experimentally-measured fiber radii. Given that the maximum height fitted for the hexagonal 
arrangement is 7% larger than the experimental value and outside its confidence interval, the 
periodic square-lattice model of the yarn was adopted for the woven PE fabric wicking 
performance optimization in Fig. 2g. 

Characterization of the moisture drying properties of fabrics  

The drying properties of the fabrics were measured via the ISO 17617 standard (method B) with 
modifications. The circular fabric test specimens (85 ± 2) mm in diameter were kept at the room 
temperature and relative humidity of (40 ± 5) %, measured with a hygrometer (RH820, Omega 
instruments), for one day. The ambient temperature was monitored with a thermistor (model 
4033, Omega instruments) and maintained at (23.6 ± 0.3) °C. Each sample was laid in a Petri dish 
placed on a precision balance (Mettler Toledo, NewClassic ML), weighed and removed. Then, (0.25 
± 0.02) ml of distilled water was applied using a micropipette to the center of the base of a Petri 
dish and covered by the test fabric specimen. The whole setup was exposed to the environment 
(Fig. 3a,b), whose temperature and humidity are measured during the experiment. The weight 
loss caused by the water evaporation was measured for 2 minutes. With these data, the drying 
time and drying rate (% per minute) were calculated using the least squares fitting method (see 
Supplementary Table S3). For further detail, see Supplementary Note 12. 

To evaluate the effect of the evaporation on the spatial temperature distribution, the evaporation 
tests were repeated by substituting the Petri dish with a polystyrene plate 10x10 cm wide and 2 
cm thick. A thermistor (model 4033, Omega instruments) was placed at the center of the specimen 
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surface. Three other thermistors were positioned in radial direction from the central one with an 
equal spacing of 1 cm (Fig. 3e) and covered with a water-resistant tape, to prevent the direct 
contact between the distilled water and the sensing elements. The distilled water basin was kept 
on a heated magnetic stirrer to maintain the temperature difference between the reservoir, 
measured with a properly insulated thermistor, and the average temperature of the plate surface 
within 0.2°C. The micropipette was kept immersed in the reservoir to achieve thermal equilibrium 
with water. All the data from the thermistors were acquired with a digital data logger (OM-CP-
OCTPRO, Omega instruments) using a sampling frequency of 1 sample/s.  

Principal Component Analysis (PCA) of the fabrics near-infrared spectra 

The experimentally-measured total (specular and diffuse) reflectance spectra in the range from 1 
micron to 2.5 micron were evaluated by the principal component analysis. The PCA analysis was 
performed using package “stats” in R environment (v. 3.6.1)52. The reflectance spectral data were 
converted to z-scores prior to PCA analysis. Analysis showed that 65% of the variation between 
the near-IR spectra was accounted by the first principal component (PC1) and 25% by the second 
principal component (PC2), which were used to produce the PCA scatter plot in Fig. 5c. See 
Supplementary Note 13 for additional detail. 
 
Thermal, mechanical, and crystallinity characterization of the PE fibers and fabrics 

Abrasion testing of the textiles has been done on the Martindale M235 Abrasion Tester according 
to the ASTM D 4966 standard (see Supplementary Fig. S22). Tensile strengths of the PE fibers have 
been measured by using an Instron 68SC-05 and a KLA T150 UTM tester (see Supplementary Fig. 
S23 and Supplementary Table S5). The fabric touch tester (FTT) equipment (SDL Atlas) has been 
used to evaluate the handle feel properties of the woven PE fabrics (see Supplementary Table S7). 
Crystallinity of the PE fibers studied in this work has been measured via differential scanning 
calorimetry (DSC, model Discovery from TA Instruments) and via the wide-angle X-ray scattering 
(WAXS) technique (SAXSLAB system with a Rigaku 002 microfocus X-ray source and a DECTRIS 
PILATUS 300K detector). The data are summarized in Supplementary Notes 14 and 15. 

 
Estimation of the experimental uncertainty  

The estimation of the uncertainty of the measures presented in this work is reported in 
Supplementary Note 18. 
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