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Through the development of biodegradable materials and associated processes for printed 

electronics, we aim to propose an alternative to toxic materials, towards the safe disposal of e-

waste. The results presented in this thesis include cellulose-based substrates and electrically 

conductive ink developments, as well as three different devices incorporating these elements. 

As detailed for each chapter hereunder, the focus is primarily given to cellulose materials, as 

they are combining biodegradability, abundance and multifunctional properties.   

The first chapter sheds light on the topic of cellulose and biodegradable materials for printed 

electronics. It gives an overview of the existing printing and processing techniques and dis-

cusses limitations and current challenges to manufacture electronics from biodegradable mate-

rials. The second chapter clarifies the objectives and research questions of this thesis. The third 

chapter investigates the use of cellulose and nanocellulose for substrates in electronics. By com-

bining nanocellulose with cellulose pulp, the electrical conductivity of printed electrodes is im-

proved due to a lower porosity compared to specialty paper for electronics. The second concept 

combines cellulose with polymers, resulting is a lower hygroexpansion and, thus a limited effect 

on the electrical conductivity of the printed electrodes, once again compared to specialty paper 

for electronics. The fourth chapter describes research on an electrically conductive ink com-

posed of carbon particles dispersed in an alcohol solution of shellac. Shellac is proposed as a 

binder due to its hydrophobicity, as opposed to cellulose. This metal-free formulation combines 

carbon black and graphite flakes to maximize electrical properties. The formulation is patented 

and compatible with industry-relevant patterning methods such as screen-printing and ro-

bocasting, with a maximum electrical conductivity of 103 S m-1. The fifth chapter presents 

works on electrically conductive inks based on zinc particles. Successive electrochemical and 

photonic flash sintering steps are used to remove the native zinc oxide layer at the particle sur-

face and to sinter the particles. With this combination of processes, printed zinc patterns can 

reach conductivities up to 106 S m-1 on cellulose-based substrates. The sixth chapter investigates 

printed capacitive humidity sensors and temperature resistive detectors composed exclusively 
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of biodegradable materials. The performance of the sensors is compared on glass, cellulose and 

shellac-based substrates, reaching a sensitivity of 0.02 %RH -1. The seventh chapter presents a 

fully printed and disposable supercapacitor. The device is exclusively manufactured by ro-

bocasting and printed using non-toxic and renewable materials. Nanocellulose is used as a rhe-

ology modifier, dispersing, gelling and network forming agent; carbon is used to achieve high 

surface area electrodes as well as to provide electrical conductivity to the current collector; 

glycerol is used as plasticizer in the nanocellulose substrate and as the electrolyte solvent to 

achieve a temperature stable and non-toxic electrolytic gel. The eighth chapter studies zinc-air 

batteries, using zinc as a metal anode; graphite, manganese dioxide or pyrolyzed nanocellulose 

as cathode and paper as a biodegradable substrate. The battery is manufactured with printing 

techniques, which allow to create batteries of arbitrary shape and size, to reach around 3 mW 

and 0.8 mWh with the design proposed. In addition, the battery is water-triggered and remains 

inactive until water is provided, thereby being absorbed by the paper substrate and closing the 

electrochemical cell. The ninth chapter explores the use of cellulose nanofibrils to control and 

to tune the rheological properties of water-based inks. Two systems are presented: the first one 

uses hydroxypropyl cellulose, carbon nanotubes and cellulose nanofibrils to create a multi stim-

uli responsive color-changing material, applied in a color display. The second one combines 

gelatin, glycerol and cellulose nanofibrils to create a soft and mechanically stable composite 

applied in a pneumatic actuator. Finally, the tenth chapter discusses the overall results implica-

tions and the eleventh chapter highlights remaining open questions that may give directions for 

future studies.   
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Au travers du développement de matériaux biodégradables et des procédés d'impression as-

sociés, nous désirons proposer une alternative aux matériaux classiques, vers l'électronique du-

rable. Plus précisément, les résultats présentés dans cette thèse comprennent le développement 

de substrats à base de cellulose et d'encres conductrices d'électricité, ainsi que trois dispositifs 

différents intégrant ces éléments. Comme décrit ci-après dans chacun des chapitres, l'accent est 

mis principalement sur les matériaux à base de cellulose, car ils combinent abondance, biodé-

gradabilité et propriétés multifonctionnelles. 

Le premier chapitre décrit l'utilisation de la cellulose et des matériaux biodégradables pour 

l'électronique imprimée. Il donne un aperçu des techniques actuelles d'impression et examine 

les limites et les difficultés actuelles de la fabrication d'appareils électroniques à partir de ma-

tériaux biodégradables. Le second chapitre clarifie les objectifs et les questions de recherche de 

cette thèse. Le troisième chapitre examine l'utilisation de la cellulose et de la nanocellulose 

comme substrat en électronique. Le premier concept combine la nanocellulose à la pâte à papier 

et le second concept propose de combiner la pâte à papier aux polymères. Ces deux concepts 

prodiguent une conductivité électrique d'électrodes imprimées plus élevée ou plus stable au 

changement d'humidité par rapport au papier. Le quatrième chapitre décrit une encre conduc-

trice d'électricité composée de particules de carbone dispersées dans une solution alcoolique de 

gomme-laque. La gomme-laque est proposée comme liant en raison de son hydrophobicité, au 

contraire de la cellulose. Cette formulation sans métal combine du noir de carbone et du graphite 

pour maximiser les propriétés électriques. Cette encre brevetée est compatible avec des mé-

thodes de fabrication industrielle telles que la sérigraphie et l'impression 3D, et atteint une con-

ductivité électrique maximale de 103 S m-1. Le cinquième chapitre présente des encres conduc-

trices d'électricité à base de particules de zinc. Des étapes successives de frittage 

électrochimique et photonique sont utilisées pour enlever la couche naturelle d'oxyde de zinc à 

la surface des particules ainsi que fritter les particules elles-mêmes. Avec cette combinaison de 

procédés, les électrodes de zinc imprimées peuvent atteindre des conductivités allant jusqu'à 
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106 S m-1 sur des substrats à base de cellulose. Le sixième chapitre examine des capteurs d'hu-

midité capacitifs imprimés et composés exclusivement de matériaux biodégradables. Les per-

formances de ces capteurs sont comparées sur des substrats à base de verre, de cellulose et de 

gomme-laque, atteignant une sensibilité de 0,02 %RH-1. Le septième chapitre présente un su-

percondensateur jetable entièrement imprimé. Le dispositif est imprimé exclusivement à partir 

de matériaux non toxiques et renouvelables: la nanocellulose est utilisée comme agent de mo-

dification de la rhéologie, de dispersion et de gélification; le carbone est utilisé pour obtenir les 

électrodes ainsi que pour fournir une conductivité électrique au collecteur de courant; le glycé-

rol est utilisé comme plastifiant dans le substrat et comme solvant pour obtenir un gel électro-

lytique stable et non toxique. Le huitième chapitre étudie les batteries air-zinc, en utilisant le 

zinc comme anode métallique, le graphite, le dioxyde de manganèse ou la nanocellulose pyro-

lysée comme cathode et le papier comme substrat biodégradable. La batterie est fabriquée avec 

des techniques d'impression, ce qui permet de créer des batteries de forme et de taille arbitraires. 

De plus, la batterie se déclenche par l'eau et reste inactive jusqu'à ce que l'eau soit fournie et 

absorbée. Le neuvième chapitre explore l'utilisation des nanofibres de cellulose pour contrôler 

les propriétés rhéologiques des encres à base d'eau. Deux systèmes sont présentés : le premier 

utilise de l'hydroxypropyl-cellulose, des nanotubes de carbone et des nanofibres de cellulose 

pour créer un matériau qui change de couleur en fonction de différents stimuli. Ce matériau est 

utilisé dans un écran de couleur. Le second système combine de la gélatine, du glycérol et des 

nanofibres de cellulose pour créer un composite souple et mécaniquement stable, employé dans 

un actionneur pneumatique. Enfin, le dixième chapitre traite des implications globales des ré-

sultats de cette thèse, et le onzième chapitre met en évidence les questions en suspens qui pour-

raient orienter des études futures. 
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Figure 1.1 (A) E-waste origin, scale and recycling problem. (B) E-waste generated per capita for the top 7 

countries, data gathered from V. Forti et al.[2]. (B) E-waste documented to be recycled for the top 7 countries. data 

gathered from V. Forti et al.[2] 

 

In the case of Switzerland, 23.4 kg of e-waste were generated per capita in 2020,[2] ranking 

third in the world, as seen in Figure 1.1 (B). With numerous e-waste collecting points and effi-

cient waste management, roughly 60 % of the e-waste is collected and documented as recy-

cled,[2] as seen in Figure 1.1 (C). 

Worldwide, the problem of e-waste accumulation is exacerbated by the rise of short-lived 

electronics for applications such as smart-packaging or point-of-care devices.[6] The discrep-

ancy between the service-life and the total-life of such devices highlights an imperative need of 

incorporating sustainable materials in electronics.  

Accordingly, the field of sustainable electronics has gained attention within the scientific 

community.[7] To date, researchers mainly focus on the partial inclusion of biodegradable ma-

terials in devices, while maintaining the focus on performance. This leads to keeping some of 
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complete chemical characteristics must be assessed in addition to biodegradation and disinte-

gration.[11] The comparison between disintegration, biodegradation and compostability is sche-

matized in Figure 1.2. Biodegradation, disintegration and compostability are often miss-used in 

the literature and, thus by companies. Unfortunately, naming an object or material "biodegrada-

ble" in scientific literature is associated with non-specific attributes, which are depending on 

the experiment, condition and environment of the test performed.  

 

 

Figure 1.2 Schematic explaining the difference between disintegration, biodegradation and compostability.  

 

Based on these definitions, various materials and polymer are fulfilling the requirements for 

biodegradability. Three main family of polymer that are bio-based and biodegradable can be 

identified, namely polymer from biomass (e.g. cellulose, starch, gelatin), polymer from micro-

organism (e.g. PHA) and polymer from biotechnology (e.g. PLA). Specifically for polymer, it 

exists seven different environments in which biodegradation can happen.[9] Only three polymers 

or polymer families have proven biodegradability in the seven environments, namely cellulose, 

starch and the polyhydroxyalkanoates family (PHA).[12] A succinct view on biodegradable pol-

ymer is shown in Figure 1.3. 
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Recently, 3D printing of electronics gained interest. It enables the monolithic integration of 

functional components of various geometries, as functional and structural components can be 

printed in a single procedure.[15] Among the 3D printing processes available, Robocasting (or 

Direct-Ink-Writing (DIW)) is attractive since it is compatible with a wide range of materials to 

produce inks, such as polymers, ceramics and metals.[16] Robocasting is creating 3D objects by 

extruding an ink in a line-by-line and layer-by-layer fashion. The feature achievable for elec-

tronics are typically few hundreds of microns.[17] To develop materials for Robocasting, it is 

important to have control over the ink rheology. Typically, the ink material is paste-like or gel-

like with shear-thinning properties (to flow like liquids through the printing nozzles) and a de-

fined yield-stress in the order of hundreds of Pa (to retain their filamentary shape once 

printed).[18] The way the ink behaves during printing and the final shape of the printed object 

both before and after drying are affected by the viscosity and yield-stress of the ink.  

 

 

Figure 1.4 Schematic, working principle and tools definition for robocasting and screen-printing. 
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discontinuities in the functional layers and, ultimately, to poor electrical performances. A lim-

ited temperature range (e.g. below 200°C) and a high surface energy limit the processing, while 

the uptake of water is modifying the functionalities over time.  

Polylactic acid (PLA),[33]  polyglycolic acid (PGA),[34]
  poly(lactic-co-glycolic acid) (PLGA), 

[35] shellac,[35]
 silk,[35]

 starch,[36] and cellulose[31]
 have all been identified as possible candidates 

for substrates in biodegradable electronics. Among them, cellulose is the cheapest, most used 

and most promising.  

Typically, cellulose-based substrates are made by pressing, heating or filtering a suspension 

of cellulose-water mixture called pulp. After dewatering, the remaining fibers form an entan-

gled network providing mechanical strength and flexibility. To date, using only conventional 

pulp routes to make paper leads to substrates that are too rough and porous to preserve elec-

tronics functionalities.[37] An alternative might be to use nanocellulose, mostly CNF, to manu-

facture nanopapers as substrates.[31] Variations of similar filtering, pressing or heating methods 

as those used for standard paper can also be employed to dewater CNF suspensions. The me-

chanical strength of nanopapers are double the one of traditional paper,[38] they have an average 

porosity of 20% compared to 50% for paper,[39] a roughness as low as 3 nm[40] and optical 

transmittance up to 90% at 550 nm.[41] These figures of merit lead to enhanced electrical con-

ductivity of 3 orders of magnitude for an ink applied to nanopaper compared to conventional 

paper.[42] However, due to the high surface area of CNF and the large number of hydroxyl 

groups available at their surface, the dewatering of CNF may take several hours and is, as such, 

hardly scalable.  

The ability of cellulose substrates to temporary bind water is mostly detrimental for elec-

tronics.[42] For instance, during printing, inks spread on the surface and limit the printing reso-

lution, and the dimensional changes and internal stresses created in the substrate due to water 

sorption and desorption affect the stability of the electronics over time. Additives or chemical 
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�x To investigate carbon-based interdigitated electrodes printed on glass, paper and poly-

mer substrates for humidity and temperature sensors, and to study the influence of these 

substrates on the response time, recovery time, sensitivity, hysteresis and time stability. 

Finally, to prove the sustainable nature of the device (Chapter 6). 

�x To evaluate the possibility of using robocasting to manufacture cellulose-based super-

capacitors. To develop a set of inks compatible with robocasting, from structural to ac-

tive parts (i.e substrate, current collectors, electrodes and electrolyte). To propose a de-

sign in order to minimize the manufacturing steps. To determine the processing timeline 

and parameters in order to reach time stability and a specific capacitance higher than 2 

F g-1. As a final point, to prove the sustainable nature of the device (Chapter 7).  

�x To investigate the use of printed zinc anodes in zinc-air batteries. To investigate cata-

lysts for the oxygen-reduction-reaction of the cathode without compromising sustaina-

bility. To evaluate the catalyst influence on the battery power and to propose a concept 

for water triggered battery with different activation time (Chapter 8). 

�x To study the mechanical and rheological effects of TEMPO-oxidized cellulose nano-

fibrils on water-based functional soft devices. In a first system, to understand the influ-

ence of cellulose nanofibrils on the self-assembly of hydroxypropyl cellulose in water 

and to understand the influence of robocasting on this self-assembly. In a second study, 

to propose a process to incorporate cellulose nanofibrils as a rheology modifier in gela-

tin, and to evaluate the nanofibrils' influence on the composite properties. Last of all, to 

propose a 3D printable design for a soft actuator with time and performance stability 

(Chapter 9). 
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visualization of the large pores created by the network of cellulose fibers gradually being filled 

by the CNF, as seen in Figure 3.1 (A) to (E).  

 

 

Figure 3.1 (A) SEM micrograph of the filtered cellulose fiber-fibrils suspensions with: (A) 0 wt% CNF; (B) 5 

wt% CNF; (C) 10 wt% CNF; (D) 15 wt% CNF; (E) 20 wt% CNF; (F) 100 wt% CNF. Scale bar is 300 µm, the 

resolution is the same for all SEM micrographs. 

 

One way to evaluate the surface finish of the substrate is to perform contact angle measure-

ments. Figure 3.2 (A) shows photographs of the shape of a water droplet taken 5 seconds after 

deposition on each substrate; and Figure 3.2 (B) shows the contact angle measured after 1.2 

seconds (n = 3). The substrate with the lowest CNF content exhibits the highest wicking prop-

erties: the drop is absorbed by the substrate right after the jetting. From fluid kinetics, the wick-

ing time to reach a specific distance can be mathematically described with: �P�:�T�; 
L
�ë�. �6��

�å�
 �Ò�×�Ö�â�æ����
, 

where  �ä is the viscosity of the water, �N the average pore-size, �Û�Ú�ß the surface tension at the 

liquid-solid interface and �?�K�O���à the contact angle. This formula shows that the wicking time is 
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inversely proportional to the pore radius. Interestingly, it is also inversely proportional to the 

surface tension. In our experimental context, both the porosity and surface tension are varying, 

thus it is arguably difficult to discriminate between the two effects. It should be mentioned that, 

from 15 wt% CNF, the results must be carefully consider due to inhomogeneity in the substrate 

caused by the long filtration time, inducing flocculation and sedimentation of cellulose fibers, 

as explained here-above.  

Interestingly, the CNF made from pressing at high pressure and temperature, seen as a green 

inset in Figure 3.2 (A) and as green error bar in Figure 3.2 (B), exhibits the highest contact 

angle. We hypothesize that this might come from geometrical imprints from the mold. 

 

 

Figure 3.2 (A) Photographs of the water drop of 10 µl dropped from 5 mm on the substrate with 0, 5, 10, 15, 

20 and 100 wt% CNF (inset of pressed 100 wt% CNF in green) scale bar is 5 mm. (B) Contact angle as a function 

of the substrate with 0, 5, 10, 15, 20 and 100 wt% CNF (green is hot pressed CNF). (C) Porosity as a function of 

the CNF content. (D) Arithmetic roughness (Ra) of the substrate with 0, 5, 10, 15, 20 and 100 wt% CNF, measured 

with profilometry and calculated from a 5 mm map. (E) Total height profile (Rt) of the substrate with 0, 5, 10, 15, 

20 and 100 wt% CNF, measured with profilometry and calculated from a 1 mm map. 
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The porosity of all substrates was evaluated by measuring their thicknesses using the 120 g 

m-2 areal density and using 1.5 g cm-3 as the density of solid cellulose (as described in the ex-

perimental methods section) . The results are shown in Figure 3.2 (C) (n = 4). The porosity is 

decreasing as a function of the CNF content, going from 50.8 ± 5.9 % to 21.0 ± 18.1% at 0 wt% 

CNF and 20 wt% CNF respectively. The mean porosity for 100% CNF is measured to be 0, 

which is difficult to analyze, as a single crystal of cellulose is mostly probably not obtained 

after the filtration. We hypothesize that it probably comes from variations of the substrate's 

thickness or from loss of materials during the filtration process. 

The profile of the substrates was investigated by contact profilometry as seen in Figure 3.2 

(D) (n = 12).  From 0 wt% to 20 wt% cellulose nanofibrils, the addition of CNF does not have 

a significant influence on the arithmetic roughness (Ra) which is only influenced by the larger 

material in the system (i.e. here the cellulose fibers). To validate this observation, the 100% 

CNF substrate has a significantly lower roughness with Ra of 0.7 µm, negligible to that given 

by the cellulose fiber structures. Another parameter of interest is the total height profile Rt (i.e. 

the difference between the highest and lowest point in the map scan). As shown in Figure 3.2 

(E), Rt decreases as a function of the CNF content, thus confirming that the porosity decreases 

as a function of the CNF content (n = 1, map scan of a 1 mm2 area).  

 

 

Figure 3.3 (A) Geometry of the electrode printed on the CNF-fibers substrates. (B) Picture of the screen-

printed electrodes on the substrate with 15% CNF. (C) The sheet-resistance of silver electrodes on substrates with 

0, 5, 10, 15, 20 wt% of CNF.  
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We also compared the roughness using AFM and profilometry, for different sample size (of 

a square geometry). The results of the arithmetic roughness measured with AFM and as a func-

tion of the sample size are visible in Figure 3.5. The surface roughness for a sample size of 25 

µm2 is 9.8 ± 3.8 nm, 16.7 ± 2.3 nm and 28.3 ± 13.6 nm, for the PHBH-fibers, electronics paper 

and nanopaper respectively (n = 5). With profilometry, the roughness is 141, 183 and 392 nm 

for PHBH-fibers, electronics paper and nanopaper respectively (n = 1, map scan of 1 mm2). 

This shows that the PHBH-cellulose substrate has slightly lower roughness compared to elec-

tronics paper.  

 

Figure 3.6 (A) Nanopaper with CNF micro-fibrillated with 2 kWh kg-1, scale bar is 500 �Ím. (B) Contact angle 

of water for the electronics paper, nanopaper, PHBH and PHBH-cellulose. (C) Thickness of the silver electrodes 

printed on electronics paper, nanopaper, PHBH and PHBH-cellulose. (D) Electrical conductivity (left) and sheet-

resistance (right) of the silver electrodes on electronics paper, nanopaper, PHBH and PHBH-cellulose. 
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Figure 3.6 (A) shows the nanopaper micro-fibrillated with 2 kWh kg-1 and Figure 3.6 (B) 

shows the contact angle of the different substrate. The contact angle is not statistically different 

for the PHBH-cellulose compared to the pure PHBH and nanopaper. The Figure 3.6 (C) shows 

the thickness of the printed silver electrodes and Figure 3.6 (D) shows the electrical conductiv-

ity and the sheet resistance of screen-printed silver electrodes on PHBH-cellulose, nanopaper, 

pure PHBH, and electronics paper. Interestingly, the electrical conductivity is the highest on 

the electronics paper with 1.3 ± 0.16�‡106 S m-1 and similar for the coated and uncoated side (n 

= 6). The electrical conductivities on nanopaper, PHBH and PHBH-cellulose are 1.1 ± 0.07 

�‡106 S m-1, 0.9 ± 0.11�‡106 S m-1 and 0.88 ± 0.04�‡106 S m-1 respectively and measured after 

24h of curing at 40 °C (n = 6). We hypothesize that the curing temperature of 40 °C induce 

small dimensional changes as PHBH-cellulose has a melting point of 130 °C and a glass tran-

sition temperature close to 5 °C, as shown in the differential scanning calorimetry (DSC) curve 

of Figure 3.7.  

 

 

Figure 3.7: differential scanning calorimetry curve of the PHBH-cellulose composite.  

 

The mass variation of the PHBH-cellulose composite as a function of the time, when cycling 

from 30 to 60 %relative humidity (%RH) is visible in Figure 3.8 (A). Figure 3.8 (B) shows the 

weight uptake as a function of the relative humidity for PHBH-cellulose, nanopaper and elec-

tronics paper. As a reference, we also performed the same measurements on the pure PHBH 
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substrate. The mass uptakes from 30 to 70 %RH at 40 °C are 5.3, 2.3 and 1.4% for the nanopa-

per, electronics paper and the PHBH-cellulose substrate respectively.  

 

Figure 3.8 (A) The DVS curve, representing the relative humidity (left axis) and the mass variation of the 

sample (right axis) as a function of the time. (A) Hysteresis curve from the DVS, showing the weight of water 

sorbed in the sample as a function of the relative humidity at 40 °C for the PHBH-cellulose composite. 

 

The test was performed at 40 °C, because the absolute humidity is higher at 40 °C than at 25 

°C (25.6 g m3 and 8.7 g m3 respectively), thus accelerating the sorption test. We also performed 

the test at slower conditions and 25 °C. The uptake of water in the PHBH-cellulose composite 

is roughly three times slower compared to electronics paper, with corresponding mass uptakes 

of roughly 0.35 % per hour and 1% per hour respectively. At slow conditions, the uptake of 

water in the PHBH-cellulose composite is similar to electronics paper. Finally, the pure PHBH 

has less than a 0.03% uptake within the same measurement range. This shows that the PHBH 

takes up less water than the other cellulose containing materials, which should result in limited 

hygroexpansion and effects on the electrical properties, compared to the nanopaper and the 

electronics paper.  
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Figure 3.9. (A) The relative humidity (left) and the temperature (right) as a function of the time. (B) Response 

of the resistance on PHBH (i), PHBH-cellulose (ii), electronics paper (iii) and nanopaper (iv) substrate. 

  

To evaluate the influence of the sorption properties on the electrical performance, we meas-

ured the electrical conductivity of silver electrodes screen-printed on the PHBH-cellulose, pure 

PHBH, nanopaper and electronics paper when varying the relative humidity from 30% to 70% 

at 15°C. The relative humidity (left) and the temperature (right) profiles as a function of the 

time are visible in Figure 3.9 (A). The corresponding relative resistance variation as a function 

of the time on PHBH-cellulose, pure PHBH, nanopaper and electronics paper (uncoated side) 

are shown in Figure 3.9 (B). Even if the duration of the experiment is short compared to the 

sorption kinetics of PHBH-cellulose, we hypothesize that the 2 hours of plateau in addition to 

the 30 minutes of ramp are enough to characterize the influence of the water sorption on the 

electrical conductivity, especially when going from 30 to 70 %RH. 

The change of resistance as function of the humidity is negligible on PHBH and PHBH-

cellulose. This shows that, even if the PHBH-cellulose uptakes water, the composite has limited 
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affected by the conductive particles/binder ratio. The gel formation boundary refers to the cre-

ation of a shear-thinning gel with a storage modulus compatible with robocasting. It is directly 

affected by the carbon black/binder ratios and, therefore, cuts across the chart. 

 

 

Figure 4.1. (A) Scanning-electron-microscopy micrographs of the graphite flakes that confer electrical con-

ductivity to the composite ink. (B) SEM micrographs of the carbon black particles that ensure good electrical 

contact between the graphite flakes, as well as provide shear thinning gel properties to the ink. It can be seen from 

the higher magnification micrographs that large particles visible at lower magnification are in fact aggregates of 

nanosized carbon particles. (C) Illustration showing the different ink constituents, their hypothetical distribution 

to the creation of an electrical percolation network as solvent evaporates. (D) Graph of the electrical conductivity 

of the ink as a function of the size of the graphite flakes. (E) Chart presenting the range of working ink formulation 

as a function of the conductive particles/binder and graphite/carbon black ratios. 
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For 3D printing technologies like robocasting, the solid content of the ink becomes an 

equally important design parameter. A third axis representing the solvent/binder ratio could be 

added on Figure 4.1 (E) to visualize this parameter. Higher solid contents help improving shape 

fidelity and avoid the buildup of internal mechanical stress during drying of solvent-based inks. 

The challenge is to maintain a printable viscosity and avoid clogging of the nozzle due to phase 

separation of the ink's liquid and solid components.[22]  

 

�������������0�D�W�H�U�L�D�O���S�U�R�S�H�U�W�L�H�V 

Figure 4.2 details the inks measured to construct the available working space of Figure 4.1 

(E). Figure 4.2 (A) shows the electrical conductivity as a function of the graphite to carbon 

black ratio for a solid content of 43 wt%. For each ink, three samples of different geometries 

were measured to obtain the presented conductivity value and standard deviation. Conductivity 

was measured on 8 mm x 8mm, 8 mm x 4 mm, and 8 mm x 2 mm stripe electrodes. The results 

showed no clear correlation between linewidth and conductivity, and the results are presented 

as an average. At low ratio of graphite to carbon black, the electrical conductivity is dominated 

by the ohmic contact between the graphite flakes.[20] Oppositely, at high graphite to carbon 

black ratio, the conductivity is dominated by the lower electrical conductivity the amorphous 

carbon phase of carbon black. At a ratio graphite to carbon black around 1.5, the carbon black 

particles act as a connecting phase for the graphite flakes, reaching conductivities above 1000 

S m-1. As seen in Figure 4.2 (B), the percolation threshold of the two-carbon materials system 

is 45 wt% at a graphite to carbon black ratio of 1, typically higher than single particle system 

by mass including systems with spherical particles.[19] The complete study of percolation 

threshold as a function of the volume of carbon black particles is visible in Figure 4.2 (C). It is 

found that the percolation threshold is lower at lower ratios of graphite to carbon black particles: 

the percolation threshold is around 20 vol%, 23 vol% and 28 vol% for a graphite to carbon 



Chapter 4: Versatile Carbon and Shellac Composite Inks for Disposable Printed Electronics 

52 
 

black ratio of 1, 2, and 4 respectively. Due to the carbon black having a lower percolation 

threshold, the optimum ratio of graphite to carbon black also depends on the solid content of 

the inks, similarly to what is reported in literature for graphite and carbon black composites.[20]   

 

 

Figure 4.2 (A) Electrical conductivity as a function of the graphite to carbon black ratio for a 43 wt% solid 

content ink, exhibiting a optimum ratio of 1.5. (B) Electrical conductivity as a function of the conductive particles 

content (by mass) for a graphite to carbon black ratio of 1, showing a percolation threshold of 45 wt%. (C) CElec-

trical conductivity as a function of the carbon black volume content for a graphite to carbon black ratio of 1,2 and 

4. The more graphite, the more carbon is needed to percolate the system (by volume). (D) Electrical conductivity 

as a function of the graphite to carbon black ratio for a 43 wt%, 53 wt% and 60 wt%. The more solid content, the 

higher the graphite to carbon black ratio must be to reach the highest electrical conductivity.  
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To evaluate the 3D printability, we characterized the rheological properties of our inks. More 

precisely, we investigated the absolute viscosity and complex modulus. Figure 4.3 (A) shows 

the viscosity of the 43 wt% inks as a function of the shear rate from 10-2 s-1 to 102 s-1. This 

interval is representative of the shear rates experienced in the printing nozzle of robocasting 

systems during extrusion. All inks exhibit a clear shear-thinning behavior, meaning that they 

flow more readily as shear is applied. By keeping the same solid content and varying the ratio 

of carbon black to graphite, we show that the carbon-black content dominates the rheology. 

Carbon black particles have a higher surface area than graphite flakes, thus having more inter-

action with the solvent. Figure 4.3 (B) shows the storage (G') and loss (G'') modulus as a func-

tion of the shear stress. The inks display viscoelastic properties at low shear stress where it 

behaves as a solid gel (G'>>G''), and a yield stress between 100 MPa and 3000 MPa, increasing 

with the carbon content and  above which it behaves as a fluid (G''>G').  

 

 

Figure 4.3 (A) Graph of the inks viscosity as a function of shear rate showing shear-thinning behavior. (B) 

�*�U�D�S�K���R�I���W�K�H���L�Q�N�¶�V���V�W�R�U�D�J�H�����*�¶�����D�Q�G���O�R�V�V�����*�¶�¶�����P�R�G�X�O�X�V���D�V���I�X�Q�F�W�L�R�Q���R�I���V�K�H�D�U���V�W�U�H�V�V�� 
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coefficient of resistance (TCR) (for 80 �Ím thick electrodes). This suggests that the resistance 

change is due to the thermal expansion of the shellac binder, rather than the electrical properties 

of carbon, which has a negative TCR. 

 

 

Figure 4.5 (A) Graph of the electrical conductivity of our ink as a function of immersion time in water showing 

stable performance over more than 27 h of continuous immersion. (B) Graph of the resistance change as function 

of temperature averaged over five temperature cycles. The linear fit gives a 446 ± 74 ppm/K temperature coeffi-

cient of resistance (TCR). (C) Four stress�±strain curves measured on self-standing films of our ink. The linear fit 

�J�L�Y�H�V���D�Q���D�Y�H�U�D�J�H���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���R�I���<��� �����������“���������0�3�D���D�Q�G���L�Q�G�L�F�D�W�H�V���S�O�D�V�W�L�F���G�H�I�R�U�P�D�W�L�R�Q���D�E�R�Y�H���������V�W�U�D�L�Q�����'����

Photograph of an electrically conductive, self-standing and flexible film of our ink. 

 

We also characterized the mechanical properties of our ink by investigating its mechanical 

flexibility and measuring its tensile strength. Figure 4.5 (C) presents the stress-strain curve 

measured on a self-standing film of our ink (made from a PEG-plasticized formulation as de-
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200 �Ím thick PET foil. Robocasted samples were produced using a commercially available 3D 

printer (3D-Bioplotter Manufacturer Series by EnvisionTEC, USA) with a 200 �Ím tapered noz-

zle, a pressure of 1.8 bar, a printing speed of 8.5 mm s-1, a pre-flow time of 0.12 s and a post-

flow time of -0.1 s.  After printing, all samples were left to dry overnight at 60°C. Specifically 

for the scaffold of Figure 4, the carbon black is from a different supplier, but with similar size 

(P-200 from Muster, Germany) (same as used in Chapter 7). 

Self-standing films: Self-standing films of ink were fabricated by doctor blade on a polytet-

rafluoroethylene (PTFE) substrate using a universal applicator (ZUA 2000.100 By Proceq, 

Switzerland) with a 200 �Ím gap. Samples were dried at room conditions for 8 hours, peeled off 

the PTFE substrate and dried at room conditions for an additional 8 hours. The resulting flexible 

self-standing film were then laser processed (Nova24 60W by Thunderlaser, China) to the de-

sired geometry. 

Electrical conductivity: The electrical performance of the ink was characterized using elec-

trodes that were stencil printed on glass substrates. The conductivity was calculated from the 

electrical resistance and geometry of the samples. The water stability was measured on meander 

electrodes. The conductivity �ê was calculated as �ê
L �.���4�P�S, where R is the measured re-

sistance of the sample, L the length of the conductive trace, w its width and t its thickness. The 

sheet resistance �4�O was calculated as �4�O
L �4�S���., where the width to length ratio corresponds 

to the number of squares comprised in the sample. The thickness of the printed electrodes was 

measured by contact profilometry (DektakXT by Bruker, USA) and their resistance was ob-

tained from a two-point measurement. The stability of the ink towards water was evaluated by 

immersing the samples in water and periodically monitoring their resistance with a two-point 

measurement. The ink stability towards temperature change was evaluated by placing samples 

in a climatic chamber at 50% RH and monitoring their resistance at temperatures of 20 °C, 25 

°C, 30 °C and 35 °C with a two-point measurement. The temperature coefficient of resistance 
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Abstract 

We present an ink-substrate system based on zinc particles and cellulose respectively. The 

ink is optimized for screen-printing, using a dispersion of zinc in an alcohol suspension of pol-

yvinylpyrrolidone; and for robocasting, using a dispersion of zinc in an alcohol suspension of 

shellac. We employ a combination of chemical and photonic sintering in order to remove the 

zinc oxide layer at the particles surface and to sinter the zinc particles. This dual successive 

sintering maximizes the electrical conductivity of printed parts, reaching 1.21�‡106 S m-1 and 

8.74�‡104 S m-1 on paper substrate for screen-printing and robocasting respectively. To prevent 

the re-oxidation of zinc particles, we propose to use the biodegradable cellulose-poly(3-hy-

droxybutyrate-co-3-hydroxyhexanoate) (PHBH) composite from Chapter 3 as a substrate. Us-

ing the composite substrate and a wax encapsulation, the printed zinc pattern exhibits a stable 

electrical conductivity over a range of 30% to 70% relative humidity. In addition, the tempera-

ture dependence of the system is only resulting from the temperature coefficient of the zinc 

when performing temperature cycles between 20 °C and 40 °C. This stable ink-substrate system 

could be used as an alternative to silver-based electronics potentially enabling the future use of 

biodegradable metals for sustainable and environmentally friendly smart-packaging, point-of-

care testing or battery applications. 
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around 4 J cm-2. Cellulose and biodegradable polymer materials (PHBH) typically have a tem-

perature stability bellow 200°C,[24] and would be degraded if higher energies are used.  

 

Figure 5.2 (A) SEM micrograph of the robocasted zinc pattern after flash-light curing, without acetic acid spray 

coating step. (B) SEM micrograph of the robocasted zinc pattern after acetic acid spray coating step and flash-

light annealing step, with a time delay lower than 30 minutes between both steps. 

 

The processing timeline is critical for the electrical conductivity. It was found that the time 

between the ink preparation and printing shall not exceed one week. The zinc particles oxidize 

in suspension, which results in a lower yield of electrically conductive sample, typically down 

to 20% after all the steps. In addition, zinc particles are likely to sediment and aggregate in the 

polymer suspension, thus resulting in clogging of the mesh for screen-printing and of the nozzle 

for robocasting. If the time between chemical and photonic sintering exceeds one hour, a new 

zinc-oxide passivation layer forms at the zinc particles surface. The electrodes which are not 

spray-coated with an acidic solution or that have been exposed to ambient atmosphere for more 

than an hour require higher photonic energy than the biodegradable substrates would withstand. 

As a result, photonic sintering alone can not induce necking of zinc particles, as shown in Figure 

5.2 (A). In contrast, if the drying time after printing is shorter than 30 minutes, the remaining 

liquid components in the sample evaporates when flashing. As shown in Figure 5.2 (B), this 





 

73 
  

portion is printed. Thus, the ink filament is dragged with the nozzle after the extrusion, resulting 

in thinner printed lines. After optimization of the printing speed and pressure, the ink was able 

to bridge over 1 mm and over more than 8 layers, as seen in Figure 5.3 (E-H).  

 

 

Figure 5.3 (A) Picture of a robocasted sample. (B) Profile of the printed zinc-pattern at 1.8 bar, and 2.5 mm 

s-1, 1.25 mm s-1 and 0.5 mm s-1 printing speed. (C) Width of the profile as a function of the printing speed, for 1.8 

bar, 2.5 bar and 3.2 bar. (D) Thickness of the profile as a function of the printing speed, for 1.8 bar, 2.5 bar and 

3.2 bar. (E) SEM micrograph of the grid structure showing the bridging properties, view from the top. (F) SEM 

micrograph of a close-up on the grid structure showing the bridging properties, view from the top. (D) SEM 

micrograph of the grid structure showing an overhang of almost 1 mm, view from the side. (D) SEM micrograph 

showing the contact between two orthogonal printed lines.  
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For robocasting, the measured electrical conductivity after chemical sintering have standard 

deviations as much as 2 order of magnitude from the mean. From the variability of these results, 

we hypothesize that the acid solution does not fully penetrate through the thickness of the 

printed lines causing an uneven amount of chemical sintering across the sample. As seen in 

Figure 5.4 (A) (n = 4), the electrical conductivity was found to depend on the number of pho-

tonic sintering passes, reaching a plateau after four flashes. When the number of flashes exceed 

10, burned spots can be seen in the cellulose-based substrate and the electrical conductivity 

decreases.  

 

 

Figure 5.4. (A) Resistance of the zinc-pattern as a function of the number of photonic flashes. (B) Electrical 

conductivity, left axis, and sheet resistance, right axis, as a function of the acid concentration. (C) SEM micrograph 

of a cross-section of the zinc pattern after acid and photonic curing, showing a penetration depth of ~ 40µm (i); 

SEM micrograph close-up showing necking and fused particles within the ~ 40µm range (ii);  SEM micrograph 

close-up showing single resolved zinc particles outside the ~ 40µm range (iii) 
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By fixing the number of photonic passes to five, we found that the electrical conductivity 

increases with increasing acetic acid concentrations as shown in Figure 5.4 (B) (n = 3 for 1:10 

and 1:2.5, n = 5 for 1:5). Xingang et al. described the role of pH on the stability and aggregation 

behavior of zinc oxide. They reported that the dissolution of zinc oxide is strongly pH-depend-

ent with faster dissolution rates at lower pH values, but only tested with pH values as low as 

four. Here, we used a ratio of acetic acid to water 1 to 2.5 by volume to obtain the highest 

conductivity of 8.74 ± 0.3�‡104 S m-1. As seen in the cross-section SEM of a printed filament in 

Figure 5.4 (C), the necking of zinc particles seems to happen at a depth of 40 µm at most. The 

penetration depth of the photonic sintering limits the electrical conductivity. Higher photonic 

energy could be used, but it would prevent the use of biodegradable substrates.  

 

�������������6�F�U�H�H�Q���S�U�L�Q�W�L�Q�J 

In order to maximize the electrical conductivity, we produced thinner zinc electrodes using 

screen-printing. The ink for screen-printing is composed of polyvinylpyrrolidone (PVP), iso-

propanol and zinc. As seen in Figure 5.5 (A), the electrodes thickness depends on the ink solid 

content (n = 30). Screen-printing allows to print 200 µm features with a thickness as low as 

16.0 ± 3,5 µm. As seen in Figure 5.5 (B), the chemical sintering results in statistically similar 

conductivities as a function of the ink solid content. The conductivities are on the order of 105 

S m-1 for a solid content of 85 %, 79 % and 74 %, respectively (n = 3). As the electrical con-

ductivity is similar for as a function of the solid content (and the thickness), it indicates that the 

acid sintering is effective throughout the thickness of the electrodes. After photonic sintering, 

the electrical conductivity increases with decreasing thickness, as seen in Figure 5.5 (C). The 

conductivities are 6.95 ± 0.48�‡105 S m-1, 1.23 ± 2.56�‡105 S m-1 and 1.52 ± 0.45�‡105 S m-1, for 
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a solid content of 85, 79 and 74% respectively (n = 8). We hypothesize that the photonic sin-

tering reaches the full thickness of the electrodes, but with an energy gradient, which results in 

lower electrical conductivity for higher thicknesses.  

 

 

Figure 5.5 (A) Thickness of the screen-printed zinc-pattern as a function of the ink solid content. (B) Electrical 

conductivity, left axis, and sheet resistance, right axis, as a function of the ink solid content after the acid sintering 

step. (C) Electrical conductivity, left axis, and sheet resistance, right axis, as a function of the ink solid content 

after the acid and photonic sintering steps.  

 

Figure 5.6 shows the electrical conductivity obtained on PET, PHBH-cellulose and coated 

and uncoated electronics paper, using the same process and an ink with 85 wt% solid content 

(n = 8 for electronics papers, n = 4 for PET and PHBH-cellulose). The PHBH-cellulose and the 

electronics paper substrates are described in Chapter 1. Interestingly, the highest electrical con-

ductivity is obtained on PET and PHBH, while statistically similar values are obtained on 

coated and uncoated electronics paper. We hypothesize that the acid sintering is more efficient 

on PET, as the acetic acid solution is not absorbed by the substrate. This effect can be efficient, 

but might be detrimental as soon as the electrodes are soaking in the acetic acid solution, which 

ultimately breaks the electrodes.  
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Figure 5.6 Electrical conductivity of screen-printed zinc on PET, PHBH-cellulose and electronic paper sub-

strates.  

 

���������������,�Q�N���6�W�D�E�L�O�L�W�\ 

The stability of zinc electrodes towards humidity is often critical due to zinc oxidation and 

corrosion. As both phenomena mostly happen in humid air we tested the stability of the highest 

electrically conductive ink formulation at different relative humidity levels, as shown in Figure 

5.7 (A). The electrodes are screen-printed on top of a PHBH-cellulose composite substrate (de-

scribed in Chapter 3). Finally, the printed zinc pattern is encapsulated using shellac wax, as 

seen in Figure 5.7 (B). Figure 5.7 (A) (i) shows temperature and relative humidity measured in 

the climatic chamber. The temperature varies from 15 °C to 30 °C and the relative humidity 

varies from 30% to 70% at each temperature increment. Figure 5.7 (A) (ii) shows the response 

of the electrically conductive zinc pattern to the temperature and relative humidity changes. The 

response of the zinc-pattern as a function of the relative humidity undergoes less than 0.3% 

variation from 30% RH to 70% RH at 15, 20, 25 25 and 30 °C respectively. This indicates that 

the zinc pattern does not oxidize or swell when varying the relative humidity.  
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Figure 5.7 (A)(i) Temperature and relative humidity measured in the climatic chamber; (ii) Response of the 

electrically conductive zinc pattern to the corresponding temperature and relative humidity changes in (i). (B) 

Photograph of the sample used in this study. (C) Relative resistance as a function of the temperature with a linear 

interpolation. (D)(i) Absolute humidity, left axis, and temperature, right axis, measured in the climatic chamber 

as a function of the time; (ii) Relative resistance as a function of the time. 

 

The temperature dependence is further investigated by keeping the absolute humidity con-

stant and by varying the temperature from 20 °C to 40 °C as shown in Figure 5.7 (C-D).  Figure 

5.7 (C) shows the relative resistance as a function of the temperature with a linear interpolation.  

The temperature coefficient is 43 ppm K-1, which corresponds to the bulk zinc coefficient. The 

graph is obtained from the cycle visible in Figure 5.7 (D) (i)-(ii). Figure 5.7 (D) (i) shows the 

absolute humidity and temperature measured in the climatic chamber as a function of time, and 

the full response of the electrically conductive electrodes as a function of the time is visible in 

Figure 5.7 (D) (ii). As a conclusion, the zinc electrodes are stable to humidity variation, and 
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Abstract 

Increasing environmental concerns raised by the accumulation of electronic waste draws 

attention to the development of sustainable materials for short-lived electronics. In this frame-

work, we report on printed capacitive humidity sensors and temperature resistive detectors com-

posed exclusively of biodegradable materials: shellac, carbon-derived particles and egg-albu-

min. The sensor platform comprises interdigitated electrodes serving as a capacitive transducer 

for humidity sensing, and a serpentine used as a resistive temperature detector. We manufac-

tured both the interdigitated and serpentine electrodes by screen-printing carbon ink on a shellac 

substrate. The humidity sensors were constructed by drop-coating egg albumin on the interdig-

itated carbon electrodes and the temperature detector was prepared by encapsulating the ser-

pentine design with shellac. Shellac is shown to be a biodegradable alternative to hydrophilic 

cellulose-derived substrates, with the capacitive humidity sensors demonstrating a sensitivity 

of 0.02 %RH -1. The response and recovery times on shellac are 12 and 20 times faster than on 

cellulose-based substrate, and the serpentine resistive temperature detectors have a temperature 

coefficient of 5300 ppm K-1. At the end of their service-life, the sensors produced are home 

compostable and can be environmentally friendly disposed, potentially enabling their future use 

for sustainable and environmentally friendly smart-packaging, agricultural sensing or point-of-

care testing. 
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the electrical conductivity of printed electrodes,[17] and the inherent hygroscopicity of cellulose 

fibers can affect the sensor performance.[17] 

High sensitivity and fast response/recovery time are the two important requirements for the 

sensing layer. High-performance sensing materials for a capacitive sensor include functional-

ized poly (methyl methacrylate) (PMMA)[18] and structures based on metal oxides.[19] Several 

researchers have also been successful in implementing biodegradable materials such as carbox-

ymethyl cellulose,[20] cellulose nano-fibrils,[21] proteins,[22] silk[23] or starch[24]  as substrates. 

However, processing sensors made of fully biodegradable materials remains a challenge to ad-

dress. In fact, most of the reported works implement silver, copper or gold as IDEs. Silver has 

been shown to contribute to 80% of the total toxicity of silver-based RFID devices[25] and re-

quires passivation for stable operation.[26]  

Here, we report on a fully printed and disposable environmental sensing platform made of 

carbon transducers applied to humidity and temperature sensing. Interdigitated carbon elec-

trodes coated with a humidity-sensitive layer for capacitive humidity sensing and a carbon re-

sistor for temperature sensing are processed by screen-printing on a shellac substrate. Shellac 

is a natural, renewable and biodegradable resin, well known as a hydrophobic coating for wood 

surfaces. While shellac finds commercial application as an edible protective coating against 

humidity in the food industry, its use for disposable electronics remains limited to the applica-

tion as a dielectric layer for organic transistor.[27] In this paper, we demonstrate that shellac is 

less sensitive to humidity compared to cellulose-based substrates. This in turn leads to an en-

hanced sensitivity and response time of IDEs on shellac coated with egg albumin as a humidity-

sensing layer compared to the same device architecture on cellulose-derived substrate. Our 

sensing platform, composed exclusively of biodegradable materials for temperature and humid-

ity sensing, sheds light on how to assemble environmental-friendly materials for the creation of 

high-performance sustainable sensors. 
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Figure 6.2 (A) Schematic of the sensor platform concept, showing the principal dimensions. (B) Design of the 

resistive temperature sensor (left) and capacitive humidity sensor (right). (C) Picture of the IDEs on shellac sub-

strate showing a high-resolution picture of the disposable sensor and a finger resolution of 200 ��m underneath 

the coating of 5 wt% egg-albumin solution. �7�K�H���O�H�I�W���L�Q�V�H�W���V�K�R�Z�V���W�K�H���W�Z�R���F�D�U�E�R�Q���S�D�U�W�L�F�O�H�V�¶���P�R�U�S�K�R�O�R�J�\���R�I���W�K�H���L�Q�N��

and the right inset shows the atomic-force-microscopy height sensor image. (D) Arithmetic roughness of the shel-

lac and paper subst�U�D�W�H���D�V���D���I�X�Q�F�W�L�R�Q���R�I���W�K�H���V�D�P�S�O�H���V�L�]�H�����S�U�R�Y�L�G�L�Q�J���L�Q�I�R�U�P�D�W�L�R�Q���R�Q���W�K�H���S�H�U�L�R�G�L�F�L�W�\���R�I���W�K�H���V�X�E�V�W�U�D�W�H�V�¶��

roughness (measured with contact profilometry and AFM). 

 

Shellac forms a smooth substrate with an arithmetic surface roughness of 50 nm measured 

on a 100 �Ím2 sample area, as shown in Figure 6.2 (D). The arithmetic roughness measured by 

contact profilometry and Atomic-Force-Microscopy (AFM) is comparable to printed electron-

ics substrate[17,28] and to printed electronics cellulose paper, as measured in Figure 6.2 (D). To 

assess the effect of shellac as a substrate on the performance of the sensor, carbon electrodes 

were also printed onto glass and paper substrates. Glass was considered as an inorganic and 
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non-biodegradable reference due to its low water absorption properties, while paper is the main 

biodegradable substrate used in printed electronics. 

The carbon ink contains graphite flakes and carbon-black dispersed in a shellac matrix as 

discussed previously from Chapter 4. The graphite flakes provide a high electrical conductivity 

media, connected by the carbon black particles. Due to their lack of water absorption and lim-

ited tendency for oxidation, carbon materials are ideal to produce humidity sensor IDEs. Figures 

6.3 (A)-(B) shows oscillatory and constant shear rheology curves of the electrode ink. The ink 

exhibits a shear-thinning behavior and a yield shear stress of 75 Pa, typically required for 

screen-printing. The shear-thinning behavior might emanate from the shellac matrix and the 

alignment of graphite flakes with shear forces. It lowers the apparent force needed to push the 

material through the mesh and yields a higher printing resolution. 

 

 

Figure 6.3: (A-B) Oscillatory and constant shear rheology of the carbon, graphite and shellac ink.  

 

After drying, the resulting printed layer thickness is 6.09 ± 2.95 �Ím, 5.56 ± 0.96 �Ím and 

5.73 ± 1.4 �Ím on glass, paper and shellac respectively (n = 3). The profile is shown in Figure 

6.4 (A). The electrical conductivities, without shellac encapsulation of the carbon features on 
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shellac, glass and paper are 1027 ± 89 S m-1, 1029 ± 108 and 975 ± 89 S m-1 (n = 13), respec-

tively, as shown in Figure 6.4 (B). The electrical conductivities are all in the same range with a 

similar standard deviation. 

 

Figure 6.4 (A) Profile of the printed electrodes on glass, shellac and paper substrate. (B) Electrical conduc-

tivity of the printed carbon, graphite and shellac ink as a function of the type of substrate, inset shows the serpen-

tine design on shellac substrate. Average values of 13 samples. 

 

The gap size between the fingers and the width of the fingers were set to be equal to 200 �Ím 

to reach a fabrication yield of nearly 100%. After the device fabrication, the distance between 

the IDE fingers on paper, shellac and glass are 186 ± 12 �Ím, 194 ± 7 �Ím, and 168  ± 16 �Ím 

�D�Q�G���W�K�H���O�L�Q�H�V�¶���Z�L�G�Wh are 214 ± 12 �Ím, 206 ± 7 �Ím, and 234  ± 16 �Ím respectively (n = 10). The 

variation in gap size can be explained by the interaction between the carbon ink and the sub-

strate. For instance, in the case of a glass substrate, the surface energy is higher leading to a 

more pronounced bleeding effect of the ink and thus a reduction in the gap size.  

Without egg albumin coating, pristine capacitance values for the transducers after manufac-

turing are 6.6 ± 0.3 pF, 5.0 ± 0.4 pF and 9.5 ± 0.1 pF (n=4) for the paper, shellac and glass, 

respectively, and are shown in Figure 6.5 (A). As the geometrical parameters, such as the elec-

trode width and gap of the sensors are similar, the difference in initial capacitance is explained 
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by the various dielectric properties of the underlying substrate. The humidity-sensitive layer 

exclusively contains egg albumin, is casted from a 5 wt% water solution and reached a thickness 

of ~ 5 �Ím. The measured capacitances after egg albumin coating on paper, shellac and glass 

are higher at 7.4 ± 0.4 pF, 6.9 ± 0.6 pF and 10.4 ± 0.5 pF (n=4), respectively, as shown in Figure 

6.5 (B) due to the inherent higher dielectric constant of egg-albumen. 

 

Figure 6.5 (A) Capacitance of the printed IDEs as a function of the type of substrate, inset shows the IDE 

designs on shellac substrate. Average values of 4 samples. (B) Capacitance of the printed IDEs coated with 5% 

egg albumin as a function of the type of substrate, inset shows the IDEs design on shellac substrate. Average 

values of 4 samples. 

 

���������������6�H�Q�V�R�U���F�K�D�U�D�F�W�H�U�L�V�W�L�F�V 

The dynamic response of uncoated humidity transducers (i.e. the substrate without egg-al-

bumin coating) was evaluated in a gas-mixing chamber and the results are presented in Figure 

6.6. The shellac and glass substrate alone show weak response to humidity. Both transducers 

exhibit a 3% change of the relative capacitance from 35% RH to 65% RH. This effect can be 

either due to adsorption of water molecules at the substrate surface, which would affect the 

dielectric properties in close vicinity of the IDEs; or to small dimensional changes of the carbon 
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electrodes. The paper substrate however, absorbing humidity in itself, exhibits a 28% variation 

of its relative capacitance from 35% RH to 65% RH.   

 

 

Figure 6.6 Relative capacitance as a function of the time when varying relative humidity for uncoated IDEs 

on various types of substrates. 

 

The dynamic response of the humidity sensors with egg albumin coating on glass, paper and 

shellac was also evaluated using a gas-mixing system. The results for different relative humidity 

levels are shown in Figure 6.7 (A). The response for the different substrates as a function of the 

capacitance is given in the curve of Figure 6.7 (C-E). All the coated sensors with egg albumin 

exhibit a non-linear response, which is derived from water vapor sorption and diffusion behav-

ior. The total relative capacitance change from 35% RH to 65% RH is of 24% on glass, 34% 

on shellac and 50% on paper. If we consider two regimes, from 35% RH to 50% RH and from 

35% RH to 65% RH, the sensitivities are 0.003 %RH-1 and 0.008 %RH-1 for glass, 0.003 %RH-

1 and 0.011 %RH-1 for shellac and 0.010 %RH-1 and 0.017 %RH-1 for paper. The sensor on 

paper has a higher sensitivity because paper, being sensitive to humidity, contributes to the 

response.  
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Figure 6.7 (A) Relative capacitance as a function of the time when varying relative humidity for coated IDEs 

with egg-albumin on glass, paper and shellac, respectively. (B) Response and recovery time for the glass, shellac 

and paper respectively. (C-E) Relative capacitance as a function of the relative humidity for the glass, shellac and 

paper substrates, showing a non-linear relationship. The dashed lines are second-order polynomial fit for 35% 

RH to 65% RH.  

 

The sensor dynamic characteristics are presented in Figure 6.7 (B) with the response and 

recovery times for the different types of substrate used. The response times from 35% to 65% 

relative humidity are 41.1 ± 2.9 s, 100.5 ± 4.9 s and 1297.6 ± 37.2 s on glass, shellac and paper 

respectively for a flow of 500 mL min-1 and a chamber volume of 30 mL. Despite being less 

sensitive, the sensor on shellac substrate has the main advantage of having a response time 13 

times faster than the paper sensor.  The sensors recover faster than they respond with recovery 

times from 65% to 35% relative humidity of 13.1 ± 0.4 s, 12.0 ± 1.9 s and 789.4 ± 8.6 s on 

glass, shellac and paper, respectively. The slower response and recovery on paper is due to the 
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paper substrate itself being sensitive to humidity. The paper substrate being much thicker than 

the egg albumin coating, leads to slower water absorption/desorption and diffusion processes. 

The average reversibility (measured as recovering the original capacitance values) at 35% RH 

was measured to be 0.3% for shellac, 0.6% for paper and 0,7% for glass (n=6, measured with 3 

cycles from 50% RH to 35% RH and 3 cycles from 65% RH to 35% RH).  

The static response of the humidity sensors with egg albumin coating on paper and shellac 

was also evaluated in a climatic chamber at 30, 50 and 70% RH, at temperatures of 15, 25 and 

35 °C. Their responses across the full cycle are visible in Figure 6.8 (B) with reference sensors 

in Figure 6.8 (A).  

 

Figure 6.8 (A) The graphic shows the variations of the absolute humidity as a function of time measured by a 

commercial sensor from Sensirion AG at 15, 25 and 35 °C, each repeated for two cycles. (B) The graphic shows 

the relative capacitance as a function of time for the IDEs coated with egg albumin on paper and shellac substrate 

undergoing the same cycle temperature and humidity cycle as measured in the top graph.  
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As expected, over the full humidity range, the capacitor value changed by an increasing 

factor of 1.2, 1.4, and 1.5, at 15, 25 and 35 °C, respectively. This behavior is due to the amount 

of water in air (i.e. the absolute humidity in g m-3) increasing with temperature for a given 

relative humidity percentage, as can be seen in Figure 6.8 (A) with the reference sensor. In tests 

conducted at 25 °C, the change in capacitance with a ratio of 1.4 at 70% RH is coherent with 

the ratio (1.36) observed in the dynamic test performed at 65% RH. Figure 6.9 depicts the ca-

pacitance variation and hysteresis at various temperature conditions for the egg albumin-coated 

shellac device. The values were calculated by averaging the recorded capacitance during each 

step of the humidity plateau. The hysteresis of the sensor on shellac substrate from 30% RH to 

70% RH (i.e. the maximum capacitance delta between up and down cycle) is 1.2%, 2.2% and 

0.9% for 15, 25 and 35°C respectively. In the case of the paper-based sensor, the hysteresis of 

the sensor from 30% RH to 70% is 2.9%, 5.1% and 4.1% for 15, 25 and 35 °C, respectively. 

The higher hysteresis for paper can be correlated to the diffusion of the humidity within the 

bulk of the substrate as discussed previously for the dynamic tests performed in the gas mixing 

setup. 

 

 

Figure 6.9: Relative capacitance as a function of the relative humidity, showing the hysteresis for shellac-

based humidity sensors at 30, 50 and 65% RH. 
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To demonstrate the biodegradable character of our materials and humidity sensors, we car-

ried out disintegration tests, which indicate that the sensors can be discarded in a compost con-

dition. The sensors (n=4) disintegrate as shown in Figure 6.10 (A) and lose 84.5% of its mass 

within 77 days as visible in Figure 6.10 (B). Carbon is mostly unaffected by composting but it 

is a non-toxic element. It can be either collected to be reused for other ink preparations and 

recycled, or simply processed together with the organic matter produced by the compost. 

 

Figure 10: (A) Disintegration of the capacitive sensor on shellac in aerobic composting condition. (B) Relative 

mass as a function of the time for the disintegration of the sensor on shellac substrate. 

 

To be able to compensate for the temperature dependence of our humidity sensors, we pro-

pose to apply the same carbon ink to fabricate a resistive temperature detector with a serpentine 

shape. Considering a carbon thickness of 6 �Ím and for a serpentine design 100 mm long and 

500 �Í �P���Z�L�G�H�����Z�H���W�D�U�J�H�W�H�G���D���5�7�'���Y�D�O�X�H���R�I���D�E�R�X�W���������N�
�����$�I�W�H�U���P�D�Q�X�I�D�F�W�X�U�L�Q�J�����Z�L�W�K���D���O�L�Q�H���Z�L�G�W�K��

slightly lower at 478 ± 17 �Ím, the resistance achieved after printing and curing is of 38.47 ± 

�����������N�
�����7�K�H���V�K�H�O�O�D�F���H�Q�F�D�S�V�X�O�D�W�L�R�Q���L�Q�F�U�H�D�V�H�V���W�K�H���U�H�V�L�V�W�D�Q�F�H���X�S���W�R�����������N�
�����F�D�X�V�H�G���E�\���W�K�H���L�Q�W�H�U��

action of the solvent of the encapsulation with the conductive composite. Figure 6.11 (A) shows 
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Permittivity measurement: The permittivity of substrate materials was obtained by measur-

ing the plate capacitor values of glass, paper and shellac dielectric sheets of known thickness 

by probing with a precision impedance analyzer (Agilent 4294A) at a frequency of 100KHz. 

Testing was done at room temperature and 40% RH. The clamping is done mechanically using 

spring-loaded connectors (Agilent 16034E) made of copper with a flat surface area of 1mm2. 

Permittivity values were extracted from the measured capacitance with respect to the dielectric 

sheet layer thickness d and averaged across n=4 measurements for each material: 

�Ý�×�Ü�Ø�ß�Ø�Ö�ç�å�Ü�Ö
L��
�%�à�Ø�Ô�æ�è�å�Ø�×�Û�@

�� �Û�Ý�â
 

Capacitance measurement: The capacitive reading was obtained by probing with a LCR 

meter (Agilent E4980A precision, USA). Capacitance measurements were recorded every sec-

ond at 100KHz frequency and 1V. The cables were calibrated for short and open circuits before 

probing the interdigitated capacitive electrodes.  

Dynamic response test: A custom-made gas mixing system composed of a compressed air 

bottle, gas flow meters (F-201CV-500 from Bronkhorst), a bubbler and a small chamber was 

used to characterize the devices under various humidity conditions. The flow used to cycle the 

different atmospheric concentrations was 500mL min-1 for a chamber volume of 30 mL. A pri-

mary flow was used to rapidly cleanse the chamber for dynamic characterization of the humid-

ity sensor and characterization was conducted for 27h.  

Static test: Static testing in a climatic chamber at various temperatures ranging from 15°C 

to 35°C and relative humidity values between 30% RH and 70% RH were realized over 54h. 

The measurement of the thermal coefficient of resistivity was performed in a controlled envi-

ronment using a climatic chamber. A humidity and temperature sensor (SHT3x series by Sensi-

rion AG Switzerland) with a resolution of ± 2% RH and 0.2°C was used as a reference to mon-

itor the different chambers used in this study. The response time and recovery time were 

measured at 67% of the saturation. 
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Abstract 

With the development of the internet-of-things for applications such as wearables and pack-

aging, a new class of electronics is emerging, characterized by the sheer number of forecasted 

units and their short service-life. Connected devices are generating an exponentially increasing 

amount of electronic waste (e-waste). Today, standard energy storage technologies such as lith-

ium-ion or alkaline batteries still power most of smart devices. While they provide good per-

formance, the non-renewable and toxic materials require dedicated collection and recycling 

processes. Moreover, their standardized form factor and performance specifications limit the 

designs of smart devices. Here, we use exclusively disposable materials to fully print non-toxic 

supercapacitors maintaining a high capacitance of 25.6 Farad per gram active material. The 

presented combination of digital material assembly, stable high performance operation and non-

toxicity has the potential to open new avenues within sustainable electronics and applications 

such as environmental sensing, e-textiles and healthcare.   
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Figure 7.1 (A) Schematic of our disposable EDLC including illustrations of the electrolyte induced electrode 

swelling and electrostatic double layer (insets). (B) The four components of the EDLC with their respective printed 

layer thicknesses, from bottom up: a CNF/CNC/glycerol substrate, a shellac/graphite/carbon-black current col-

lector, a graphite/activated carbon/CNF/CNC electrode and a CNC/glycerol/NaCl electrolyte. (C) Schematic il-

lustrating the device dimension and the RMS roughness of the substrate obtained with contact profilometry (inset).   

   

The current collector is prepared using the carbon ink presented in Chapter 4. The electrode 

ink contains activated carbon, graphite, nanocellulose and water as solvent. The combination 

of carbon particles provide an electrically conductive layer with high surface area, ideal to max-

imize the specific capacitance. The nanocellulose component act as a dispersing and gelling 

network preventing re-agglomeration and precipitation of carbon particles. Importantly, nano-

cellulose also acts as a binder that can swell when in contact with the electrolyte, thus allowing 

the ions to access the full volume of the electrode. Clogging of the printing nozzle was observed 
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at high carbon particles loading, approximately 50 wt%, due to re-aggregation, and at low car-

bon particles loading, approximately 20 wt%, due to a viscosity mismatch between the carbon 

and the cellulose gel. This operating range also depends on the dimension of the two carbon 

particles and their respective mass ratio. Our electrode ink contains a combined 20 wt% of 

graphite flakes and activated carbon, at a graphite to carbon ratio of two.  

 The electrolyte ink is composed of nanocellulose, glycerol and NaCl at 1.75 mol L-1. 

Glycerol provides improved temperature stability, compared to water. The increased electrolyte 

stability, combined with its nanocellulose-induced gelling, eliminates the need for device en-

capsulation, typically required to avoid evaporation of solvent or leakage of the electrolyte.  

 Rheological measurements were carried out to evaluate the 3D printability of our inks. 

The shape retention of DIW printed filaments requires specific rheological properties: a shear-

thinning behavior (i.e. G'' >> G') within the 0.01 and 50 s-1 shear-rate range typically experi-

enced during extrusion; a yield shear stress greater than 100 Pa and a viscoelastic behavior (i.e. 

G' >> G'') at low shear stress. The substrate and the electrolyte inks are both viscoelastic at low 

shear stress as shown in Figure 7.2 (A) and their dynamic yield shear stresses are 1.70 kPa and 

2.68 kPa, respectively. Both inks also present shear-thinning behavior as visible in Figure 7.2 

(B), where the narrow range of shear rates for the electrolyte is due to its high viscosity. The 

two electrically conductive inks are also viscoelastic at low shear stress as illustrated in Figure 

7.2 (C) with dynamic yield shear stresses of 2.01 kPa and 0.33 kPa, respectively. Both inks 

furthermore satisfy the shear-thinning requirement as visible in Figure 7.2 (D). The rheological 

measurements thus confirm that our inks can flow like liquids through the printing nozzles 

under the shear and extensional forces applied during their extrusion and exhibit sufficient elas-

ticity to retain their filamentary shape once printed.  
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Figure 7.2 (A-B) Oscillatory and constant shear rheology curves showing a dynamic yield shear stress of 1.70 

kPa and 2.68 kPa for the substrate ink in grey and the electrolyte ink in blue; showing a dynamic yield shear stress 

of 2.01 kPa and 0.33 kPa for the current collector ink in orange and the electrode ink in black. The four inks 

illustrate a shear thinning behavior.  

 

As a follow-up from Chapter 4, we measured the electrical conductivity of this ink for dif-

ferent printing directions as presented in Figure 3 (with a different carbon black). This experi-

ment was performed to verify the effect of contact resistance at the interface between printed 

lines, as well as to identify a possible shear-forces induced alignment of the graphite flakes 

when extruded through the printing nozzle. Both effects would lead to highest electrical con-

ductivity when the current flows parallel to the printed lines. Indeed, conductivities of 260.8 ± 

20.1 S m-1, 219.8 ± 21.3 S m-1 and 228.1 ± 22.6 S m-1 were measured parallel, perpendicular 

and at 45o to the printed lines, respectively.   
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Figure 7.3. Current collector electrical conductivity as a function of the direction of the printed lines with a 

maximum electrical conductivity of 260 S/m longitudinal to the printing lines. 

 

���������������0�D�Q�X�I�D�F�W�X�U�L�Q�J���D�Q�G���S�H�U�I�R�U�P�D�Q�F�H�V�� 

To manufacture the EDLC, the substrate, current collector and electrode are subsequently 

printed (in a single printing session). Before printing the final electrolyte layer, the EDLC is 

dried for 7 days at 20 °C and 65% relative humidity. In these conditions, the solvent has time 

to slowly evaporate, thus preventing crack formation and delamination of the electrodes, other-

wise prone to such failure modes if faster drying conditions are used. For practical manufactur-

ing, we envision that a full drying of the electrodes is not necessary. A shorter drying time may 

be used, which would result in higher water-content in the electrodes. Thus, the transient inter-

action of the electrodes with the electrolyte would be different, but the performance would not 

be affected. The drying time was not specifically investigated or optimized in this study. The 

resulting structure is shown in Figure 7.4 (A). The electrolyte is then printed and the device 

folded into a working EDLC as visible in Figure 7.4 (B).  
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Keeping the charges stored in the system is an important challenge for EDLCs. We evaluated 

the charge retention of our supercapacitor by charging it to 0.5 V during 1 hour, before discon-

necting the voltage source and measuring the open circuit voltage across our device. We ob-

served that the state-of-charge (SOC) was at 92% after 1 hour, and 30% after 150 hours, corre-

sponding to a leakage current of 40 µA as shown in Figure 7.6. These results are in-line with 

state-of-the-art carbon-based supercapacitors. 

 

 

Figure 7.6 Current to charge at 0.5 V as a function of the time, illustrating a leakage current of 40 µA, inset 

shows the state of charge as function of the time, with 40% remaining after 100 hours.  

 

 Figure 7.7 (A-B) shows the shelf and cycle stability of our EDLC. The device capacity 

varies during first two weeks after its fabrication, after which it stabilizes and remains stable 

for the following 8 weeks as shown in Figure 7.7 (A) (devices were fully functional after up to 

8 months of storage). We attribute the initial decrease of capacitance to water leaving the elec-

trodes, caused by the contact with the hygroscopic glycerol-based electrolyte. Concurrently, but 

at a slower rate, the electrolyte diffuses into the electrodes until saturation, thereby increasing 

the number of ions to interact with the activated carbon and thus the capacitance. The 3D printed 

EDLC also shows excellent cycle stability, as shown in Figure 7.7 (B), with a less than 1% 

variation observed after 2000 cycles at 0.4 A gAC
-1. 
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Figure 7.7 (G) Stability of the EDLC capacitance after printing as a function of time stored in controlled 

atmospheric conditions. (H) Stability of the capacitance as a function of the cycle number performed at 0.4 A g-1, 

illustrating a stable behavior, with less than 1% variation after 2000 cycles.  

  

���������������,�P�S�O�H�P�H�Q�W�D�W�L�R�Q�� 

Figure 7.8 (A) shows the mechanical stability of the device under external forces. A pressure 

of 200 kPa can be applied to our EDLC with only 4.4 % capacitance variation. This corresponds 

approximately to the pressure a human can generate by pinching the device between the fingers. 

This result highlights an important advantage of the gelled electrolyte. There is no risk of leak-

age, and therefore no need for encapsulation layers. The use of glycerol instead of water as a 

solvent enables reversible operation in sub-zero conditions as demonstrated in Figure 7.8 (B-

C). Figure 7.8 (B) shows the capacitance for three different cycles while varying the tempera-

ture from -20°C to 40°C.  Figure 7.8 (C) is a representation of the data set acquired during the 

cycling experiment with the standard error over the 9 cyclic-voltammetry acquired at each tem-

perature and during the three cycles. The normalized specific capacity taking the value meas-

ured at 20 °C as a reference  (C/C20),, is 0.93 at 0 °C, 0.66 at -10 °C and 0.31 at -20 °C. The 

decrease in capacitance at lower temperature is partially explained by the drop of ionic conduc-

tivity of the gel electrolyte at lower temperature. 
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Figure 7.8 (A) Capacitance as a function of the pressure. (B) Capacitance linked to the temperature as a 

function of the time. (C) The capacitance as a function of the temperature, the error-bar shows the standard error 

over the 9 data set from each temperature point.  

 

 At the end of its service life, our EDLC can be processed as a non-cytotoxic compostable 

material as shown in Figure 7.9. The device disintegrates and loses 50% of its mass within 9 

weeks. Carbon is mostly unaffected by composting but it is a non-toxic element. It can therefore 

be either collected and recycled, or simply processed with the organic matter produced by the 

compost.   

 

 

Figure 7.9. (D) Disintegration of the disposable EDLC. 
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 To demonstrate the relevance of this work and illustrate the opportunities it enables, we 

fabricated a fully 3D printed energy storage system capable of driving low-power electronics. 

The energy storage circuit is printed on a curved surface and is composed of 6 supercapacitors 

connected in series as shown in Figure 7.10 (A-B). We could achieve an operating voltage of 3 

V to power an alarm clock as shown in Figure 7.11 (C) . After being charged for 3 minutes at 

3 V, the printed energy storage system could power the alarm clock for more than 20 minutes. 

This demonstrates that the materials and processes developed in this work enable monolithic 

integration of energy storage technologies in the development of sustainable low-power smart 

devices.  

 

 

 

Figure 7.10 (A) Schematic of the design for the printing of the disposable paper supercapacitor on a curved 

substrate. (B) Photograph of the current collector printed on curved surface substrate with a resistance of 38 Ohm 

for a single pad. (C) Photograph of the printed supercapacitor array on a curved substrate powering a desktop 

clock for 21 minutes.  
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Substrate: The ink is composed of 73 wt% CNF at 1.2 wt% in water, 18 wt% CNC and 9 

wt% glycerol. We tailored the final mechanical properties of the substrate by tuning the glycerol 

content within the ink. A ratio of 0.5 between glycerol and CNC proved to be the right trade-

off to have the highest flexibility and solid content, while preventing a too soft structure once 

dried. The CNC from celluforce, the CNF and the glycerol were dispersed with a speedmixer 

(FackTek, USA) at 2000 rpm for 25 minutes. 

Current collector: the ink is composed of 22 wt% graphite, 15 wt% carbon-black, 43 wt% 

shellac at 50 wt% in ethanol and 20 wt% pentanol. We optimized the content and ratio of carbon 

to have the highest conductivity as possible. The pentanol enables long printing sessions (i.e. it 

slows down the ink drying and avoids clogging during the printing). To prepare the ink, we 

dissolved the shellac in ethanol at 90 °C with a magnetic stirrer, for 25 min, with a mass ratio 

ethanol-shellac of 2/3. The ethanol was then evaporated to reach a mass ratio of ethanol-to-

shellac of one. Thereafter, the carbon black was ball-milled (Pulverisette 7 from Fritsch, Ger-

many). We used 5x2 minutes at 800 rpm, with 1 min at rest between each run and one ball per 

gram of carbon as parameters. Finally, the graphite, the shellac at 50 wt% in ethanol and the 

pentanol were added in the recipient and balled milled again with the same parameters. 

Electrode: the ink is composed of 50 wt% CNF at 1.2 wt% in water, 15 wt% CNC, 15 wt% 

glycerol, 6.67 wt% activated carbon and 13.33 wt% graphite particles. The graphite and carbon 

content were optimized to prevent clogging while printing and cracking while drying. To pre-

pare a well-dispersed ink and break all the carbon aggregates, the activated carbon and the 

graphite were ball-milled (Pulverisette 7 from Fritsch, Germany) with the CNF and the glycerol. 

As parameters, we used one ball per gram of ink for 5x2 minutes at 800 rpm and 1 min at rest 

between each run. The CNC was then added and the whole was ball milled again with the same 

parameters.  
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EDLC printing: First, two opposite fill-in layers of the substrate were printed on a Kapton 

sheet. The substrate was then dried at 60 °C for 10 min (i.e. this can be performed directly on 

the printing bed). Then, we printed one layer of current collectors and one layer of electrodes. 

Thus, the substrate, the current collectors and the electrodes were printed in the same procedure. 

The stack was then slowly dried at 20°C and 65% relative humidity for 7 days. By doing so, we 

prevented cracking of the layers and we removed entirely the solvent from the current collec-

tors. Finally, we printed one layer of electrolyte on top of the two electrodes. As electrical 

connection, two wires were glued with the highly conductive current collector ink on top of the 

dried current collectors pads. Finally, the device was folded and ready to be used.  

Material content: With the substrate, the disposable supercapacitor was composed of 

37 wt% of nanocellulose, 46 wt% of glycerol, 11 wt% of carbon-based materials, 2 wt% of 

NaCl and 4 wt% of shellac. Without the substrate, the three remaining active components were 

53 wt% glycerol, 17 wt% nanocellulose, 18 wt% carbon-based material 4 wt% NaCl and 8 wt% 

shellac.  

Electrochemical characterization: The devices were characterized at 50% RH and 22°C. 

Cyclic voltammetry, chronopotentiometry and impedance spectroscopy (660E workstation by 

CH Instruments, USA) were carried out in a 4-wire configuration, connected to the 3x5mm 

current collector pads through a standard wire. The capacitance was determined with the cyclic 

voltammetry using the following formula: 
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�ì �E�:�8�;�@�8
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Where, �O�N is the scan-rate in V s-1, �E the current, �3�ç�â�ç�Ô�ß the total charge and �¿�8 the voltage 

window between �8�à�Ô�ë and���8�à�Ü�á. The function trapz from MATLAB was used for the numerical 

integration. 

 The equivalent-series-resistance (ESR) and capacitance were determined with the 

chronopotentiometry using the following formulas:  
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Where �8�×�å�â�ã��is the voltage drop observed when switching the polarity, �E the current applied, 

�¿�P the charge or discharge time (i.e. depending on the polarity) and �¿�8 the voltage drop dur-

ing���¿�P. 

Finally, the impedance spectroscopy and the simple double layer lumped-model were used 

to quantify the series resistance �4�æ, by taking the value of the real impedance when the imagi-

nary part is equal to zero.  

Electrochemical voltage window: By keeping the scan-rate constant, the voltage window 

was slowly increased, up to the side reaction limit, indicated an increase of current and by de-

formation of the rectangular shape of the cyclic voltammetry.. 

Power and energy density: The Energy density was determined using the following formula: 

�' 
L��
�5

�6
�%�8�6, where �8 voltage and �% the gravimetric capacitance. The power density was deter-

mined using the following formula: �2��
L��
�Ï �.

�8�¾�Ì�Ë���à
, where �8 the voltage,  �'�5�4�� the serial re-

sistance and �I  is the mass of activated carbon in both electrodes. 

Capacitance as a function of temperature:  The capacitance was placed in a climatic cham-

ber (MK 115 from Binder, Germany). The temperatures range from -20 °C to 40 °C. The tem-

perature was kept constant for one hour at -20, -10, 0, 10, 20, 30, 40 °C, where three times 

cyclic voltammetry and three times impedance spectroscopy were performed. Between each 

temperature plateau, the temperature was ramped at 10 °C per hours. This procedure was cycled 

three times, resulting in a data set of 9 cyclic voltammograms and impedance spectroscopy 
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Abstract 

We report on water activated and printed batteries for application in smart-packaging or 

point-of-care testing. The battery utilizing metal-air technology manufactured from zinc, graph-

ite and two different catalysts namely nitrogen doped carbon and MnO2 facilitating the oxygen 

reduction reaction. The cathode and anode are printed side-by-side on a paper that acts as a 

separator. This battery design make a proactive use of the paper's natural properties such as 

biodegradability, sustainability, low cost, and water absorption behavior. The battery activates 

only when water is provided as the water absorbs and diffuses across the paper. The developed 

anode and cathode can be manufactured with additive manufacturing methods, enabling the 

printing of batteries of multiple shapes and sizes with a maximum power output of 3.5 mW, an 

open-circuit-voltage of 1.25 V and an energy of 0.8 mW h with the design proposed. This study 

contributes to the progress of sustainable electronics, by showcasing the assembly of environ-

mentally safe materials toward high-performance printed and triggered batteries. 
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relevant printing technologies such as robocasting, screen-printing and stencil printing. For 

comparison we compared the same battery, where the anode is manufactured from robocasting 

and with cathode of different size.  

The cathode is prepared from graphite, shellac, pentanol and two different catalysts to be 

compared, namely nitrogen doped carbon black and MnO2. The oxygen reduction reaction 

(ORR) takes place at the cathode during discharge. The optimal cathode material incorporates 

many reaction sites and enable oxygen from ambient air to access these sites. Typically, cata-

lysts are employed to minimize the activation energy for the ORR, thus enhancing its rate and 

ultimately the battery power. Metal oxides are widely investigated as catalyst, such as cobalt 

and platinum. Due to cost consideration regarding platinum and environmental concerns re-

garding the accumulation of cobalt in the environment, we use nitrogen/ iron-doped carbon 

derived from cellulose (pCNF) and MnO2 to improve the ORR. As the full utilization of MnO2 

active sites is limited by the poor electrical conductivity, we use graphite as electrical support 

and compared the influence of their relative ratio on the battery performances.  

The nitrogen doped carbon is prepared from the pyrolysis of nanocellulose at 800 °C under 

inert atmosphere. For a homogeneous pyrolysis, we prepared monolithic porous freeze-dried 

CNF, as CNF powders are volatile and difficult to handle with the atmospheric conditions and 

bulk CNF materials (i.e. CNF plates) require post-processing to transform into powder and 

might not reach a homogeneous temperature throughout the sample. As shown in Figure 8.2 

(A), the thermogravimetric analysis of CNF aerogels indicates a residual mass of 28.7% at 800 

°C. From micro-elemental analysis, 73.6 ± 0.1% of the sample is composed of carbon at this 

temperature. The residual mass will further decrease above 800 °C, and the yield of carbon will 

increase to reach graphitization at temperature above 2000 °C. For this study, we make a com-

promise on the processing time and limit the pyrolysis temperature to 800 °C. The percolation 

threshold of the non-doped carbon is measured to be 25 wt% as seen in Figure 8.2 (B) and 
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As benchmark, we prepared zinc-air batteries with pure graphite as cathode. Batteries were 

stencil printed with a pure graphite cathode with the design of Figure 8.3 (A). The thicknesses 

of the anode and of the cathode are 139 ± 18 µm and 122 ± 16 µm (n = 3). Gold current collec-

tors were deposited on each electrode before testing. We tested the battery in 3M KOH and 3M 

NaCl, obtaining a maximum peak current after activation of 25.0 ± 4.0 mA after 81.6 ± 32.4 s 

of activation time with 0.5 ml of 3M KOH; and 13.9 ± 0.5 mA after 23.2 ± 14.2 s with 0.5 ml 

of 3M NaCl. As shown in Figure 8.3 (B) and (C), we obtained a power of 2.45 ± 0.29 mW and 

0.47 ± 0.07 mW with 3M KOH and 3M NaCl respectively (n = 3) and with an open-circuit-

voltage of 1.08 ±  0.07 V and 0.61 ± 0.04 V with 3M KOH and 3M NaCl respectively. It shows, 

as previously reported in the literature, that alkaline electrolytes improve the current of zinc-air 

batteries. 

 

 

Figure 8.3 (A) Schematic of the device used for the characterization and comparison of the different cathode 

catalyst. (B) Polarization curve of the battery activated with 3M KOH. (C) Polarization curve of the battery acti-

vated with 3M NaCl.  
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We tested the pyrolyzed CNF as catalyst in stencil printed with a graphite to CNF ratio of 

3:1, 1:1, 1:3 and 1:5 in the cathode (n = 4). Gold current collectors were deposited on each 

battery before testing. The polarization curve and the impedance spectroscopy are shown in 

Figure 8.4 (A-B), respectively; and a summary of the battery performance are shown in Table 

8.1, summarizing the OCV and the power obtained from the devices with 0.5 ml of 3M KOH  

(n = 4). 

 

Figure 8.4 (A) Polarization curve of the battery activated with 3M KOH. (B) Impedance spectroscopy of the 

device.  

 

Table 8.1: Performance of printed zinc-air batteries with pCNF catalyst 

Ratio GR-pCNF Open-circuit-voltage [V] Power [mW] 

3:1 1.10 ± 0.04 2.33 ± 0.42 

1:1 1.00 ± 0.11 1.52 ± 0.41 

1:3 1.12 ± 0.04 1.58 ± 0.01 

1:5 1.15 ± 0.07 1.56 ± 0.30 

 

Due to the lower electrical conductivity of pCNF compared to graphite flakes, the battery 

power is decreasing. Unfortunately, the nitrogen and iron doping cannot compensate for the 

loss in electrical conductivity. Still, with lower conductivity the impedance of the system is 
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Table 8.2: performance of printed zinc-air batteries with MnO2 catalyst 

Ratio GR-MnO2 Open-circuit-voltage [V] Power [mW] 

3:1 1.25 ± 0.01 3.46 ± 0.68 

1:1 1.25 ± 0.03 3.71 ± 0.61 

1:3 1.24 ± 0.02 3.90 ± 0.66 

1:5 1.25 ± 0.01 3.65 ± 0.47 

 

The results show that, with the cell design proposed in this study, the power increases with 

roughly 50% by incorporating MnO2 compared to the pure graphite battery. Unfortunately, 

there is no clear correlation between the specific graphite/MnO2 ratio. For the rest of this study, 

a ratio of GR-MnO2 of 3:1 is chosen in order to minimize the amount of MnO2 used in the 

battery.  
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In order to evaluate the design possibilities of our printed battery, we printed batteries with 

cathodes of a surface of 0.56, 1.12 and 4.5 cm2. The thickness of the cathodes is kept constant 

at 120 ± 20 µm (n = 3). In addition, we utilized the zinc-ink presented in Chapter 5 to 3D print 

the anode, with a thickness of 274 ± 20 µm (n = 3). The devices with a cathode of 1.12 cm2 are 

visible in Figure 8.6 (A) and (B), without and with the gold current collectors, respectively. The 

polarization curve for the 4.5 cm2 and 0.56 cm2 are shown in Figure 8.6 (C) and (D), respec-

tively; and a summary of the battery performance is shown in Table 3, summarizing the OCV 

and the power obtained from the devices with 0.5 ml of 3M KOH (n = 3).  

The battery power increases when increasing the area of the cathode. These results indicate 

that the system is limited by the oxygen content and/or by the oxygen transport to the reaction 

sites compared to the zinc oxidation process. However, the results of this study should be 

viewed with caution due to the large standard deviation, and small sample size.     
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Table 3: Performance of zinc-air batteries as a function of the size with 3D printed anode 

Cathode area [cm 2] Open-circuit-voltage [V] Power [mW] 

0.56 1.19 ± 0.01 2.33 ± 1.18 

1.12 1.20 ± 0.00 2.26 ± 0.74 

4.50 1.21 ± 0.04 3.84 ± 0.52 

 

 

Figure 8.6 (A) 3D printed anode and stencil printed cathode of 1.12 cm2. (B) 3D printed anode and stencil 

printed cathode of 1.12 cm2 with gold current collectors. (C) Polarization curve of the battery activated with 3M 

KOH with a 4.5 cm2 cathode. (D) Polarization curve of the battery activated with 3M KOH a 0.56 cm2 cathode. 

 

To further explore the potential of water activated batteries, we performed discharge tests at 

constant discharge current of 1 mA. As shown in Figure 8.7 (A). It shows that the device can 

be activated twice after roughly 30 minutes (with 0.5 ml of 3M KOH) and reach the same volt-

age. With one hour of discharging time available at 1 mA and 0.8 V, we calculated an energy 

of 0.8 mWh for our system. It is noteworthy to mention that the energy available is difficult to 
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evaluate precisely due to the water drying process. The duration for which the device can func-

tion without rehydration is defined by the evaporation rate and by the water absorption capacity 

of the paper membrane which could be prolong by taking a larger or thicker wick. Also, the 

time of activation could be modified with microfluidic channels in the paper, as demonstrated 

in Figure 8.7 (B). A preliminary device is shown in Figure 8.7 (C) including its output power 

achieved. 

 

Figure 7: (A) Discharge curve of the battery with 1.12 cm2 cathode, measured when discharging with 1 mA. 

(B) Concept for delay shunt to tune the activation time of the battery. (C) Preliminary results of the water activated 

battery, with shunt for delayed activation, showing the device and the power output. 

 

To contextualize the performance of our battery, the power obtained is typically in-line with 

previously reported literature on water activated sustainable batteries.[8] To put the results into 

perspective, we shall examine the needs of typical devices for internet-of-things (IoT) applica-

tions. The IoT ecosystem is typically composed of multiple low-power connected devices that 

ultimately transmit data to a high-power processing unit. The power requirement for the low-

power devices is typically in the order of mWs. As an example, radio receivers can operate with 
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Abstract 

Increasing environmental concerns necessitates the development of materials in a wide range 

of applications, including robotics and displays. Here, we report on using cellulose nanofibrils 

as an additive for color-shifting sensors and pneumatic actuators. The color-shifting sensor 

comprises hydroxypropyl cellulose (HPC), cellulose nanofibrils (CNF) and carbon nanotubes. 

HPC is a commercially available and biodegradable cellulose derivative, which is known to 

self-assemble into chiral nematic liquid crystal phases in water. These features, including liquid 

crystal induced selective reflections in the visible range, make HPC an ideal biopolymer host 

material for dynamic structural color shifting materials. We show that up to 0.4 wt% of (CNF) 

can be added to the suspension allowing for 3D printability, while also maintaining the struc-

tural colors. The pneumatic actuator is composed of gelatin, glycerol and CNF. We show that 

the addition of cellulose nanofibrils enables 3D printing and enhances the mechanical properties 

of the actuator. Both projects show that cellulose nanofibrils have the potential to be used in the 

creation of eco-friendly visual intelligent devices and high-performance soft robots and, as 

such, contributes to the advancement of sustainable and green electronics. 
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increasing HPC concentration, thus indicating a reduction of the self-assembled cholesteric liq-

uid crystal structure pitch, caused by a reduction of free-volume and increasing HPC molecular 

packing densities at higher overall HPC concentration. 

 
Figure 9.1 (A) Vials with varying concentration of hydroxypropyl cellulose from 64 wt% to 70 wt% in water, 

showing color from red to purple respectively. (B) Vials with varying concentration of hydroxypropyl cellulose 

from 64 wt% to 70 wt% in water with fixed 0.1 wt% carbon nanotubes (CNT) and 0.05 wt% cellulose nanofibrils 

(CNF) showing colors from red to purple respectively. (C) Vials with fixed 67 wt% of hydroxypropyl cellulose and 

0.1 wt% CNT, with varying concentration of CNF ranging from 0 to 0.4 wt%, showing colors from deep green to 

violet respectively. (D) Transmission spectra of 64 wt%, 66 wt%, 68 wt% and 70 wt% HPC in water. (E) Trans-

mission spectra of 64 wt%, 66 wt%, 68 wt% and 70 wt% HPC in water with 0.1 wt% CNT and 0.05 wt% CNF. (F) 

Transmission spectra of 67 wt% of hydroxypropyl cellulose and 0.1 wt% CNT, with concentration of cellulose of 

0 wt%, 0.05 wt%, 0.2 wt% and 0.4 wt%. 

        

The addition of a small amount of carbon nanotubes makes the suspension appear black, and 

reduces the light transmission. To more efficiently disperse CNTs, 0.05 wt% of CNF was used 

as a dispersing agent. The addition of CNF in HPC-CNT suspension enables a uniform disper-

sion of CNT. The incorporation of 0.1 wt% CNT and 0.05 wt% CNF into 64 wt%-70 wt% HPC 
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measurements were carried out to evaluate our inks printability. Notably, as the coloration of 

suspensions heavily depends on the accessible free volume, the rheological characterization of 

the HPC suspensions also reflect the structural color variations between suspensions. The yield 

shear stress obtained with oscillatory shear rheology of HPC with 0.1 wt% CNT and 0.05wt% 

CNF is shown in Figure 9.2 (A). The dynamic yield stress is shown to exponentially increase 

from 2.9 kPa to 12.4 kPa for 64% to 70% HPC respectively. For the rest of this study, we 

selected the 67 wt% ink., which exhibit shear thinning properties as shown in Figure 9.2 (B).  

 

 Figure 9.2 (A) Oscillatory shear rheology 64 wt% to 70 wt% of HPC in water with 0.1 wt% CNT and 0.05 

wt% CNF. (B) Constant shear rheology curves of concentration of hydroxypropyl cellulose of 67 wt% in water 

with 0.1 wt% CNT and 0.05 wt% CNF.(C) Printed sample of 65 wt% HPC, 0.1 wt% CNF and 0.05 wt% CNT, 

encapsulated with polybutylene adipate terephthalate (PBAT) showing a color variation from green to purple, 

scale bar is 2 cm. (D) Temperature response of sample with concentration of hydroxypropylcellulose from 64 wt% 

to 70  wt% with 0.1 wt% CNT and 0.05 wt% CNF in water, showing a red shift with increasing temperature. (E) 

Printed EMPA cube as a temperature sensor. (F) 3D printed 67 wt% HPC, 0.1 wt% CNT and 0.05 wt% CNF into 

a display demonstrator using the temperature response of the composites. 
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fiber aqueous suspension (2 wt%) at concentrations of 0.1 and 1.0 mmol per gram of cellulose 

pulp, respectively. Sodium hydroxide solution (1 mol/L) was used to ad-just the pH value to 10 

after which sodium hypochlorite was added at a concentration of 10 mmol per gram of cellulose 

pulp. The TEMPO-oxidized cellulose fibers were thoroughly washed until the conductivity was 

like that of distilled water. Then the oxidized and purified cellulose fiber aqueous suspension 

(2 wt%) was ground using a Supermass Collider (MKZA10-20J CE Masuko Sangyo, Japan) to 

obtain a CNF dispersion. Finally, TEMPO-oxidized CNFs were further disintegrated using a 

high-shear homogenizer (M-110EH, Microfluidics Ind., New-ton, MA USA) to improve the 

degree of fibrillation of the CNFs. 

Preparation of HPC-based ink: In a 100 mL container, 6.4 g to 7.0 g HPC powders were 

added, and then water was added to a total sample mass of 10 g. The HPC inks of 64 wt% to 

70 wt% can be obtained by directly mix-ng the samples with a planetary mixer (DAC600 by 

Hauschild SpeedMixer, Germany). The successive mixing steps are: i) 1000 rpm, 10 s; ii) 2000 

rpm, 2 min; and iii) 2350 rpm, 2 min. After mixing, the samples were kept in the container 

sealed by parafilm, and left to stand for 12 h to remove residual air bubbles and to allow for the 

spontaneous development of structural color. Next, the samples were transferred to 3D-printing 

tubes, centrifuged (3500 rpm, 5 min), and stored in a 4 °C refrigerator for further printing. The 

preparation method of HPC-CNT-CNF ink is similar to that of HPC ink. The only difference is 

that part of the mass of water was replaced with CNT (1 wt%)-CNF (0.5 wt%) dispersion. 

3D printing of HPC-CNT-CNF ink: Preparation of flexible strain sensor. In a rectangular 

(5 cm × 4 cm) mold, 3 g of pre-mixed Ecoflex precursor was poured. The solution was let to 

stand for 5 min until all bubbles disappear, and then put into an oven at 60 °C for 10 min to 

obtain Ecoflex flexible substrate. The HPC-CNT-CNF ink was 3D printed on the Ecoflex sub-
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however starts to lose air reaching about 20% of air lost with the maximum volume of com-

pressed air used for the actuation. The leak most probably comes from the connection between 

the stiff air inlet and the soft actuator. The same behavior can be observed when cycles are 

performed, as seen in Figure 9.7 (B), causing a drift in the pressure baseline. Still, it is worth to 

note that CNF-gelatin-glycerol composite is stable during cycling and exhibits the same relative 

deformation.  

 

 

Figure 9.7 (A) Pressure maintained in the actuator as a function of time for different volume of compressed 

air. (B) 100 cycles performed with the actuator for approximately 20 minutes, for a volume of compressed air of 

4 ml. (C) Bending angle as a function of the pressure. (D) Blocked force as a function of the pressure.  

 

The linear bending angle and blocked force as function of the pressure for the first few cy-

cles, can be extracted. The angle is 84.5 ± 4.6°, 57.4 ± 4.6° and 35.6 ± 2.8° for 15 kPa, 10 kPa 

and 6 kPa respectively over three cycles for three samples. One curve of the bending as a func-

tion of the pressure is shown in Figure 9.7 (C). The blocked force generated is also linear as a 
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The stability and the electrical conductivity appear as a major drawback for the zinc and 

carbon systems, respectively. Specifically, electrical conductivity of 2�‡106 S m-1  can be 

achieved with zinc electrodes, the highest value reported to date; but the inherent oxidative 

behavior of the zinc highlights the need for encapsulation and the drift of the zinc-based elec-

trodes of roughly 1% each week (Chapter 5). On the other hand, the carbon-based inks exhibit 

a stable behavior in aqueous environment, and a negligible drift at ambient condition, but at the 

cost of a limited electrical conductivity, with a maximum of 4�‡103 S m-1 (Chapter 4).  

For the carbon system, the working range has been fully analyzed for a specific size and 

morphology of the carbon particles (Chapter 3). Variation of the respective carbon ratio and the 

achieved performance for different particles size are expected, but, the performance is likely to 

be transferrable to different particle sizes. For the zinc system, the electrical performance is 

very sensitive to the post-processing and the size of zinc particles is expected to have an influ-

ence on post-processing: smaller particles have a higher surface area per volume and, thus, 

higher energy absorption per volume, which would result in higher electrical conductivities as 

a fully fused network could be easier to form.   

Regarding manufacturing conditions, the carbon system is more scalable and less complex 

compared to the zinc system. The timeline and temperature of post-processing are not affecting 

the electrical conductivity of the carbon electrodes and close to 100% yield of electrically con-

ductive electrodes can be achieved per batch (Chapter 3). The zinc-system has more processing 

steps and a higher complexity: with all the post-processing, it would likely never reach 100% 

yield, even in an industrial environment. 

Similar comments as for the cellulose substrates can be made, the use of carbon and zinc 

based inks shall entail the use of high-throughput and low-cost manufacturing approaches, as 

well as the use of inexpensive non-toxic substrate materials (Chapter 4, 6 and 8). 
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�x To improve the energy density of sustainable batteries: 

The energy density of the system proposed is sufficient for low-power applications such as 

temperature or humidity sensing for smart packaging. To broaden the range of applications, 

higher energy density would be required. Future works should look into pseudo-capacitive ef-

fects introduced with lignin Quinone for the supercapacitor, and into green catalysts to improve 

the oxygen-reduction-reaction of the zinc-air battery.  

 

�x To investigate the rechargibility of sustainable batteries: 

Primary batteries were investigated in this thesis. Their rechargeability could be considered 

to enhance their service life. A topic of high interest in this field is to print directly ZnO as an 

anode. That being said, the need for rechargeable batteries is conceptually questionable for 

short-lived and disposable electronics. This property must be targeted for longer-lived electron-

ics with higher performances, and potentially compromising on the sustainability of the mate-

rials used.  

 

�x To integrate biodegradable devices into a platform: 

To date, the integration of multiple biodegradable electronic components in a single platform 

is challenging because of the various post-processing steps (i.e. different curing temperature, 

different processing timelines, and thermal dissipation) and the different substrate require-

ments. The integration of multiple devices will also come with stability challenges over time, 

as the components will have different shelf-life. Future work should look into using selective 

material deposition techniques, such as robocasting to manufacture a platform comprising bat-

teries, sensors and electrically conductive electrodes.  
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�x To evaluate the shelf-life of electrical performance: 

The drift of electrical performance is a major issue in any electronic device and usually 

comes from dust and temperature and humidity variations. Biodegradable materials are, without 

any doubt, more sensitive to the environment. Future work should look into the full investiga-

tion of biodegradable materials and biodegradable electronics shelf-life in different environ-

ment (pH, light, temperature etc.). It might open the door to new concepts to mitigate electronic 

waste, such as triggering the electronics end-of-life.  

 

�x To study the self-assembly of hydroxyl propyl cellulose composite: 

We found that adding nanocellulose to HPC water solution maintains liquid crystal induced 

selective reflections in the visible range. However, the interaction of the nanocellulose with the 

HPC is not well understood, and a fundamental study on the light reflection depending on the 

charge, pH and size of the nanocellulose could help in producing color changing materials sen-

sitive to other stimuli than temperature and strain.   

 

�x To perform life-cycle-assessment: 

Life cycle assessment on the different devices, or better on a biodegradable sensing platform, 

should be completed to evaluate and compare the environmental impact of the concepts we 

propose.  

 

�x To improve the biodegradable certification: 
 
Coming back to the biodegradation definition issue raised in the introduction, the biodegra-

dation needs to be tested and confirmed by standardized methods, with specific temperature, 
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duration and environment. For marine water, fresh water, home composting and industrial com-

posting environments a different certification is used. Interestingly, there is yet no certification 

for landfill environment. The simple reason for this is that degradation in landfill environment 

is not the preferred end-of-life option for biodegradable materials. While this statement is true, 

we know that 95% of the waste produced at home end-up in landfills worldwide.[1] With such 

a certification system, we could quantify that biodegradable materials, while they do break-

down naturally in, for instance industrial composting environment, may not necessarily be en-

vironmentally friendly or would still take years to compost in other environments.[2]  We need 

a better scientific understanding to establish a proper certification for the landfill environment 

in order to prevent abusive use of the term biodegradation. 

 

 

 

 

 












