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Abstract 

Biodegradable electronics is a rapidly growing field, and the development of controllably                       

biodegradable, high-conductivity materials suitable for additive manufacturing under ambient                 

conditions remains a challenge. In this report, printable conductive pastes that employ poly(lactic                         

acid) (PLA) as a binder and tungsten as a conductor ​are demonstrated. These composite                           

conductors can provide enhanced stability in applications where moisture may be present, such                         

as environmental monitoring or agriculture. Post-processing the printed traces using a                     

solvent-aging technique increases their conductivity by up to two orders of magnitude, with final                           

conductivities approaching 5000 S/m. Such techniques could prove useful when thermal                     

processes including heating or laser sintering are limited by the temperature constraints of typical                           

biodegradable substrates. Both accelerated oxidative and hydrolytic degradation of the printed                     

composite conductors are examined, and a fully-biodegradable capacitive soil moisture sensor is                       

fabricated and tested. 

1.0 Introduction 

Widely distributed electronic systems for environmental monitoring can enable the          

collection of large data sets useful for resource optimization in areas such as             

agriculture. However, the use of such sensor systems is limited by a number of factors including               

unit and maintenance cost, as well as the potential for creating significant amounts of persistent               

electronic waste in the environment.​1 

Research into transient electronic materials and devices has led to a number of available              

options for biodegradable conductive materials. However, development of biodegradable         
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high-conductivity materials suitable for additive manufacturing under ambient conditions         

remains a challenge, and typical biodegradable devices use conductive traces (e.g. magnesium,            

iron, zinc) deposited onto a biodegradable substrate (e.g. sodium carboxymethyl cellulose, silk,            

etc.) using methods such as chemical or physical vapor deposition (CVD or PVD).​2–5             

Furthermore, these conductive traces are generally designed such that degradation occurs           

through aqueous dissolution, limiting long-term utility in environments with considerable          

moisture present (such as in soil).   

In addition to these vapor deposited examples, pastes comprising conductive particles in            

degradable binders have also been demonstrated. For example, Huang et al. developed a screen              

printing ink consisting of tungsten particles in a poly(ethylene oxide) (PEO) in methanol binder​,              

with in-plane conductivities reaching 5200 S/m.​2 When exposed to water, the PEO immediately             

dissolves, releasing tungsten particles, which slowly dissolve in water. While the primary            

application of this paste was to mount components, the authors demonstrated dissolution of a              

screen-printed antenna made from this same material within eight minutes. Similarly, in the             

context of transient batteries, Yin et al. use a molybdenum paste bound with sodium              

carboxymethylcellulose for interconnects between cells.​6 For biomedical applications, Lee et al.           

address the problem of fast dissolution of transient conductors by presenting a            

molybdenum-based screen printing ink in a UV-cured poly butanedithiol         

1,3,5-triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione pentenoic anhydride binder.​7 These traces​,      

with initial conductivities approaching 1400 S/m​, lasted a maximum of nine days in deionized              

(DI) water at 37° C before they dissolved to an open circuit.  
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Traces printed from pastes often suffer from limited conductivity, therefore efforts have            

been made to post-process them in order to combat this. For example, Lee et al. proposed an ink                  

comprising zinc in a poly(vinylpyrrolidone) (PVP) in isopropyl alcohol (IPA) binder.​8 Printed            

lines are then treated with an acetic acid/water solution in order to electrochemically sinter the               

zinc particles together at room temperature, increasing the conductivity by eight orders of             

magnitude to a final conductivity of 10​5 S/m. Traces degraded less than 10​4 S/m per day in                 

ambient air and lasted for hours in water with the aid of a poly(lactic-co-glycolic acid) (PLGA)                

coating. Other processes include laser sintering​9 of zinc microparticle inks or the combination of              

hot rolling and photonic sintering​10 of zinc nanoparticle inks to increase their respective             

conductivities. Laser sintering improves conductivity by nine orders of magnitude with traces            

approaching a final conductivity of 9.7x10​5 S/m. Devices comprising these traces and a cellulose              

acetate encapsulant function for approximately one hour. Photonic sintering alone improves           

conductivity by one order of magnitude with one pulse, while the addition of hot rolling leads to                 

a total increase of two orders of magnitude with traces exceeding 6x10​4 S/m. These traces fully                

dissolve in 25 minutes. 

In printed electronics and conductive polymer composites literature, densification of the           

binder due to cross-linking or drying is often cited as a reason for conductivity              

increase.​2,7​ However, even after cooling or drying a polymer/conductor composites, the binder           

may not be at thermodynamic equilibrium.​11–16 Annealing at temperature ranges above the glass             

transition temperature (T​g​) of the binder material can lead to increases in conductivity. For              

example, polymer composites consisting of carbon black tend to increase in conductivity when             

samples are physically constrained between plates and held at temperatures including those            
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above the melting temperature.​12,13,15​ In addition, conductivity of high-aspect ratio anisotropic          

particles such as carbon nanotubes can be improved through pre- and post-processing alignment             

techniques.​17  

Physical aging is a process occurring below or near T​g wherein a polymer moves towards               

thermodynamic equilibrium, reducing its enthalpy, entropy, and, most importantly for conductive           

composites, its specific volume.​18 Physical aging has been explored for composites of PEO,             

lithium perchlorate, and aluminum oxide, in order to improve ionic conductivity for fuel cell              

electrolyte applications.​11 Structural densification that results from the heating treatment is           

attributed as the cause of the improved conductivity.   

Here, we demonstrate printable biodegradable ​conductive pastes that employ poly(lactic          

acid) (PLA) as a binder, in order to provide improved stability in environments with water               

present. We also employ a post-processing technique to increase conductivity by utilizing the             

tendency for PLA to undergo physical aging in the presence of solvents such as water.​19,20 This                

technique can increase conductivity of the printed composite by two orders of magnitude, and is               

expected to be particularly useful for applications wherein the sintering temperature of metal             

microparticles is too high for use on biodegradable substrates. PLGA has been previously used              

as a binder​7 but has seen limited development and investigation. While poly(lactic acid) (PLA)              

(or the related PLGA) will eventually degrade due to hydrolysis in aqueous environments,​21 its              

degradation can be accelerated in the presence of an enzyme such as bromelain or proteinase               

K.​22–27 Prescribed degradation rates can also be tuned by adjusting the molecular weight and the               

lactide-to-glycolide ratio,​28 with lower crystallinity and lower molecular weight yielding faster           

biodegradation rates.​19,23,29 A higher lactide content, on the other hand, slows hydrolytic            
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degradation by making the polymer more hydrophobic.​28 These characteristics render PLA a            

useful and tunable binder for printed, biodegradable electronics.  

In addition, we employ a robotic material extrusion method wherein a viscous PLA             

solution with conductive metal particles is deposited from a rotary screw driven syringe-needle             

assembly.​30–34 This ​can then be integrated with other additive manufacturing techniques such as             

fused deposition modeling (FDM), to eventually aid in the production of complex geometries.             

However, such an ink can be readily ​modified for use in screen and stencil printers, enabling the                 

deposition of a wide range of materials, thus allowing for low-cost, scalable manufacturing.  

2.0 Experimental Section 

2.1 Ink Formulation 

NatureWorks Ingeo Biopolymer 10361D PLA pellets [which consist principally of          

poly(l-lactic) acid (PLLA)], were stored in vacuum at 45 °C for at least 24 hours prior to use.                  

The pellets were then dissolved in tetrahydrofuran (THF) at a concentration of 167 mg/mL with               

stirring at 40 °C and stored in a sealed bottle at room temperature. Tungsten powder               

(Sigma-Aldrich, 12 µm, and Inframat Advanced Materials, 4​-​6 µm) was added at a concentration              

of 3.33 g/ml, and mixed using a vortexer to formulate the final print inks. Inks and printed traces                  

consisting of 12 µm particles will henceforth be referred to as PLA-W12, and those consisting of                

4-6 µm particles will be referred to as PLA-W6. The viscosities of the resultant inks (measured                

using a shear rheometer [Anton Paar MCR 301]) are 31,100 mPa.s for PLA-W6 and 7,250 mPa.s                

for PLA-W12 at a shear rate of 10 s​-1 ​(see Figure S1 for flow curves).  

2.2 Printing and Processing of Conductive Traces 
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Robotic material extrusion ​was selected as the method of printing to enable rapid digital              

prototyping of viscous inks with high-mass loading of conductive tungsten particles. Samples            

were printed using a Hyrel Engine SR multi-process 3D printer with a syringe and luer-lock 18                

gauge blunt needle. Traces were printed on glass microscope slides. After printing, samples were              

placed in a vacuum oven and allowed to dry for at least 24 hours in 45 °C dynamic vacuum.                   

After initial drying, the samples consisting of both particle sizes ​were placed in individual              

covered containers of room-temperature reverse osmosis (RO) filtered water and then placed            

inside a 37 °C incubator for time intervals ranging from 3 to 36 hours in order to age the PLA                    

binder and increase conductivity. This aging process was then repeated for PLA-W12 ​with             

shorter timescales using a one-to-one by volume ethanol and water solution.​19 

Soaked samples were placed back in the vacuum oven for at least 48 hours. Volume               

resistivity of the traces were then determined using a Keithley 2450 SourceMeter to measure              

resistance, a digital micrometer to measure thickness, and digital calipers to measure line width              

and length.  

2.3 Thermal characterization of the printed traces 

Thermal characterization was carried out on PLA-W samples using differential scanning           

calorimetry (DSC) (Q2000, TA Instruments). Printed traces were soaked at different times            

varying from 3 hours to 48 hours. In addition, PLA films, which were spin cast onto microscope                 

slides from a similar solution of PLA in THF, and soaked in water, were thermally characterized                

as a control. All printed samples (weights varying between 4-10 mg) were equilibrated at 0 °C                

and heated to 200 °C, higher than the melting point of the as-obtained PLA, at a rate of 10                   

°C/min.  

7 

 



2.4 Microscopy and Mass Spectroscopy 

 In order to further investigate the cause of the increased conductivity in PLA-W samples,              

scanning electron microscope (SEM) (SU3500, Hitachi) images were taken of PLA-W6 and            

PLA-W12 traces pristine traces, and traces ​subject to 24 hours of soaking in RO water. Cross                

sections were obtained by submerging traces in liquid nitrogen before sectioning. Samples were             

sputtered with platinum prior to observation.  

Electrospray ionization (ESI) mass spectroscopy (positive and negative) (Synapt G2          

QToF High-Resolution Mass Spectrometer, Waters) was also conducted on the RO water used to              

soak a 12 µm printed trace for 24 hours. The water was not purified before submitting it for                  

analysis.  

2.5 Rapid Degradation Test Method 

Samples were wired to a Keithley 2450 electrometer and placed in a beaker inside an               

incubator and stirred at 37 °C. The beakers contained either 30 ml of 30% hydrogen peroxide               

(H​2​O​2​) for oxidation tests, or 30 ml Tris-HCl buffer (0.05 M, pH 8.6) with approximately 15 mg                 

of the enzyme proteinase K for enzymatic degradation tests. The enzyme concentration of 0.5              

mg/ml is more than doubled as compared to the more common concentration of 0.2 mg/ml in                

order to further accelerate degradation.​23–27 Both liquids were initially at room temperature before             

beginning tests. These experiments were repeated in RO water at room temperature, pre-warmed             

RO water at 37 °C, and air at 37 °C. Resistance for each sample was normalized by dividing by                   

the initial resistance. The electrometer samples approximately every .069 seconds, but for ease of              

plotting and processing data, data sets were condensed by taking every 2500th sample. Warm air               

8 

 



and room temperature water samples were measured once or twice a day for at least a week with                  

either a Keithley 2450 electrometer or Fluke 179 digital multimeter. 

We included a mass loss study in oxidative conditions since oxidative attack of printed              

conductive traces can be better tracked through time than hydrolysis of the binder, which simply               

leads to tungsten particles being released. For these mass loss studies, a vial of H​2​O​2 with                

approximately 100 mg of sample was placed on a hotplate stirrer set at 42 °C (the H​2​O​2 and test                   

samples were at room temperature when placed on the hotplate to reduce H​2​O​2 ​degradation              

before the beginning of the test).   

2.6 Soil Moisture Testing 

In order to demonstrate the viability of integrating our conductive ink into a             

multi-process additive manufacturing procedure, we fabricated a capacitive soil moisture sensor           

using the ink described above. PLA-W12 conductive traces, approximately 2.5 mm in width,             

were printed onto FDM-printed PLA substrates (TIANSE, Orange PLA 3D Printer Filament,            

1.75mm). After completing the aging process, the samples were then encapsulated in            

biodegradable packing tape (TRU CELLO) and dip coated in PLA in chloroform (0.17 g/ml) as a                

biodegradable encapsulation. 

Consumer potting soil was dried for 72 hours at 120 °C and stored in a covered beaker at                  

room temperature. The sensor was placed in a cup of this soil and connected to a Keysight                 

E4980A LCR meter. Water was added to the surface of the soil using a micropipette.               

Capacitance measurements were taken at 2 V and 1 kHz using the two wire method and                

measurements were recorded approximately 5 minutes after the addition of water. This voltage             
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and frequency were selected by iterating and testing the sensor in water and air and selecting the                 

parameters that led to the greatest sensitivity. 

3.0 Results and Discussion 

3.1 Electrical characterization of printed trace 

In polymer-metal composites ​such as the ones presented here, conductivity is achieved by             

the development of a number of percolation pathways between the conductive particles (see             

Figure 1A).​7,12,13,15 During service life, the binder protects the geometric stability of the trace and               

prevents oxidation of the conductive particles. In the presence of a solvent such as water, the                

binder may swell, reducing the number of percolation pathways (Figure 1B). Once the binder is               

degraded, conductive particles are released and can degrade at a faster rate than bulk metal, due                

to their higher surface area providing increased contact with the solvent. This degradation route              

is illustrated in Figure 1C and 1D. 

 

Figure 1​: (a) Structure of a typical printed conductive line consisting of metal particles and a                
degradable binder; (b) Swelling ​(exaggerated for clarity) can reduce the number of percolation             
pathways; (c) An enzyme accelerates hydrolysis of the binder; (d) Released particles can oxidize              
and dissolve.  
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Tungsten affords several advantages in its role as the active material for ambiently             

printable conductive biodegradable inks, and has previously been used in water soluble screen             

printing inks.​2 Other materials, such as zinc and iron powders can also be used, but typically                

show lower conductivity in traces due to the formation of native oxide layers.​2,7 To make a                

printable, biodegradable, conductive trace with enhanced water and air stability, tungsten powder            

with a 6 µm and 12 µm particle size was blended with PLA. A 5 wt.% of PLA to tungsten ratio                     

was selected to bind the particles in the trace, provide appropriate viscosity to suspend the               

tungsten particles, and give appropriate rheological properties for printing. PLA is relatively            

insoluble in water compared with polymers such as PEO, more readily enabling these traces to               

operate in environments where water is present without immediately degrading. In the final             

printed trace, the water solubility of the tungsten particles is expected to be initially reduced due                

to the presence of the binder, reducing tungsten surface area accessible to the solvent. Printing of                

the inks was carried out through a robotic material extrusion ​process, where the viscous ink is                

forced through a needle and translated across the substrate surface to create the printed structure.               

While a digital process was used here, these paste-like inks are also suitable for master-based               

print processes such as screen printing.  

As-printed PLA-W traces displayed a volume resistivity of 3.85 to 8.78 Ω·cm for traces              

containing 12 µm tungsten (PLA-W12) and 0.22 to 0.60 Ω·cm for traces containing 6 µm               

particles (PLA-W6). The process of aging PLA-W traces in water significantly decreased their             

volume resistivity. Tables S1 and S2 tabulate average resistivity values before and after soaking              

for times ranging from 3 to 48 hours, and Figure 2A illustrates the percent change in resistivity                 
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as a function of aging time in water. After submerging printed and dried samples in water, a                 

decrease in resistivity of about 2 orders of magnitude was observed for PLA-W12 traces and 1                

order of magnitude for PLA-W6 traces, with a final volume resistivity as low as 0.02 Ω·cm (for a                  

PLA-W6 sample). The observation that PLA-W12 samples decrease in resistivity more than            

PLA-W6 samples, with respect to their as-printed resistivity, could be explained by the fact that               

initial inter-particle distance in a composite increases with particle size.​35,36 Therefore, reductions            

in specific volume of the binder from physical aging may lead to more drastic drops in resistivity                 

before reaching a minimum, particularly since electron tunneling through the binder material is             

considered in percolation pathways.​35 However, for the same mass fraction and processing            

conditions, PLA-W12 traces would be expected to have a higher resistance than PLA-W6 traces              

due to the positive correlation between particle size and resistivity​.​28,35,36 ​The decrease in             

resistivity occurs principally within the first six hours of aging in pure water, and stabilizes over                

longer times (beyond 12 hours). It was observed with PLA-W12 samples that this process can be                

accelerated by soaking the traces in a 50/50 mixture of water and ethanol rather than pure water                 

(10-30 minutes).​19 However, in this solution, the process was noted to be somewhat unreliable as               

damage to the trace and delamination from the substrate also occurred. The origin of these               

observed resistance changes was further studied through thermal characterization of the           

composites.  

3.2 Thermal Characterization  

The presence of endothermic peaks at the glass transition temperature (T​g​) of PLA are              

observed using differential scanning calorimetry (DSC). PLA is a slow-crystallizing polymer;           

having a considerable amorphous, glassy component.​37 Although the samples were soaked in            
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solvents below the T​g of the polymer, where the kinetics of chain mobility are significantly               

hindered, molecular mobility still exists.​38 The pervasive molecular motions cause structural           

rearrangem​ent also referred to as physical aging. Physical aging is driven by the slow evolution               

of thermodynamic properties (such as specific volume, entropy, enthalpy) towards the           

equilibrium solid line.​18 Previous aging experiments with composites of PLA are conducted on             

orders of hundreds of hours.​14 The plasticizing effect of various solvents (including water) has              

been reported for PLA, which would ensure that the polymer undergoes structural rearrangement             

on much shorter time scales.​19,20,39,40 ​Lowering of glass transition is observed for unsoaked PLA              

film as well as the PLA soaked in water for 24 hours, whereas the printed trace shows no                  

depression in T​g but rather an endoth​ermic peak associated with aging in polymers. The printed               

trace is composed mostly of tungsten particles which may potentially confine the small amount              

of PLA chains present, leading to aging in the print and not the plasticization shown for the pure                  

PLA film (Figure 2B).  
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Figure 2: a) Decrease in volume resistivity of printed traces as a function of time aged in RO                  
water. b) DSC heating run of pure PLA film (unsoaked and soaked for 24 hours in water) and                  
printed trace (unsoaked); c) DSC heating runs indicating the increase in aging of PLA-W12              
traces in water as soak time increases; d) DSC heating runs indicating aging of PLA-W12 printed                
traces in a mixture of ethanol and water soaked for varying amounts of time; e) DSC heating                 
runs indicating the increase in aging of PLA-W6 traces in water as soak time increases. f)                
Microstructure of pristine and aged PLA-W6 traces. 
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Longer soaking times of PLA in water leads to more aging,​20 which has been corroborated by our                 

results (Figure 2C and E). The increase in enthalpy values, indicated by the endothermic peaks,               

with increasing soak time suggests that the polymer continues rearranging in the printed trace.              

Prior to aging, the PLA occupies a larger specific volume in the substrate, leading to higher                

resistance. Aging of PLA reduces the specific volume,​41 suggesting closer packing of the             

tungsten particles. The printed substrate was also exposed to another solvent system (ethanol +              

water), albeit for a shorter time, to confirm solvent assisted aging. Endothermic peaks, without a               

depression in T​g​, in this solvent system also indicate aging in the printed traces, which confirms                

that solvent assisted physical aging does occur in the printed traces. Exposing PLA to ethanol               

causes softening of the polymer leading to chain mobility and realignment​19 which manifests as              

physical aging. (Figure 2D). Changing particle size also affects how the confined polymer ages              

as observed in the heat of fusion and rate of aging. Compared to 12 µm particles (Figure 2C),                  

traces printed with 6 µm tungsten particles (Figure 2E) show rapid aging with higher enthalpy               

values as has been indicated in Table S3. 

3.4 SEM and ESI Mass spectrometry results 

Scanning electron microscope (SEM) images were taken for both ​pristine and aged traces             

(see Figure 2F for PLA-W6 microstructure, see Figure S2 for all images). Inter-particle structural              

changes, such as sintering, were not apparent in these images. The reduction in specific volume               

associated with aging has been well reported for PLA,​42 as well the effect of enhanced physical                

aging due to hydration.​20 SEM images of both PLA-W6 and PLA-W12 traces show a lack of                

long range (crystalline) order after carrying out the solvent aging process. The absence of visible               
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crystalline domain buildup, as seen by SEM, along with lack of a melting peak in DSC confirm                 

aging in PLA, rather than annealing.  

Volume shrinkage due to physical aging of polymers has been reported earlier,​43            

including for PLA​44 and its composites.​14,16 Measurements of the outer dimensions of the             

conductive traces before and after soaking showed no obvious change. However, cross-sectional            

SEM analysis revealed an apparent increase in the presence of voids in the microstructure of the                

trace after soaking. This could suggest that the reduction of specific volume is manifested as               

internal contractions of the PLA matrix leading to the clustering of W particles, and a               

corresponding increase in conductivity. 

Waters MassLynx 4.1 software was used to analyze the spectra resulting from ESI mass              

spectrometry for the presence of possible chemical compounds in the water used to age PLA-W               

samples. By comparing the resulting spectra to spectra for possible compounds, the presence of              

lactic acid in the water was confirmed with the positive spectra (see Figure S3 for the spectra).                 

ESI has been used in previous literature to confirm the presence of lactic acid oligomers in                

solutions that were used to soak PLA packaging.​45 Lactic acid in the water confirms that               

hydrolysis of the PLA is occurring simultaneously to the solvent assisted physical aging. As an               

extension of this observation, hydrolysis is likely one of the causes of the eventual failure of the                 

trace during degradation studies. In addition, this observation suggests another possible          

mechanism that could contribute to the increase in conductivity observed when the sample is              

soaked in water for extended times, since an acid solution may etch the native oxide layer from                 

the tungsten particles, potentially leading to increased particle-particle contact. 
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3.5 Degradation Studies 

Transient conductive traces consisting of metal particles and a biodegradable binder will            

eventually degrade as a result of two main failure modes: hydrolysis and/or dissolution of the               

binder, and oxidation and dissolution of the conductive particle in the presence of water. Current               

soil biodegradation tests of polymers typically rely on controlled composting methods or actual             

burial in soil with experimental timescales ranging from several weeks to months.​27,46–48 Factors             

such as mass, mechanical strength, crystallinity, CO​2 evolution, and/or molecular weight are            

measured afterwards. These time scales prohibit rapid iteration of sensor design and materials.  

Under expected environmental conditions, the binder will be degraded and then           

solubilized with the help of extracellular depolymerase produced by microbial activity. The            

tungsten particles are then released, exposing their full surface area, allowing them to dissolve              

more rapidly in water. Therefore, in order to develop an accelerated degradation testing             

methodology, we chose to separate the two processes into extreme oxidative conditions:            

accelerated by the presence of hydrogen peroxide and extreme hydrolytic conditions or            

accelerated by the presence of an enzyme.  

In deionized water at room temperature, sputter deposited tungsten has been shown to             

dissolve at a rate of 1.7x10​-3 µm/h, while CVD tungsten has been shown to dissolve at 3x10​-4                 

µm/h, which suggests complete dissolution times (in RO water) for 12 µm particles on the order                

of 100 days.​3 Furthermore, it is expected that the presence of binders such as PLA will decrease                 

the tungsten dissolution time by reducing available solvent/metal surface area. While these            

degradation times are suitable for many soil monitoring applications, for iterative experimental            

studies, accelerated characterization is desirable. In order to rapidly study the binder impact on              
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degradation of the tungsten trace, tests were carried out under oxidative conditions by             

submerging tungsten powders and the printed and solvent aged ​traces (without their respective             

substrates) in a beaker of room temperature 30% hydrogen peroxide and stirring it on a hotplate                

at 42° C (n=3 per sample per time).  

Under these conditions, 100 mg of agitated tungsten powder is completely dissolved after             

about 120 minutes (see Figure 3A), with PLA pellets showing negligible change in mass over a                

span of 2 hours. For PLA-W traces initially containing roughly 100 mg of 12 µm W, 22%                 

remained after 2 hours, and for traces initially containing roughly 100 mg of 6 µm W, 10%                 

remained. These results are illustrated in Figure 3A, and demonstrate that, as expected, the              

presence of binder in the composite trace slows dissolution. Measurement errors for powder             

samples could have resulted from loss of remaining powder while decanting hydrogen peroxide             

and water used for rinsing. Errors for composite traces likely resulted from variations in trace               

geometry. ​While hydrogen peroxide is known to eventually degrade PLA,​49 negligible           

degradation is seen at this time span and temperature.  

 

18 

 



 
Figure 3: a) Mass loss studies of 100 mg tungsten powder and 100 mg of printed and aged                  
PLA-W traces. b) Resistance behavior of PLA-W6 prints in water, hydrogen peroxide, and             
enzyme. c) Resistance behavior of PLA-W6 ​prints observed in 37 °C air and room temperature               
water over a week. 
 

Degradation of printed traces was also evaluated by carrying out studies tracking their             

resistance under accelerated conditions. Samples 150 mm in length ​and approximately 2 mm             

wide were printed on glass, vacuum dried, aged for 24 hours, re-dried for at least 48 hours, and                  

placed in beakers containing appropriate fluids at the desired temperature (37 °C) and the              

resistance was monitored over time.  
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Figure 3B shows the typical behavior of 3 different PLA-W6 traces in 37 °C pre-warmed               

RO water, hydrogen peroxide, and proteinase K enzyme and buffer solution. ​As expected, the              

trace placed in H​2​O​2 failed relatively quickly due to oxidation and dissolution of the tungsten,               

with normalized resistance approaching open circuit within approximately 15 minutes. The           

normalized resistance of the trace placed in enzyme/buffer solution approached an open circuit at              

about 80 minutes, with the submerged portion of the trace visibly disintegrated. Note the initial              

tenfold increase in resistance of the trace in pre-warmed RO ​water. This sample was removed               

from water after approximately 24 hours and dried in the vacuum oven for another 48 hours. The                 

process of re-drying this sample brought it back to below its starting resistance, implying that the                

main mechanism leading to increased resistance at these time scales is likely swelling and aging,               

rather than hydrolysis.  

PLA-W6 traces (n=3 per point, per experiment) were ​also placed in room temperature             

water and in air at 37 °C (see Figure 3C) and monitored for at least a week. The traces placed in                     

room temperature water experienced an initial 27% jump in resistance within the first day, and               

slowly increased to 87% above initial resistance over a total of eight days. Re-drying these               

samples significantly reduced the resistance, likely due to the fact that aging occurs at a much                

slower rate at lower temperatures.​38 PLA-W6 traces ​only increased in resistance by ​an average of               

1% after being placed in 37° C ambient ​air for seven days, suggesting that increases in resistance                 

in warm water were not caused simply by increase in temperature. 

4.0 Soil Moisture Sensor  

Soil capacitance is a common indicator of soil moisture and has been utilized for this               

purpose for a few decades.​50–52 An advantage of using capacitance rather than resistance is that               
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electrodes do not have to be exposed to the soil. Thus, corrosion and electrolysis is not a concern.                  

A single 260 mm ​trace of PLA-W12, approximately 2.5 mm wide, was printed in one operation                

on an FDM PLA substrate, and the end was manually cut to yield two conductors. Sensors were                 

aged in RO water for 24 hours, vacuum dried, and then wrapped in biodegradable cellulose tape                

and dip coated in solutions of PLA. Figures 4A and 4B respectively show a cross-section               

drawing and photo of a printed, fully biodegradable, soil moisture sensor packaged in cellulose              

and PLA. Figure 4C ​demonstrates the result of the tests conducted with such sensors at 2 V and                  

1kHz. The test was conducted twice with Sensor 1 and once with Sensor 2, which was damaged                 

after the first run.  
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Figure 4: ​a) Soil moisture sensor cross-section; b) ​Example soil moisture sensor; and c) Results               
of example soil moisture sensor testing.  
 

5.0 Conclusion and Future Work 

We have developed PLA-based conductive biodegradable inks that can be readily printed            

with the robotic material extrusion method. Soaking ​these conductive traces in the presence of              

water and/or ethanol for a limited time aids in increasing conductivity up to two orders of                

magnitude. Loss of conductivity when traces were exposed to water tended to be partially              

reversible simply by drying. This could allow conductive traces to tolerate a limited number of               

wet-dry cycles such as those seen in soil, without significant degradation. We also demonstrated              

that degradation can be accelerated in the presence of an oxidizing agent such as hydrogen               

peroxide or esterase enzymes such as proteinase K. Future work in this area could evaluate other                

options for polymer binders [such as poly(hydroxyalkanoates)], and conductors including          

magnesium, iron or carbon. In addition, a solvent aging or annealing technique can be applied to                

other polymers that exhibit behavior similar to PLA. Optimization of encapsulating layers, and             

fabrication of fully functional printed, biodegradable, soil moisture sensors and systems will also             

be explored.  

Associated Content 

Flow curves for PLA-W6 and PLA-W12, volume resistivity information for both inks before and              

after aging for various times, additional SEM micrographs, and ESI+ mass spectrometry results. 
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