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Sensores flexíveis autoalimentados têm grande potencial no campo 
da medicina, podendo oferecer meios de monotorização continua de 
pacientes ajudando na prevenção e diagnóstico de doenças. 
O presente trabalho explora alternativas biodegradáveis e de baixo 
custo para produção de sensores flexíveis, a partir de ácido 
poliláctico, destinados a aplicações biomédicas. 
De uma forma geral os sensores flexíveis são compostos por 3 partes 
principais: transdutores, elétrodos e substrato, 
Neste trabalho os sensores flexíveis objeto de estudo são 
constituídos por um substrato incapsulante de fita cola transparente, 
elétrodos produzidos por impressão 3D de um compósito condutor de 
ácido poliláctico dopado com negro de fumo e por 2 tipos de 
transdutores; poli-L-láctico (PLLA) e ácido poliláctico (PLA). 
Para produzir os transdutores de ácido poli-L-láctico (PLLA) e ácido 
poliláctico (PLA) foram usados dois métodos de produção: solvent 
cast e electrospinnig e recorreu-se à metodologia de corona pooling 
para alteração do seu estado elétrico. 
A resposta dos sensores a estímulos mecânicos e elétricos foi 
investigada e comparada.  
Os resultados mostram que tanto o PLA quanto o PLLA funcionam 
com base no princípio da piezoeletricidade e triboeletricidade e 
respondem a deformação mecânica, os melhores resultados foram 
obtidos pelos transdutores produzidos por solvent casting tratados por 
corona pooling. 
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Flexible self-powered sensors have great potential in the medical field, 
offering a means of continuous monitoring of patients, helping to 
prevent and diagnose diseases. 
The present work explores biodegradable and low-cost alternatives to 
produce flexible sensors, from polylactic acid, for biomedical 
applications. 
Flexible sensors are composed of 3 main parts: transducers, 
electrodes, and substrate. 
In this work, the flexible sensors object of study are constituted by an 
incapsulating substrate of transparent adhesive tape, electrodes 
produced by 3D printing of a conductive composite of polylactic acid 
doped with carbon black and by 2 types of transducers; poly-L-lactic 
(PLLA) and commercial polylactic acid (PLA) 
To produce the poly-L-lactic acid (PLLA) and polylactic acid (PLA) 
transducers, two production methods were used: solvent cast and 
electrospinning, corona pooling methodology was used to change its 
electrical state. 
The response of sensors to mechanical and electrical stimuli was 
investigated and compared. 
The results show that both PLA and PLLA work based on the principle 
of piezoelectricity and triboelectricity and respond to mechanical 
deformation, the best results were obtained by transducers produced 
by solvent casting treated by corona pooling 
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1. Context  

 

Nowadays electronic circuitry is everywhere. We use it for work, recreation, and everything in 

between, it can be inside the body like pacemakers or outside the body like smartwatches and 

smart clothes. These devices assist humans in everyday tasks and their importance cannot be 

dismissed, but this impact in our daily life is still in its infancy (as technology) and there is still a 

considerable potential ready to be exploited; current solutions need to be optimized (from different 

points of views such as efficiency and sustainability, among others) and new solutions should be 

developed. 

Contemporary advances in material sciences, brought to light the possibility of smaller flexible 

and stretchable electronic systems, which in turn allow the creation of new portable devices for 

health monitoring, new human-computer interface systems, augmented reality applications and 

more.  

Of particular interest are flexible sensors. In the broadest definition, a sensor is a device 

comprised of a base substrate, electrodes and sensing elements (transducers). Sensors purpose is 

to detect events or changes in its environment, making it available to other electronic devices for 

further processing. They can be used in a multitude of areas like medical, industry, bioreactors, 

food, agriculture, and environment. These sensors need to be small, light, cost efficient, 

disposable and sustainable, under the current pertinent needs and user friendly with fast 

response times.[1] 

According to a report on the market size and trends for flexible biosensors the market size in 

2019 was valued at 19.6 billion dollars with solid indicators of high growth in the future while 

having the medical aspect being responsible for 60 % of the total market value.[1] 

In the medical field wearable flexible sensors or biosensors have much to offer. These would 

come in the form of patches or band aids, providing seamless interface with skin or clothing 

material allowing for continuous health monitoring of a patient. Unlike traditional systems that 

offer only a snapshot of the situation, flexible sensors may bring real time monitoring to the table, 

allowing disease identification long before any major complications arise.  Continuous monitoring 

can also assist doctors with diagnosis and treatment. [2] 

These sensor devices rely on physical and chemical information. Figure 1 presents the range of 

data that can be extracted from physical properties alone [3].  
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Figure 1- Wearable physical sensors possible applications in the human body using different types of sensors 

such as temperature, strain and pressure. [3] 

 

2. Objective 

 

The objective of this work is the design and fabrication of new cost-efficient biodegradable 

flexible sensors from Poly (lactic acid) (PLA) for biomedical applications. PLA and previously 

reported piezoelectric poly-L-lactic acid (PLLA) sensors were produced using the same 

methodology. Their performance was then compared.  
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2.1.  Sensors 

 
While there are a lot of different types of sensors, for example, accelerometers, humidity 

sensors, temperature sensors, magnetic sensors, light sensors, etc. in the context of this work strain 

and pressure sensors will be the focus. As stated in context, a sensor is composed of 3 main parts: 

a base substrate, electrodes, transducers. Base substrate is the outer shell of the sensor, it holds 

the other components in place and protects them, the electrodes are responsible for transmitting 

signals in the form of electrons from the transducer to other electronic devices for further 

processing, and lastly the transducer is “a device that converts variations in a physical quantity, 

such as pressure or brightness, into an electrical signal, or vice versa.” [4]   

A majority of wearable physics based transducers being used are strain or pressure 

sensor. [5]  

Table 1 summarizes some biomedical aplications of these sensors: 

   

Table 1 - Sensing positions and its physiological relevance [5] 

Sensing Parameters  Sensing Position  Physiological Relevance  

  

  

Tensile Strain  

Hand  Finger flexibility, hand gesture  

Limb  Body Motion  

Face  Facial Expression  

Chest/Abdomen  Respiration  

Throat  Phonation  

Wrist  Pulse Monitoring  

      

  

  

Pressure  

Hand  Finger Flexibility, Hand Gesture  

Feet  Diabetic Foot, Gait Analysis  

Wrist, Neck  Pulse Monitoring  

Throat  Phonation  

Hip, Tailbone  Pressure Ulcers  

Leg, Body Surface  Pressure Control  

Skin  Dehydration  
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Transducers for strain and pressure sensing can be based in mainly four different physical 

principles, categorising them as: resistive, capacitive, piezoelectric, and triboelectric transducers. 

Resistive transducers use a conductive material and require an outside power source, they 

are described using (Eq. 1). 

 

R =
𝜌∗𝐿

𝐴
          Equation 1 

 

where, R is the resistance (ohm), ρ is the resistivity of the conductor (ohm-metre), L is length 

(meter) and A is cross-sectional area (meter2). When strain is applied the material will stretch and 

according to equation 1, this means its resistance will increase as well.[5] 

Capacitive sensors also require an outside power source and have a specific design 

requirement: parallel plate capacitor in each the electrodes are much bigger that the thickness of 

the dielectric material, to allow a stable electric field. They work the same way as resistive but 

instead are explained by the capacitance formula (Eq. 2). [5] 

 

𝐶 =
𝜀𝐴

𝑑
          Equation 2 

 

 

Where C is capacitance (Farad), epsilon is the permittivity of the dielectric layer, A is the 

electrode-covered area (meter2), and d (meter) is the distance between the electrodes. 

Built using a dielectric (non-conducting material) sandwiched between 2 electrodes, when 

the material is stretched or compressed its A (area of contact) or d (distance between electrodes) 

will change, impacting the capacitance of the system, which in turn can be measured. [5] 

Triboelectric sensors do not require outside power sources. Usually made of two distinct 

materials having opposite tendencies to acquire charges, the contact and separation motion 

between the two materials triggers charge transfer in between them. Leading to a measurable 

alternative current or voltage in the external circuit. [5] 

 The current accepted theory for this phenomenon is that when the two materials come 

into contact a chemical bond is formed between some parts of the two surfaces. Allowing 

electron flow towards charge equilibrium, upon separation atoms on one surface may have higher 

affinity to keep such electrons while atoms of the other surface have an affinity to losing electrons 
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creating two opposite charged surfaces. These charges maybe be electrons, ions, or molecules. 

[6],[7] 

Literature states four methods of operation for triboelectric sensors (Figure 2). [7] 

 

 

Figure 2 - Design requirements for triboelectric sensors[7] 

 

Contact-separation mode is the simplest form of triboelectric transducer. Two different 

dielectric materials are placed on opposite sides of each other, with a gap in between them, and 

electrodes are deposited on the top and bottom of the layered structure. Upon application of a 

force parallel to the sensor this gap is forced to close, allowing electron flow. [6],[7] 

In the linear sliding mode, two dielectric materials with opposite charge affinity are forced 

to slide in relation to the other, creating an electron flow. [6],[7] 

In relation to the single electrode mode, the electrodes are not connected to each other, 

instead one of the electrodes is grounded, and by forcing the dielectric material to touch the 

electrode or by a sliding motion, the local electrical field distribution changes creating an electron 

flow. [6],[7] 

The freestanding triboelectric-layer mode, encompasses two electrodes connected in 

between them, by sliding a dielectric material in relation to the electrodes asymmetric charge 

distributions is created, electron flow is induced to balance this asymmetry. [6],[7] 
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Finally, piezoelectric sensors also do not require outside power, because they can generate 

electricity in response to mechanical forces. These types of transducers are typically only used for 

pressure and motion sensing .[5]  

Piezoelectricity was first discovered in inorganic crystals by Jacques and Pierre Curie in 1880 

and nowadays include ceramics polymer single crystals and polymers composites. The utilization of 

piezoelectricity is considered by some ubiquitous being found in a large variety of areas including 

aerospace, security and defence, automobile and medical.[8]. For example, in the medical field they 

are part of ultrasound imaging devices and lately object of study to create micro electro mechanical 

systems or MEMS [9].  

The term piezoelectricity is used to describe dielectric materials that are able to convert a 

mechanical induced deformation into an electric charge/polarization, termed direct piezoelectric 

effect. This effect is inherently reversible meaning that a piezoelectric material will strain when 

subjected to an electrical charge/current, referred to as indirect piezoelectric effect. This effect is 

shown in Figure 3 [9], [10] 

 

 

 

 

Figure 3- Principle of operation of a piezoelectric material [9] 

 

At the atomic and molecular level, the effect is related to the crystal structure of a material 

(asymmetric polar structures) and its electrical charge equilibrium. Piezoelectric exhibit a balanced 

equilibrium between positive and negative charges, however when disturbed by a mechanical 
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stress or outside electric field, this equilibrium is disrupted by shifts in the atomic or molecular 

positions in the crystal structure, leading to a different arrangement of the charged entities (atoms, 

molecules, dipoles) resulting in a non-zero sum of the electrical charges Figure 4. 

 

 

Figure 4- Molecular response to mechanical deformation.[9] 

  

Mathematically the piezoeletric effect can be described using the following two 

equations(Eq. 3 and 4):  

 

𝐷𝑖 = 𝑑𝑖𝑗𝑇𝑗 + Ɛ𝑖𝑘𝐸𝑘 Equation 3 

 

𝑆𝑗 = 𝑠𝑗𝑙𝑇𝑙 + 𝑑𝑗𝑖𝐸𝑖   Equation 4 

 

were D is the electric displacement (Coulomb/meter2) (1x3 column vector), E the electric field 

strength (Newtons/Coulomb) (1x3 column vector), T the  Stress(Pascal) (1x6 column vector), S the 

strain (1x6 column vector), s the  elastic compliance (Newton/meter) of the material (6x6 column 

vector), Ɛ the relative permittivity (3x3 column vector) and d the  third rank tensor of piezoelectric 

coefficients (Coulomb/Newton) (3x6 column vector). The subscripts i j and k relate to force 

application directions in 3D axis and are represented in Figure 5. 

The coefficient dij is most commonly used to describe and compare piezoelectric materials, 

and  its units are Coulomb / Newton thus establishing a relationship between the applied force and 

the charge effect caused on the material. For example d33 will correspond to the electric charge 

generated in a piezoelectric material when a force is applied parallel to the Z axis, subscripts of j = 

1 to 3 are considered normal modes while j = 4 to 6 are related to shear strains. [10] 
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Figure 5 – A) Force vector directions assuming a material is placed at the origin  B) Piezoelectric coefficient matrix based 

on  [10] 

         

 

2.2. Materials for flexible sensors 

 

For usage in the medical and biomedical field, and from the mechanical point of view, it’s 

important that the elastic modulus of its components be close or equal to that of the signal of 

interest, for example non-invasive heart pulse sensors should have an elastic modulus as close to 

or below that of the skin (4,5 to 8 Kilopascal).[11]. In that way it can match skin deformation from 

blood flow. In other words, it is crucial the sensor can bend to not shield the transducer from the 

mechanical deformation of interest. 

Having good flexibility and stretching characteristics is also important to handle strain. In 

certain joints, skin stretchability strain can be as high as 30 %. If the material cannot withstand the 

strain of normal day-to-day life it will break and no longer be functional.[5] 

There are hence some materials requirements that should be considered when developing 

flexible sensors . Within this context, below some material options for each component of a flexible 

sensor are presented.  

Due to the low elastic modulus requirement for flexible sensors, polymers emerge as a natural 

answer to the problem.  

 

 

 

 

 

 

A) B) 
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2.2.1. Base Substrate 

 

The base substrate is the outer shell of the sensor and can be fabricated with silicon 

rubbers, hydrogels, cellulose fibres, and polymers. If the sensor needs to be in direct contact with 

the skin or implanted it must be biocompatible to avoid any form of skin irritation or autoimmune 

response in long term usage. [5] 

For most of the synthetic materials, elastic modulus are several orders of magnitude above 

that of the skin. To overcome this possible restriction, material engineers employ several 

techniques.  

One of them is designated as polymer chain modifications. By lengthening or increasing the 

number of side chains linked to the main backbone of the polymer, van der Waals forces (that 

represent the attraction forces between atoms and molecules) are reduced between the main 

chains.  

Another solution resorts to polymer density reduction. To reduce the polymer density, 

engineers use plasticizers like polyethylene glycol (PEG) and dissipative networks, these compounds 

interposed in between polymer connections to increase flexibility and extendibility. 

Also considered is the use of the thin film mechanics, i.e. using super thin substrates 

allows it to bend and move because strain is dissipated into micro intentional fractures within the 

material, long molecules with weak intermolecular forces are able to uncoil and slide past each 

other, without affecting the overall material integrity. [5] 
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2.2.2. Electrodes 

 

The electrodes are placed in between the base substrate and provide a pathway for electrical 

signals (mainly electron-based conductivity) to travel from the sensor to other electronic devices. 

High conductivity is desirable for low signal to noise ratio, and efficient information transport. [5] 

The electrodes of the sensor need to be able to stretch and flex as well. These can be 

constructed of metallic, non-metallic or a mix of both. In the case of metallic, they can be 

nanoparticles, nanowires or nanosheet based. In the case of non-metallic, the most used materials 

are carbon nanotubes, graphene, and conductive polymers (CP). 

In polymers, conductivity is tied to degree of crystallization. Conductive polymers have π-

conjugated backbones in their structure, sp2-hybridized atoms with alternating single and double 

bonds enable the CPs to exhibit electrical conductivity.  

Some examples of conductive polymers are: Polyacetylene (PA), polythiophene (PT), poly[3,4-

(ethylenedioxy)thiophene] (PEDOT), polypyrrole (PPy), polyphenylene, and polyaniline (PANi). 

There is also the possibility of converting natural polymers such as chitosan, collagen, fibroin, and 

gelatine into conducting polymers, using conducting fillers to form a “blend / mixture” of polymer 

and conducting material, like carbon and silver nanoparticles. [12] 

Table 2 [13] compares the conductivity in Siemens per meter of common types of conductors, 

available in the form of inks. 

 

 

Table 2 - Different types of conductive materials with corresponding conductivities. [13] 

Material Type  Ink Composition  Conductivity  

Copper  ---------  58.7 x 106 S/m  

Gold  ---------  44.2 x 106 S/m  

Carbon conductive ink  Carbon Nanotubes  1.8 × 103 S/m  

Polymer conductive ink  PEDOT:PSS**  8.25 × 103 S/m  

Nano-Silver ink  Ag particles  3.45 × 107 S/m  

Liquid metal ink  EGaIn*  3.4 × 106 S/m  
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*  EGaIn is a metallic alloy composed of gallium and indium 

**  PEDOT:PSS stands for Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate and is a 

polymer mixture of two ionomers. One component in this mixture is made up of sodium 

polystyrene sulfonate, a sulfonated polystyrene. The other component poly(3,4-

ethylenedioxythiophene) (PEDOT) is a conjugated polymer and carries positive charges and is 

based on polythiophene. Together the charged macromolecules form a macromolecular salt 

 

Polymer crystallinity affects material strength and flexibility, so an impasse arises, more 

conductivity at the cost of material sturdiness. [5] Recently, Bao. et al.[14] dopped a polymer 

poly(3,4-ethylenedioxythiophene) (PEDOT) with stretchability and electrical conductivity (STEC) 

enhancers, these enhancers help with flexibility of the  polymer while providing better ways for 

electrons movement. [5] 

Other methods that do not involve chemistry are also useful, such as deterministic 

geometry: to enhance the flexibility and stretchability of interconnects. Researchers manufactured 

the electrodes in a serpentine way that allows more freedom to stretch the electrode without 

breaking. [5] Another method designated as out of plane geometry, consists in the deposition of 

electrodes in a stretched base, upon release the base will return to its previous form and the 

electrode will assume a wavy configuration, preventing fracture upon later stretching of the base 

substrate. [5] 

A lot of variety is found for electrodes, polymers can be dopped to be electrically conductive 

without changing a lot of their intrinsic mechanical properties thus being the preferred choice for 

this work. 
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2.2.3. Transducers 

 

Transducers can be made from a lot of different materials, conductive for resistive 

transducers, dielectric for capacitive, piezoelectric for piezometric transducers but there are other 

strategies to achieve desired sensing requirements.  

A good example is the recent paper by Kim. et al. [15] that reports a fibre sensor where 

parallel conductive polymer fibres where positioned close together, when strain forces are applied 

to them, the area of contact in between them would increase, impacting the total system resistance 

making it more conductive. [5] 

Materials like carbon nanotubes, graphene, and conductive polymers can be used for strain 

and pressure sensing relying on conductivity however some polymers have been reported to display 

piezoelectricity as well.  

Piezoelectric and triboelectric transducers are the most interesting because they allow for 

self-powered and smaller sensors that require less energy to operate. 

 

2.3.  Polymers 

 

Polymers are defined as substances or materials that consist of very large molecules (many 

“mer” parts), or macromolecules, composed of many repeating units. Polymers can be natural or 

synthetic. Due to their broad spectrum of properties, polymers have currently ubiquitous roles in 

everyday life. Polymers, both natural and synthetic, are synthesized via polymerization of many 

small molecules, known as monomers. Their consequently large molecular mass, relative to small 

molecule compounds, creates unique features. Physical properties that reflect this macromolecular 

arrangement, encompass toughness, high elasticity, viscoelasticity. Also, polymers have a natural 

tendency to form amorphous and semicrystalline structures rather than organized fully crystalline 

structures (as crystals). The crystalline regions determine a lot of polymer properties, for example 

mechanical properties like strength and water permeability, the more crystalline a polymer is, the 

more packed the structure is, leading to more strength but less malleability. [16] 

Polymers can be classified into two distinct main types: thermoset and thermoplastic. 

Thermoset polymers cannot be reshaped by heat and so their form stays final after cooling, while 

thermoplastic polymers can be reshaped after heating and, therefore, are the most interesting for 

this work due to their extensive application in additive manufacturing technologies.[16] 
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Polymer environmental impact is a troubling matter and becoming even more so in modern 

times. Currently in Europe (excluding Romania, Bulgaria, and Croatia) 9 million tons of electrical 

and electronic equipment waste is produced per year. Of this amount 66% is recycled leaving 2.97 

million tons in waste fields causing pollution and contamination of natural resources[17]. Hence 

the preference for the use of more sustainable technologies and materials , as biodegradable, 

nontoxic polymers, is becoming of utmost importance. 

Polylactic Acid (PLA) is an aliphatic, biodegradable, biocompatible and thermoplastic polyester 

produced from renewable sources such as corn, wheat, and rice. It is FDA approved and sees use in 

the biomedical field in biodegradable and absorbable products, as for example stents.[18] After 

hydrolysis, PLA is biologically degradable by common microorganisms. Only in an industrial 

composting facility are the high temperature (60 °C) and humidity required for the hydrolysis. The 

glass transition temperature of PLA is around 55 °C so it will be thermally stable when in contact 

with skin (≈ 37ºC).[8] It is  usually produced by ring-open polymerization (ROP) of lactide or direct 

polycondensation of the monomer lactic acid.[19], [20]  

Lactic acid is a chiral molecule (Figure 6), that gives origin to two types of lactic acid 

monomers called enantiomers: L-Lactic Acid and D-Lactic Acid.[19],[20] 

 

Figure 6- Chiral monomers of lactide Acid, A) L-lactide acid B) D-lactide acid adapted from [21] 

This chiral property gives origin to several stereoisomers: pure poly-L-lactic acid (PLLA), 

pure poly-D-lactic acid (PDLA) and poly-D, L-lactic acid (PDLLA), Figure 7 provides an overview of 

the production steps for these compounds.[21],[22] 

 

A) B) 
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Figure 7- Synthesis of PLA adapted from[23], racemic (rac) -  meaning equal amounts. 

 

 

PLA therefore is an umbrella term that refers to a family of polymers.  

The ratio of each stereoisomer in the final polymer influences its mechanical properties. 

Both PDLA and PLLA are semicrystalline when their purity is over 90% and amorphous when below 

while PDLLA is amorphous. [19],[21] Table 3 summarizes some physical – chemical properties of 

these materials. 

PLA crystals can grow in 3 structural positions namely α, β, and γ forms. They are 

distinguished by different helix conformations and cell symmetries, which develop upon different 

thermal and/or mechanical treatments. The α form grows upon melt or cold crystallization (below 

120 ºC)[24], the β form develops upon mechanical stretching of the more stable α form, and the γ 

form, which has been recently reported to develop on a hexamethylbenzene substrate. [19] 

Commercial PLA typically exist as an amorphous copolymer containing PDLLA and traces of 

PLLA[25].  
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Table 3 - Mechanical properties of the PLA family [19] 

                                                                                                     Type of polymer   

Properties  Unit  PLA (96 L : 4 D) PLLA  PDLLA  

Polymer density  g/cm3       1.25 1.24-1.30  1.25-1.27  

Tensile Strength  MPa     59 15.5-150  27.6-50  

Tensile Modulus  GPa    0.350  2.7-4.14  1-3.45  

Ultimate Strain  %     7  3.0-10.0  2.0-10.0  

Glass  Transition  

Temperature  

°C     55  55-65  50-60  

Melting  

Temperature  

°C      165  170-200  ------  

Chemical Formula    (C3H4O2)n  (C3H4O2)n  (C3H4O2)n  

 

Despite PLA being quite brittle, this can be overcome by using thin film mechanics in 

which a deformation is absorbed by the amorphous section preventing material failure.  

In 1995 E. Fukada discovered piezoelectricity in PLLA films.[26]  

Nowadays this phenomenon is still mostly associated with inorganic and ceramic materials 

with the most famous being lead zirconate titanate (PZT) with a dij of 500 Picocoulomb/Newton, 

while polymers have considerably much smaller coefficients, they are in turn are more compliant 

and easier to process.  

 For polymers to show piezoelectricity some form of processing method is required to 

transform the naturally isotropic material to anisotropic. [10]. The literature reports 3 common 

treatments: annealing, drawing, and pooling. [10] 

Heat treatment or annealing is used to increase the crystalline fraction and order of the 

polymer chains as shown below in Figure 8. The required time and temperature for this process 

depends upon the material. [10] 
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Figure 8- Crystal structure alignment upon annealing based on [10] 

 

 

Drawing (Figure 9) encompasses stretching a polymer to multiple times its original size, and  

results in the alignment of the polymer chain along the drawing axis, leading to a strong degree of 

anisotropy. In polymers, this process is accommodated by the amorphous regions, however they 

drag along the crystalline regions as well. This drawing also induces changes in the crystalline phase.  

For example both in PLLA and PDVFE this strain induces phase transitions of α phases to β-

phase. [10]  

 

Figure 9 - Crystal structure alignment upon a stretching deformation based on [10] 
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The process of aligning the electric dipoles within a material by application of an electric 

field is designated as pooling (Figure 10). Pooling can be induced by directly placing two electrodes 

on the surface of the material (B) or by a process called corona pooling in which the top electrode 

is replaced with a sharp pointed electrode, when high voltage is applied, an ionization area forms 

around this tip forming ions, these ions are then accelerated towards the sample depositing their 

charge on the surface of the material. To assist dipole rotation this process is usually applied with 

the help of temperature. [10], [27] 

 

Figure 10- Rotation of dipoles in a polled material. A) Unpoled material B) Direct Polling C) Corona Pooling based on [10] 

 

Below the dij coeficient and colum vectors of PLLA and another common piezoeletric non 

biodegradable polymer: polyvinylidene fluoride-trifluoroethylene (PVDFE-TrFE), are shown (Figure 

11) [10] 

 

 

Figure 11- Piezoelectric coefficient of PLLA and PVDF-TrFE based on [10] 

 

 
 
 
 
 
 



27 

 

2.4. PLLA Piezoelectric Sensors  

 

Herein, four examples of PLLA piezoelectric sensors for general pressure and strain are 

summarized. All of them follow the generic design of a base substrate, an electrode and 

piezoelectric PLLA in the middle, it is important that the electrode be smaller than the PLLA layer 

to avoid contact between electrodes negating any polarization obtained (Figure 12). 

 

 

Figure 12 – Typical layer by layer design of PLLA piezoelectric sensors [28], [29], [30], [31] 

Polymer processing wise three of them were obtained by electrospinning and one by heat 

compression followed by stretching. Table 4 compares the materials used.  

These 4 examples were used as a base for methodology and design decisions in the 

following chapters to achieve a polymer sensor.   

Table 4 – Summary of PLLA sensors from literature 

PLLA Processing  

Method  

Solvents  Electrode  

Material  

Base 

substrate  

  

Year  Reference  

Electrospinning  Dichloromethane (DCM) + 

N, N- dimethylformamide  

(DFM)  

Solution mix of (30%/70% 

vol./vol.)  

Niquel-Copper- 

Niquel 

polyester fabric  

PDMS  2017  [28]  

Electrospinning  Dichloromethane (DCM)  Gold  Polyimide  

(PI)  

2017  [29]  

Electrospinning  Dichloromethane (DCM)  Gold  Kapton  2017  [30]  

Heat Compression  

+ Drawing  

  

---  

 

Molybdenum  PLA  2018  [31]  
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2.5. Manufacturing 

 

 Extrusion-based addictive manufacturing is a computer-controlled layer-by-layer 

deposition of molten and semi-molten polymers, pastes, polymer solutions, and dispersions, using 

a movable nozzle serving as the extrusion print. After completion of a single layer, either the 

extrusion head moves up or the build platform moves down to allow for deposition of the next 

layer. Several techniques use this principle: 3D dispensing, 3D micro extrusion, 3D microfiber 

extrusion, 3D fiber deposition, fluid dosing and deposition, 3D plotting, and fused deposition 

modeling (FDM).[32] 

FDM or fused filament deposition (Figure 13) is a technique where a thermoplastic 

polymer is melted slightly above its melting temperature and extruded, this polymer can be 

compounded with fillers, fibers, dyes, and other polymer additives.  

 

Figure 13- Fused deposition modeling 3D printer schematic [33] 

Being a layer-by-layer process, incomplete fusion of polymers in between layers translates 

to weak macroscopic surface adhesion that will dictate mechanical properties, layering is also 

accompanied by surface roughness and porosity. [32] 

Some FDM extrusion parameters include material rheology, nozzle and print bed 

temperature, build speed and part shape,  nozzle design, melt viscosity, crystallization rate, path-

planning, and part orientation. [32] For example, print bed temperature affects material 

adhesion, build speed influences the quality of the printed part, more complex shapes require 

smaller print speeds. [32] 

Processing parameters must be optimized for individual polymer systems. [32] 
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Among the large variety of engineering thermoplastics applied in FDM, acrylonitrile-

butadiene-styrene (ABS) copolymers, PLA, polycarbonate (PC), and polyamides (PA) represent the 

most prominent ones. [32] 

 
 

2.6. Biomedical Applications 

 

In this chapter two different potential applications for self-powered sensors are discussed. 

 

Diabetic Foot 

 

 Diabetes Mellitus (DM) is a progressive endocrine disease with no known cure and is one 

of the top ten causes of death in the world in the 21st century. The impact of diabetes has been 

steadily increasing worldwide. It has been estimated by the International Diabetes Federation 

(IDF) that there were 451 million people with this disease in 2017.[34][35] 

The World Health Organization also reported an increase from 108 million cases in 1980 

to 422 million in 2014, with a rapid increase occurring in low-income countries. This increase in 

the rate of new cases, every day has led the IDF to predict 642 million cases of DM by 2040, if 

nothing is done to curb the disease.[34] 

DM is explained by a set of metabolic disorders characterized by chronic hyperglycemia 

resulting from defective secretion of insulin by the body, or the absence of its production. In the 

long term, it can cause severe damage to the vascular system, causing damage to the eyes, 

kidneys, and lower limbs, among others. [34] 

Peripheral vascular disease in diabetics leads to plaque formation and accumulation, 

resulting in a reduction of blood flow, depriving nerve cells of oxygen leads to their death and the 

onset of diabetic neuropathy. Neuropathy refers to a loss of sensation, particularly in the lower 

limbs, with the patient being unable to respond to physical stimuli such as pressure. This can lead 

to the patient injuring his or her own limb without realizing it. Since blood circulation is 

compromised, there is edema installed caused by fluid retention, deformities and calluses begin 

to appear. Diabetic foot ulcers appear with the progression of this chain of events and may 

culminate in limb amputation. [34] 

  About 84 % of amputations in diabetics are preceded by the appearance of ulcers, and 

15% of the population with diabetes develops foot ulcers. The population between the ages of 40 
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and 70 is the most prone to develop diabetic foot. However, from a healthy foot to amputation, 

the foot goes through different phases (1-5), with very specific characteristics.  

  Stage 1 corresponds to a normal/healthy foot, in stage 2, called the foot at risk, at least 

one of the factors leading to ulceration must be present. Neuropathy, ischemia, deformity, callus, 

and edema are the key factors of ulceration. A foot with an ulcer is already in stage 3, but if it 

becomes infected (presence of infectious cellulitis), the foot progresses to stage 4. Finally, there is 

stage 5 (necrotic foot) with the presence of cell death, if this is very extensive the only option is 

amputation.[36] 

Pressure sensors can help diabetic patients identify and prevent potential complications such as 

feet ulcers by continuously monitoring the pressure distribution across the foot. 

Currently, the global market has already found solutions for these types of patients.  

Orpyx®, a Canadian company that manufactures and sells custom smart shoe insole systems 

(Figure 14) is one example.  

 

 

 

Figure 14 - Orpyx® sole wireless communication [37] 

 

The insole is placed in any ordinary shoe and is equipped with strategically placed 

pressure sensors and wireless communication equipment, which can monitor and send warning 

signals to the user's mobile phone or smart watch when the pressure reaches critical levels.  

Sensor locations are based on the areas of most pressure during locomotion and standing 

(Figure 15). 
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Figure 15 A- Pressure distribution on foot based on[38] B- Sensor distribution on Orpyx® sole [39] 

 

The non-biodegradable sensors made from polyester dopped with conductive material 

such as gold, constantly record pressure in the range from 0.13 to 15 Kilopascal and operate 

according to the resistive principle [40]. When the pressure value surpasses 4.2 Kilopascal, value 

that potentially leads to damage of tissue, a warning is transmitted to tell the user to rest or relief 

pressure of said foot.[39] 

These devices work on average 2 to 3 days before needing to recharge and cost around 

170€ . [37][41] 

 

 

 

 

 

 

 

 

A) B) 
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Motion sensing 

 

 Another more experimental application for flexible sensors is the capturing of motion and 

gestures, for computer system - human interfacing. These systems capture movement, for example 

a finger joint, and translate it into an electrical signal that can be processed by a computer system. 

[42] 

 From a medical point of view these can be used to track joint or muscular movements in an 

injury recovery setting, or help disabled people interact with virtual applications.[43] 

 There has been already reported systems that depend upon inertial measurement systems, 

these systems utilize accelerometers, gyroscopes, and magnetometers sensors to track such 

motion. Piezoelectric and triboelectric sensors are advantageous because they are self-powered 

leading to cheaper, smaller and more efficient products. [42] 

 Yiin-Kuen. et al. produced a flexible piezoelectric sensor based on PVDF, gold (au) and 

polyvinyl chloride (PVC) substrate with dimension 5 cm × 2,5 cm × 75 μm, the authors used an 

electrospinning technique: direct-write near-field electrospinning (NFES) to directly deposit 

micro/nano fibers (MNFs) into the PVC + Gold electrode bed, this assembly was then sealed with 

a layer of polydimethylsiloxane (PDMS). The sensors where then distributed along a glove at the 

joint points to create a motion sensing glove (Figure 16). [43] 

 

 

 

Figure 16 -A) Piezoelectric sensor design using PVDF Micro/Nanofibers for transducer, Gold for electrodes and PDMS for 

base substrate  B) Glove sensor distribution [43] 

 

A) B) 
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By connecting the sensors to reading apparatus the researchers could detect voltage 

peaks upon hand motion (Figure 17). 

 

 

 

Figure 17- Motion glove voltage response upon finger movement (open and closing)[43] 
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CHAPTER III 

MATERIALS AND METHODS 
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3.1. Materials    

 Materials used in the production of the sensors are:  

-PURASORB PL 38 Poly (L- lactide)  from Purac with a molecular weight of 674 

Kilogram/mole that will be further in referred to as: PLLA;  

-PLA NatureWorks 3251D from NATURAL with a molecular weight of 55.4 Kilogram/mole 

that will be further in referred to as: commercial PLA;  

-N,N-Dimethylformamide(DMF) ≥99.9% from Sigma-Aldrich CAS Number:68-12-2; 

-Dichloromethane(DCM) ≥99.9%  Sigma-Aldrich CAS Number:75-09-2;  

-Protopasta PLA conductive composite of PLA mixed with carbon black Ref: CDP11705.  

 

 In electrospinning, commercial PLA and PLLA were dissolved in 30%/70% 

(Volume/Volume) DMF mixed with DMC.  

For solvent casting, commercial PLA and PLLA were dissolved in only DMC. 

  

3.2. Experimental setup  

 

In this chapter the production and characterization of the built sensors is explained. First 

the six transducer polymers based on PLLA, and commercial PLA were produced by the following 

techniques: electrospinning, solvent casting, and solvent casting plus corona pooling, with the 

goal of comparing which technique leads to best performing sensors. This transducer polymers 

were further characterized by SEM, DRX and thickness measurements. Next electrodes built from 

Proto-pasta conductive PLA were designed and 3D printed.  

Lastly eight sensors were produced and tested using an oscilloscope. Figure 18 

summarizes the steps taken.    
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Figure 18- Schematic representation of the experimental process used for the development of sensors for diabetic   foot 

prevention and motion sensing. 

3.3.  Methods 

 

3.3.1. COMSOL Simulation 

 

The first step of this work was a PLLA sensor simulation using COMSOL. 

COMSOL is a computer software used to simulate real world engineering and scientific 

problems, it uses an interactive environment for modeling and simulation.[44] 

 It relies on the finite element method, in which a large model is divided into several smaller 

parts elements or “meshes” that are simpler to calculate and when summed together represent 

the whole object.[45] 

In the context of this thesis COMSOL was used to simulate the response of a solid and 

uniform sheet of piezoelectric PLLA, with the following dimensions: 30 mm x 30 mm x 0.2 mm to 

which an applied normal force from 0 to 100 Newton was applied and the generated electric 

potential simulated (Figure 19).  
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Figure 19 – A) Simulated PLLA film B) Applied force direction used in the simulation  

 

COMSOL comes with a large library of materials ready to be simulated however PLLA is 

not one of them, the information required for simulation had to be manually inputted. For this 

simulation it required the density of the material, the piezoelectric coefficient (dij), material 

permittivity and compliance matrix. These values can be found in the annex. 

 

 

 

3.3.2. Electrospinning 

 

 Electrospinning (Figure 20) is a technique where electrical forces are used to produce 

fibers with diameters ranging from 2 nm to several micrometers, materials used are usually 

polymers, natural or synthetic. The principle of the technique is based on a melted or dissolved 

polymer being pushed through a syringe needle(spinneret) to which a high voltage(1-30 Kilovolt), 

but low current is applied.[46] 

This applied electrical field interacts with the dissolved polymer liquid pulling it towards a 

collector. 

When the electrostatic repulsion force overcomes the surface tension of the liquid a 

conical shape known as Taylor cone is formed and a continuous stream of polymer is ejected. [47] 

Taylor cones are controlled indirectly by tunning flow rate and applied voltage. While the 

polymer travels towards its target, namely the collector, its accompanying solvents are 

evaporated leaving only the polymer. [47] 

A) A) 
B) 
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Figure 20 - Electrospinning principle based on [47] and [48] 

This target is usually an aluminium foil, and the fibbers created are randomly orientated, 

but strategies have been created to try and align such fibbers, for example to have the collector as 

a cylinder (mandrel) and rotate it at high RPM (rotation per minute). [47]   

Electrospinning results are impacted mainly by three types of parameters: solution, 

processing and ambient.[48] 

The most important solution parameters are viscosity, polymer concentration, molecular 

weight of polymer and electrical conductivity of the solution. In terms of processing parameters of 

relevance are the applied voltage, distance between tip and collector and feed rate. The air 

humidity and temperature also affect the electrospinning and can be controlled. 

For this work, firstly both commercial PLA and PLLA where dissolved in DCM for 1 hour, 

after complete polymer dissolution DMF was added; this compound increases the solution 

electrical conductivity thus increasing liquid surface charges enabling high attraction forces caused 

by the electrospinning electric field, producing better quality fibbers [49] The dissolved polymer 

was then placed in a syringe and Fluidnatek LE-10 was used for electrospinning. A rotating collector 

covered with aluminium foil was used to collect the fibbers (Figure 21). 

 

 



39 

 

 

Figure 21- Electrospinning Setup, Fluidnatek LE-10 

Table 5 summarizes the conditions used for both polymers, the methodology for this 

fibers was based on [28] and [27] and adapted to obtain a stable taylor cone.  

 

 

Table 5 – Processing condition for PLLA and Commercial PLA fiber production  

Polymer  Commercial PLA  PLLA  

Solvents  DCM + DMF (70%/30% mix 

vol./vol.)  

DCM + DMF (70%/30% 

mix vol./vol) 

Polymer Concentration (%)  

(w/v)  

4  4  

Feed Rate (ml/h)  10  10  

Distance between tip and 

collector (cm)  

10  15  

Mandrel (rpm)  1800  1800  

Applied Voltage (kV)  18  11  

Air Humidity (%)  51  54  

Total volume used (ml)  3  3  

 

Syringe tip Rotating collector mandrel 
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3.3.3.  Solvent Casting 

 

Solvent casting is a century old technique aimed at the production of thin polymer films 

that saw its beginning in the photography industry. In this technique a polymer is dissolved in a 

solvent and afterwards placed on a mould to dry, resulting in only the polymer. The drying and 

dissolving part can be aided by high temperatures. Industrially the production process includes 4 

steps: preparation of raw materials, blend preparation, film casting and solvent recovery.[50] In 

this work only the first 3 steps were performed, without solvent recovery. 

 PLLA and commercial PLA where mixed with DCM inside a beaker to a concentration of 2 

% weight/volume. DCM has a low boiling point of 39,6 ºC and hence the beaker had to be covered 

with parafilm to prevent evaporation. The solution was allowed to dissolve for 1 hour using a 

magnetic agitator at moderate speed to promote dissolution and homogeneity (Figure 22).  

 

 

Figure 22- PLA dissolution using DCM 

After complete dissolution, 5 milliliters of each blend were poured and evenly spread into 

a 95-millimeter diameter petri dish with the help of a graduated pipet and left to dry at room 

temperature (20-22 °C) inside an air flow chamber (Figure 23). Upon complete solvent evaporation 

the films were removed and placed inside plastic bags.  

 

DCM + Polymer Solution 

Agitator Magnet 

Magnetic stirrer 
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Figure 23 – Petri Dish containing 5 ml dissolved polymer 
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3.3.4.  Corona Pooling 

 

Corona pooling was performed using a lab-built corona pooling chamber. Samples are 

placed directly beneath a sharp electrode and subjected to a high electrical field with no current. 

This electrical charge ionizes the ions arround the electrode tip and accelerates them towards the 

sample. These ions deposit their charge on the sample polarizing it.  

For this work both solvent cast PLLA and commercial PLA film were subjected to corona 

with the goal of inducing piezoelectricity.  

The methodology was based on the work of [27], the sample was placed inside a petri dish 

and directly below a sharp brass tip electrode (Figure 24 A). This sample was then heated to 80 °C 

and the electric field turned on to 10 Kilovolt, after 30 minutes the heat was turned off to allow it 

to cool while the field remained on (Figure 24 B). This was to ensure any dipole movement stayed 

locked and didn’t revert to a previous state while cooling.  

 

 

 

Figure 24 –A) Corona Pooling set up B) Sample exposure time to Corona Pooling  
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Table 6 summarizes the conditions used for the process.  

 

Table 6 – Parameters used for corona pooling 

Polymer  Commercial PLA  PLLA  

Solvents  DCM  DCM  

Polymer Concentration      

(%)(weight/volume)  

2  2  

Corona discharge duration (min)  30  30  

Temperature (ºC)  80  80  

Applied Voltage (kV)  10  10  

Applied Current (A)  0  0  

 

 

3.3.5. SEM Micrography 

 Scanning electron microscopy (SEM) is a technique that uses electrons to produce 2D 

images of the surface of a sample.[51],[52] 

Electrons are generated at the top of the column, accelerated down, and passed through a 

combination of lenses and apertures focusing the beam of electrons which hits the surface of the 

sample (Figure 25). The sample is mounted on a stage in the chamber area and usually both the 

column and the chamber are evacuated by a combination of pumps to create vacuum. The level of 

the vacuum will depend on the design of the microscope.[51] 

The position of the electron beam on the sample is controlled by scan coils situated above 

the objective lens. The coils allow retargeting of the beam over the surface of the sample. [51],[52] 

As the electrons interact with the sample, they produce secondary electrons, backscattered 

electrons, and characteristic X-rays. These signals are collected by one or more detectors to form 

images which are then processed by a computer forming an image. The electron beam can 

penetrate the sample surface up to a few microns, depending on the electron acceleration voltage 

and density of the sample. Typically, modern full-sized SEMs provide resolution between 1-20 

Nanometer.[51],[52] 
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Figure 25 - SEM operating principle based on  [53] 

SEM images were taken of the 6 polymer films using a Hitachi S4100 and an accelerating 

voltage of 15 Kilovolt. Before the measurement a layer of carbon was deposited on the films to 

improve conductivity of samples and provide better images.  
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3.3.6. X-RAY Difraction 

X-ray diffraction (XRD) is technique used for characterization of crystallographic materials, 

its simple, reliable and a nondestructive technique. XRD is used to determine crystallite size, lattice 

strain, crystal orientation and chemical composition[54] 

  Crystalline materials are characterized by a periodic arrangement of atoms. When 

irradiated with X-rays at fixed wavelengths, the electrons interact with the radiation and undergo 

an elastic collision to make them oscillate. The electron cloud acts as a secondary source to 

generate a coherent source of electromagnetic radiation at the same frequency and phase as that 

of the incoming X-ray. The radiation emitted from different atoms will undergo constructive or 

destructive interference. For constructive interference, the diffraction peaks are measured, 

recorded, and analyzed to calculate the desired set of crystal properties. Constructive interference 

follows Bragg’s law, while destructive interference disobeys the same. 

The process is schematically shown in Figure 26, where the sample is exposed to an X-ray 

of wavelength (λ) at an angle θ with the tangential surface, which undergoes diffraction and is 

detected at an angle of 2θ.  

 

Figure 26 – Schematic representation of DXR analysis [54] 

Bragg´s law (Eq. 5) is then used to characterize the spacing in between two consecutive 

crystal planes parallel to the samples surface.[54] 

 

2𝑑𝑠𝑖𝑛Ө = 𝑛𝜆       Equation 5 

 

Were n is an integer, λ is the wavelength of the X-ray, d is the distance between the atomic 

planes, and θ is the angle of scattering.[54] 
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All six produced films were subjected to XRAY using a DRX X`Pert Pro from PANalytical, 

the diffraction angle chosen 2θ was 10 – 30 degrees and the anode material was copper (Cu).  

 

 

3.3.7. Surface Charge 

 

Surface charge of the polymer films were studied by connecting a Faraday cup to an 

electrometer (Keithley 6517B). Using a plastic tweezer, a sample of polymer film with known 

dimensions was placed at the bottom of the faraday cup (Figure 27 A) and its surface charge 

measured in Nanocoulombs, subsequently this polymer film was taken out and flipped to measure 

the other side of the same polymer film.   

 
 
 
 

 
 

Figure 27 - Surface charge measurement Setup.  A- Faraday Cup B- Keithley 6517B 

 
 
 
  

A B 
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3.3.8. Electrode production 

 

   Electrodes for the sensors were produced using FDM, a 3D printing technique using 

electrically conductive PLA composite, measuring 1.75 mm filament from Proto-pasta obtained by 

blending PLA with carbon black, a derivative of carbon. Proto-pasta reports a resistivity of 30 

ohm∙cm in the X and Y planes and 115 ohm∙cm in the Z plane.[55] 

Firstly, the electrodes had to be drawn using computer assisted drawing (CAD), 2 electrode 

designs were created, one for diabetic foot pressure sensing (Figure 28, Figure 29) and another for 

joint motion sensing (Figure 30). 

 

 

 

Figure 28 – Diabetic Foot pressure sensor design, dimensions in mm 
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Figure 29 – Close up on the strips dimensions in mm 
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Figure 30 – Motion sensor design, dimensions in mm 

 

 The chosen size and shape for the diabetic pressure sensor fits well inside an adult shoe, 

and allow for easier testing. For the Motion sensor, its dimensions were chosen by measuring a 

finger joint and making the sensor slightly bigger. Both designs have a 0.2 mm thickness, this was 

the lowest value in which reliable electrode 3D prints could be executed in the used printer (Anet 

A8). 

Next the CAD models needed to be “sliced” or translated into G-Code, a programing 

language that 3d printers are able to read, for this step a software named Cura was used.  

 Lastly the electrodes where printed using an Anet A8 3D (Figure 31) printer using 215 °C for 

nozzle temperature and a print speed of 25 mm/s and a bed temperature of 60 °C, the bed was also 

covered in painters tape for improved adhesion of the filament to the bed. This conditions are based 

on Proto-Pasta manufacturers instructions. [55] 

For the diabetic foot pressure sensure a nozzle measuring 0,8 mm in diameter was used, 

this diameter being bigger than the piece thickness (0,2 mm) means that the filament was squished 

against the bed upon printing leaving no air pockets in the final part, this allows for bigger contact 

area with the processed polymers. For the motion sensor a 0,4 mm nozzle diameter was used.  
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Figure 31 – Anet A8 3D printer.  
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3.4.  Sensor Construction 

 

 In total eight sensors were produced, 6 for diabetic foot sensor and 2 for joint motion 

sensor (Figure 32). Commercial PLA refers to PLA NatureWorks 3251D from NATURAL and PLLA 

refers to PURASORB PL 38 Poly (L- lactide)  from Purac. The materials chosen to produce the 2 joint 

motion sensors were based on the result obtained from testing the diabetic foot sensor.  

 

 

Figure 32 – Schematic representation of produced sensors 

 
 

To build the sensors a piece of processed polymer film matching the intended electrode 

shape was cut using a scissor, this piece was slightly larger than the electrodes to avoid short 

circuiting (Figure 33). An electrode was positioned above and below the cut polymer film and all 

the sensor layers were encased using translucid tape. Figure 34 and Figure 35 shows the design of 

the diabetic foot sensor and motion sensors respectively. 
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Figure 33 – Prebuilt sensor. 
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Figure 34- A- Schematic of diabetic pressure sensor B- Top view of diabetic pressure sensor 

 

 

 

 

A 
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Figure 35 - A- Schematic of motion sensor B- Top view of motion sensor 

 

 

 

 

 

A 
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3.5.  Sensor testing 

 

To test the sensors an oscilloscope (PicoScope 2207b)(Figure 36 A) was used. An 

oscilloscope is an instrument used to observe various signals, most commonly voltage or current 

but pressure and vibration can also be processed. This device was connected to a laptop and to the 

sensor by a probe (Figure 36 B). The sampling rate was set to 50 Kilosample/second.  

 

Figure 36 – A- Oscilloscope PicoScope 2207B, B- Oscilloscope Probes connected to the sensor 

  

 

For the diabetic foot sensor 2 types of tests were performed: 

1 – Fast impact or “tapping” test (Figure 37)  

2 – Bending test (Figure 38) 

 

 

 

Figure 37 -Sensor Impact Test 

A 
B 
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Figure 38 – Sensor Bending Test 

For the joint motion sensor only one test was executed, the sensor was placed over the 

index finger proximal interphalangeal joint and secured in place with tape over a nitrile glove. Upon 

flexing the index finger the sensor is forced to bend as well (Figure 39).  

 

 

Figure 39 –Joint motion / flexing test 
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3.6. Electrical measurements 

   

 Dieletric permitivity and dieletric loss where measured using an Agilent E4980 LCR meter. 

The six diabetic foot sensors, one of each polymer film type and processing, were directly connected 

as built to the system using 2 aligator clips and measurments were taken at room temperature only 

variying current frequency. [56] 

Dieletric permittivity or dieletric constant (Eq. 6) relates to the permittivity of the material 

(ε), it expresses the ability of a material to polarise in response to an applied eletric field. [56] 

Mathematically it is the ratio of the permittivity of the dielectric to the permittivity of the 

vacuum. Ɛ0 is the permittivity of vacum ( 8.85×10-12 Farads/meter ) and Ɛ is the permitivity of the 

material.  

 

Ɛ` =  
Ɛ

Ɛ0
             Equation 6 

 

To calculate the permitivity of the material and because it mimics a parallel plate 

condenser, the capacitance formula can be used in which C (Farad) is capacitance, L is length of 

sample (meters) and A is area(meters2) (Eq. 7).  

 

 

Ɛ =
C ×L

𝐴
              Equation 7 

 

  Physically it means the greater the polarisation developed by a material when subjected to 

an applied field of given intensity, the greater the dielectric constant will be.  [56] 

 There are three modes of polarizations (Figure 40) electronic polarization – slight 

displacement of electrons with respect to the nucleus, atomic polarization – distortion of atomic 

position in a molecule or lattice and orientational polarization – for polar molecules, there is a 

tendency for permanent dipole to align by the electric field to give a net polarization in that 

direction. 

 Under an alternating electric field with increasing frequency the time for these molecules 

to align due their mass and size changes the dielectric permittivity value measured. For example, if 

the frequency is higher than the rate at which dipoles can realign the dielectric permittivity will be 

lower.  
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Dielectric loss result from the inability of molecules in a material to follow the frequency 

of the polarizing electric current. This is related to the relaxation time in a polymer which 

translates to the time taken by the dipoles to return to their original location. If the frequency of 

the polarizing alternating current is lower than the relaxation time then no dieletric loss should 

occur, however if it is higher then some losses are expected. [56] 

It can be determined using equation 8 in wich Ɛ`` is the dieletric loss and Ɛ` is the dieletric 

constant. [56] 

  

tan 𝛿 =  
Ɛ``

Ɛ`
          Equation 8 

 

 

 

 

 

 

Figure 40- Dielectric permittivity and loss behavior of a polar polymer when exposed to increasingly high frequencies Ɛ´-

Dielectric permittivity Ɛ´´-Dielectric loss. [56] 
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Table 7 shows the configuration values for the measurements of the 6 polymer films.  

 

Table 7 – Configuration parameters for dielectric permittivity and loss measurements  

Parameter  Value  

Applied Current (V) 1 

Electrode Size (Equivalent Diameter) (mm) 34 

Sample Thickness (mm) 0.04 

Frequency Range (Hz) 100 - 1х106 

Measurement Points           41 
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3.7.  Thickness 

 

 Thickness measurements of the films were achieved using an analog Mitutoyo micrometer. 

Because samples are thin polymer films, two cover glasses placed above and below the sample 

were used, to protect the film from deforming upon pressure from the small measuring tip present 

in the measurement system (Figure 41).  

 

 

Figure 41 – Mitutoyo micrometer 
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CHAPTER IV 

RESULTS AND DISCUSSION 
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4.1. COMSOL 

 

COMSOL simulation showed, as expected a linear positive relation between applied force 

and generated electrical potential (Figure 42). The simulation was performed using COMSOL 

piezoelectric module, no other conditions, for example temperature were configurated. 

The electric potential ranged from 0.003 to 1.2 Millivolt with an applied normal force 

between 0 and 100 Newtons.   

 

 

Figure 42 – COMSOL Piezoelectric Pressure sensor simulation.  
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Figure 43 demonstrates the electric potential generated in the PLLA surface at T = 0.9 s.  

 

 

 

Figure 43 – Electric potential of piezoelectric PLLA generated upon mechanical deformation.  
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4.2. Polymer film production 

 

4.2.1. Solvent Casting 

 

In total 4 plastic films, 2 PLLA and 2 commercial PLA, where produced using solvent casting 

and mechanically removed from the petri dishes, being placed in labeled plastic bags for further 

processing. (Figure 44) 

 

 

Figure 44- A- Solvent Cast Commercial PLA , B- Solvent Cast PLLA 

 

 

 

 

 

 

A B 



65 

 

4.2.2. Solvent Casting + Corona Pooling 

 

Two of the solvent cast films, 1 PLLA and 1 commercial PLA, where further processed with 

corona pooling. (Figure 45). Corona Pooling was performed with an applied temperature of 80 °C 

with and electric field of 10 Kilovolt.   

Upon inspection the films appear similar to each other with no particular feature visible to 

the naked eye.  

 

Figure 45 - A- Solvent Cast + corona Commercial PLA, B- Solvent Cast + corona PLLA 
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4.2.3. Electrospinning 

 

Two electrospinning films were produced one from PLLA and one from commercial PLA. 

(Figure 46) 

 

 

Figure 46 – A – Electrospinning Commercial PLA, B – Electrospinning PLLA 

  

B A 
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4.2.4. Built Sensors 

 

 Figure 47 demonstrates all produced sensors, they show relative ease of flexibility but are 

not stretchable. Figure 48 and Figure 46 is a close-up photography of the diabetic foot sensor.  

 

 

Figure 47 – Built Sensors – A – PLLA Electrospinning Diabetic foot sensor, B – Commercial PLA Electrospinning Diabetic 

foot sensor, C- PLLA solvent cast + corona motion sensor , D- Commercial PLA solvent cast + corona motion sensor , E - 

PLLA solvent cast + corona diabetic foot sensor, F - Commercial PLA solvent cast + corona diabetic foot sensor, G - 

Commercial PLA solvent cast diabetic foot sensor, H - PLLA solvent cast diabetic foot sensor 
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Figure 48 – Close up of diabetic foot sensor 
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4.3.  Polymer film characterization  

 

4.3.1. X-RAY Difraction 

 

The crystalline nature of all produced polymeric films was investigated by x-ray diffraction. 

The obtained diffractograms are presented below (Figure 49, Figure 50), crystallographic planes are 

based on JCPDS-PDF cards. 

PLLA is reported to have 3 crystalline forms. α - PLLA is the most common form, and it is 

obtained by melt or solution crystallization, it contains 2 chains with 103 helical conformation 

packed into an orthorhombic unit cell characterized by X-Ray peaks at 2Θ of: 15º for 010 planes, 

17º for 100/110, 19º for 203, 29º for 216 and 31ª for 0010[53][24]. β -PLLA crystal is obtained by 

high drawing conditions and high temperatures, it contains three 3 chains in a trigonal unit cell with 

characteristic X-Ray peaks at 2Θ of: 25º, 26.5º , 27.9º, 29.8º corresponding to 330/003 planes and 

31º corresponding to 023 plane. [53][24] Lastly γ-PLLA is obtained via epitaxial crystallization on 

ethylbenzene substrate. [53][24] 

X ray diffraction identified α - PLLA form to be present in solvent cast + corona treated PLLA 

films (Figure 49), the peaks reported by the analysis are as follows: 16.46º corresponding to 

200/110 planes, 18.76º corresponding to 203 plane, 28.65º corresponding to 216 plane and 10.11º 

an unknown peak. Peaks found correspond to a variation of α form known as α´, this α´ form is 

characterized by a pseudo-hexagonal unit cell, by a small shift in the angles of the planes and by 

the disappearing of some of the diffraction angles, this form is achieved by cold crystallization below 

120 ºC of PLLA.[24] This result matches the processing process occurred by the PLLA film.  

In the commercial PLA films X-Ray diffraction (Figure 50) also identified α - PLLA form to be 

present. The peaks reported by the analysis are as follows: 16.51º corresponding to 200/110 planes, 

18.76º corresponding to 203 plane. This peaks found correspond to a variation of α form known as 

α` [24]. This result matches the processing history of the PLA film. 
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Figure 49 – X-Ray diffraction of l PLLA obtained by solvent casting, electrospinning, and corona pooling treatment. 

 

 

 

Figure 50 - X-Ray diffraction of Commercial PLA obtained by solvent casting, electrospinning, and corona pooling 

treatment.  
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Additionally using OriginLab software peak analysis feature, the crystallization rate of 

solvent cast + corona treated PLLA film and solvent cast + corona treated commercial PLA film  was 

calculated, by integrating the area under the peaks and employing equation 9[57], returning 73% 

and 43% respectively. Because there is only one sample, no error can be calculated, in comparison 

with literature these values are quite high, Barroca et al. in similar PLLA films obtained crystallinity 

rates of 7% [27], additional measurements are needed to confirm these high crystallinity values.  

 

𝐶𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑖𝑡𝑦 𝑅𝑎𝑡𝑒 =  
𝐴𝑟𝑒𝑎 𝑜𝑓 𝐶𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒 𝑅𝑒𝑔𝑖𝑜𝑛

𝐴𝑟𝑒𝑎 𝑜𝑓 𝐶𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒 𝑅𝑒𝑔𝑖𝑜𝑛+𝐴𝑟𝑒𝑎 𝑜𝑓 𝐴𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠 𝑅𝑒𝑔𝑖𝑜𝑛
      Equation 9 

 

In electrospun films, despite X-Ray diffraction reporting no phases to be present and literature 

confirming this result, by reporting amorphism in electrospun PLLA [28],[30]. There is, however, 

some defined peaks at the following 2Θ angles (Figure 51): 

- PLLA:  16.80 º and 19.26 º correspondent to α´ phase, 22.70 º an unknown peak and lastly 

26.59º representing β phase. 

- Commercial PLA: 15.07 º, 16.92 and 19.30 º correspondent to the α´ phase, 22.55 and 

unknown peak and 28 º representing β phase. 

Therefore, in this work electrospun PLLA and commercial PLA present polymorphism and some 

degree of crystallinity containing both α´ and β. Similar results were also reported by Barroca et al. 

[27] 

  

 

Figure 51 - X-Ray diffractogram of PLLA and commercial PLA electrospun polymer film 
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 Lastly solvent cast PLLA and commercial PLA are totally amorphous showing no peaks and 

reporting no phases (Figure 52).  

  

 

Figure 52 - X-Ray diffractogram of PLLA and commercial PLA solvent cast polymer films. 

 

 

 

 

 

 

 

10 12 14 16 18 20 22 24 26 28 30

In
te

n
s
it
y
 (

a
.u

)

2 theta (º)

 Commercial PLA  Solvent Cast

 PLLA  Solvent Cast



73 

 

4.3.2.  SEM Micrographs 

 

 Below SEM Micrographs of all films are presented with 2000x and 200x. 

In Figure 53 PLLA and commercial PLA solvent cast films are shown, they appear to be 

homogeneous and relatively smooth with little imperfections.  

 

 

Figure 53- SEM micrographs of PLLA and commercial PLA solvent cast polymer films. 
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 Figure 54 shows SEM Micrographs of Solvent cast + corona films from PLLA and Commercial 

PLA. Surprisingly no crystalline structures are present, in the case of PLLA they usually present as 

spherulites with sizes ranging from 864 to 1681 micrometer despite the high crystalline index 

calculated from the samples X-Ray diffraction. This might occurred because the film was not given 

enough energy for crystallization nuclei to form used for corona 80 °C was used which is below PLLA 

melt temperature.[58] 

 

 

Figure 54 - SEM micrographs of PLLA and commercial PLA solvent cast + corona pooling polymer films 
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Figure 55 shows SEM Micrographs of electrospun films from PLLA and Commercial PLA. 

Electrospinning was not achieved in the case of commercial PLA but was achieved in PLLA 

despite both electrospun solutions having the same polymer concentration and constitution, this 

occurred because commercial PLA as a much lower molecular weight than the used PLLA (674 

Kilogram/Mole for PLLA and 55.4 Kilogram/Mole for commercial PLA) leading to a much less viscous 

solution, which in turn impacts the process turning electrospinning into electrojetting.  

 

 

Figure 55 - SEM micrographs of PLLA and commercial PLA electrospun polymer films 

 Fiber diameter of PLLA random oriented fibers was investigated using ImageJ software 
obtaining an average diameter of 2.48 micrometer (N=11) which in the same order of magnitude 
to those obtained in the work of Barroca et al. [27] and Sultana et al. [28]. 
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4.3.3. Polymer film thickness  

 

 Polymer film thickness was investigated using a Mitutoyo micrometer. Results are 

presented below (Figure 56): There seems to be a difference of arround 20 micrometer between 

PLLA and commercial PLA in all films. This could be explained by the gap between molecular weights 

of the materials, 674 kilogram/Mole for PLLA and 55.4 kilogram/Mole for commercial PLA.  

 

 

Figure 56 – Polymer film thickness 
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4.3.4.  Surface Charge  

 

 

 Figure 57 shows the surface charge measured in Nanocoulomb / centimeter^2 present in 

both sides of the produced polymer films. Results indicate that exposure to an electric field 

neutralizes some charges on the films.  

 

 

 

Figure 57 – Surface charge of produced polymer films. 
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4.3.5. Electrical Characterization  

According to literature dielectric permittivity and dielectric loss factor measurements are 

independent of crystallinity at temperatures below glass transition temperature, 45-60 for 

commercial PLA and 55-65 for PLLA. At room temperature a hot pressed 100 Micrometer PLLA film 

is reported to have between 3 and 3.5 dielectric permittivity and a dielectric loss between 0 and 

0.2 [59]. 

Polar polymers when exposed to low current frequency have a dielectric permittivity 

between 3 to 9 changing to between 3 and 5 at a high frequency while nonpolar polymers should 

have a relatively stable dielectric permittivity value that does not change with current 

frequency.[56]  

Below the dielectric permittivity and dielectric loss factor of the six produced polymers is 

shown (Figure 58, Figure 59): 

 

 

 

Figure 58 – Electrical measurements taken of Commercial PLA films – A – Solvent Casting + Corona, B – Solvent Casting     

C – Electrospinning  
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Figure 59  – Electrical measurements taken of PLLA films – A – Solvent Casting + Corona, B – Solvent Casting     C – 

Electrospinning 

 

 

From analyzing the graphs, all the polymers except PLLA electrospun show behavior similar 

to polar polymers meaning they suffer some form of dipole rotation upon polarization. 

The different results from PLLA electrospinning are perhaps caused by air trapped in 

between the fibers that alter the results. 

The best polarizing films produced were commercial PLA solvent casted, PLLA solvent 

casted and PLLA solvent casted + corona with a dielectric permittivity of ≈ 10. 
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4.3.6. Sensor Testing Results 

 

A small MATLAB script was written to plot the data provided by the oscilloscope upon 

sensor testing. As explained in section 3.5 the diabetic foot sensors (Figure 60, Figure 61, Figure 62)  

were tested by finger taping and bending the sensor. The motion sensors were just tested with 

bending (Figure 63). 

All the sensors shown a voltage response to a mechanical deformation, the best performing 

sensors were the ones produced by solvent cast + corona both PLLA and commercial PLA showing 

the biggest voltage response to stimulus.   

The obtained results indicate there are more phenomena involved in the sensor response 

than just piezoelectricity. With the COMSOL simulation for PLLA films returning response values in 

the Millivolts unit while the actual sensors response are in the Volt unit, and because there is no 

literature evidence that supports piezoelectricity in commercial PLA, it means most likely 

triboelectric phenomena is also present.  

Further analysis of the wave form frequency especially of the bending stimulus graphs 

revealed it to be 50 Hertz, this frequency is most likely from electromagnetic interference (EM) 

caused by surrounding electronics, since the measurements were not performed under any EM 

shielding.  
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Diabetic Foot Pressure Sensor 

 

 For the electrospun films (Figure 60), commercial PLA had the best performance having 

higher voltage peaks upon taping (0. 2 Volt) and bending (0.2 Volt). Likely because while 

electrospinning was achieved for PLLA, this did not happen in the case of commercial PLA where a 

film was formed instead of fibers.  

 

1

 

Figure 60 – Electrical response to stimulus from sensors obtained by electrospun polymer films. Commercial PLA on the 

left, PLLA on the right 
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 In solvent cast films (Figure 61) both sensors performed relatively equally, obtaining 

similar voltage peaks of arround 0.4 Volt for tapping. In bending PLLA films had a slight better 

response achieving 0.2 Volt while commercial PLA produced 0.1 Volt. With vending motion results 

are more conservative being in line with the other films results getting a max 0.3 Volt peak.  

 

 

Figure 61 - Electrical response to stimulus from sensors obtained by solvent cast polymer films. Commercial PLA on the 

left, PLLA on the right 
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 The best performing sensors were obtained in polymer films treated with corona pooling 

(Figure 62), having 2 Volt peaks from commercial PLA and 1.5 Volt for PLLA films. Compared to the 

other films it corresponds to a lot more response, the previous films only generated 0.2 Volt to 

0.4 Volt for tapping  

 

Figure 62 - Electrical response to stimulus from sensors obtained by solvent cast + corona polymer films. Commercial PLA 

on the left, PLLA on the right 

 

 The difference between tapping and bending voltage outputs stems from the given 

energy to the system, tapping transfer substantially more energy to the sensor than bending.  
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Motion Sensor  

 

 Motion sensor data is shown below (Figure 63). Both sensors showed response to joint 

movement, obtaining 0.2 Volt for commercial PLA and 0.1 for PLLA. PLLA shows much less 

background noise than commercial PLA.  

 

 

Figure 63 – Electrical response to stimulus from motion sensors obtained by solvent cast + corona polymer films.  
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CHAPTER V 

CONCLUSIONS AND FUTURE WORK 
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5.1. Conclusions 

 

This master thesis designed, tested, and produced 8 functional and relatively cheap and 

biodegradable sensors meant for diabetic foot pressure sensing and motion sensing, made from 

commercial PLA and PLLA transducers coupled with an electric conductive PLA composite. These 

sensors most likely work from a combination of piezoelectric and triboelectric effects.  

Polymer films transducers were produced by electrospinning, solvent cast and solvent 

cast followed by corona pooling. These films were further characterized using X-Ray diffraction, 

SEM micrographs, surface charge, thickness and dielectric permittivity and loss.  

Polymer electrodes were produced with a conductive PLA composite filament and 3D 

printed. The results shown here are very promising towards achieving more sustainable and 

cheap flexible sensors. 

The most interesting one is produced from commercial PLA treated with corona pooling 

due its low material cost of arround 0.055€ per diabetic foot sensor. 

Sensors shown here can also be applied to different areas and applications, for example 

buttons and interfaces.   
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5.2. Future Work 

 

 For future studies the sensors produced with commercial PLA are the most interesting 

due to their cheap biodegradable nature. 

 Future characterization should include a calibration curve of sensor response to 

progressive heavier loads, and mechanical tests to determine break points. It would also be 

interesting to test biodegradability and biocompatibility. Due to the very flexible nature of 3D 

printing, there are a lot of possibilities for sensor shape and dimensions. 

 Atomic force microscopy would also be important to perform to be able to understand if 

commercial PLA films show any kind of piezoelectricity.  
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ANNEX 

 

 Figure 64 are print screens taken from COMSOL and show the material data used to 
perform the simulation PLLA simulation, the compliance matrix was taken from [60] and 
corresponds to α- form PLLA other values are shown in previous chapters.  
 
 
  

 

Figure 64 – Data used for COMSOL simulation. 
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