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Implementing  sustainable  development  requires  new  technologies  that :

V use  less  energy,  do not  need  non - renewable  materials,  and  do not  produce  
pollutants ;  

V rely  on  energy  sources  other  than  fossil  fuels ;
V produce  devices  that  can  be safely  disposed  of,  recycled,  or  even  biodegraded .
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There are very many  transducers 

available on the market.

Why should e care about new 
technologies for sensors?
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Introduction and motivations

Implementing sustainable development requires developing 

new electronics, which is based on:

V new production technologies that require less energy, do 

not need non-renewable materials and does not produce 

pollutants; 

V Energy sources other than fossil fuels;

V Devices that can be safely disposed, recycled or even 

biodegraded.

New  technologies  are  required  to  complement  conventional  electronics . 

Silicon  industry  requires  relevant  amounts  of  nonrenewable  raw  materials  and  
energy .

Electronic  wastes  (e - waste)  is nowadays  a very  significant  topic . 
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Circular economy can not be realized using conventional electronics. Silicon industry requires relevant amounts 
of nonrenewable raw materials and energy.

Electronic wastes (e-waste) is nowadays a very significant topic. 

Green Electronics propose implementing new production technologies that require less energy, do not need 
non-renewable materials and can be safely disposed.

Introduction and motivations

E- waste  is expected  to  increase  significantly 1,  with  44 .7  x  10 9  kg  of  e-waste  generated  
in  2016 2. It  is also  one  of  the  fastest - growing  waste  streams  in  the  EU , accumulating  
over  12 × 10 9  kg  annually,  yet  less  than  40 %  of  it  is  recycled 3.

1 https://www.eca.europa.eu/Lists/ECADocuments/RW21_04/RW_Electronic_Waste_EN.pdf
2 h ttps://www.sciencedirect.com/science/article/abs/pii/S0956053X18306366
3 https://www.europarl.europa.eu/topics/en/article/20201208STO93325/e -waste - in - the -eu- facts -and - figures - infographic



Green  Electronics  propose  implementing  new  production  technologies  that  require  less  
energy,  do not  need  non - renewable  materials  and  can  be safely  disposed .
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composites(Bio-IL-BC 2021)

DissolvableIonic-Liquid-biopolymer
composites(IL-PUL 2024)
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Fixed anionic
group

M Metal : Platinum is generally used on
both faces of Nafion membrane
C Composite
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What  are  the  origins  of  the  sensing  properties  of  IPMCs?



Piezoionic  strain  sensors  realize  sensing  by  charge  accumulation  
via  reversible  ion  migrations  between  electrodes  under  mechanical  
stimulus . 

ACS Sens. 2023, 8, 1624ī1629
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IPMCs as generating  sensors  are  not  able  to  produce  any  output,  for   a constant  
signal . Nevertheless,  they  are  useful  in  those  applications  where  a varying  input  is 
considered . This  is the  case of  a flowmeter , based  on  the  vortex  shedding   
phenomenon,  that  was  demonstrated,   where  the  secondary  sensor  was  an IPMC 
in  cantilever  configuration . (G. Di Pasquale  et . al .,  Smart  Mat . Struct .,  25 , 1, 
015011 , 2016 .)  

Consider  a cylinder  (bluff  body ),  immersed  in  a 
fluid  that  flows  through  a pipe . Flow  separation  
occurs  when  the  fluid  impinges  on  the  surface  of  
the  bluff  body . Because  of  the  pressure  gradient,  
caused  by  the  presence  of  the  immersed  body,  a 
shear  layer  is generated,  where  vorticity  is 
produced . G. Di Pasquale et. al., Smart Mat. 

Struct., 25, 1, 015011, 2016. 
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IPMCs as generating sensors

G. Di Pasquale et. al. , Smart Mat. Struct ., 
25, 1, 015011, 2016. 

Theodore  von  Karman  
described  in  1911  the  stability  
criterion  for  an  array  of  shed  
vortices . A stable  array  of  
vortices  that  forms  downstream  
from  an obstacle  is often  referred  
to  as the  von  Karman  vortex  
street . 



IPMCs as generating sensors

As the  velocity  increases,  the  frequency  of  vortex  shedding  grows  in  direct  
proportion  to  the  velocity . More  specifically,  the  vortex  shedding  is ruled  by  the  
dimensionless  Strouhal  number ,  St ,  according  to  the  Strouhal  law

The value  of  Strouhal  number  depends  on  the  Reynolds  number ,  defined  by  
the  relationship

IPMCs as generating sensors

The Strouhal  number  is  almost  constant   (about  0 .21  for  a bluff  body  with  a 
cylindrical  section),  for  a wide  range  of  values  of  the  Reynolds  number . 



The proposed  IPMC based  flowmeter  consists  of :

Å the  shedder  (bluff  body),  which  generates  the  vortices  when  the  fluid  passes  by ;  
Å the  IPMC sensor,  which  deflects  under  the  effect  of  the  alternating  lift  forces  acting  on  the  
bluff  body,  and  produces  an  electrical  sensing  signal ;  
Å the  pipe  (with  a diameter  D),  which  holds  the  sensing  element .

G. Di Pasquale et. al. , Smart 
Mat. Struct ., 25, 1, 015011, 
2016. 
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More  specifically  two  prototypes  have  been  realized

G. Di Pasquale et. al. , Smart Mat. 
Struct ., 25, 1, 015011, 2016. 

A B

IPMC Clamped 

length lc
6 mm 6 mm

IPMC free length lf
5 mm 5 mm

IPMC length 

inside bluff body lt
1 mm 1 mm

IPMC width b 5mm 4 mm

Bluff body 

diameter d 5 mm 4 mm

Bluff body height h 7.5 mm 7.5 mm

IPMCs as generating sensors



IPMCs as generating sensors

An experimental  rig  has  been  designed  to  validate  the  IPMC vortex  shedding  
flowmeter . More  specifically,  tests  were  performed  on  a hydraulic  circuit,  consisting  of  
a tank , a constant  section  pipe,  and  a pump , used  to  circulate  water  in  the  system . 
A reference  flowmeter  and  the  investigated  IPMC sensor  were,  also,  mounted  in  
the  circuit .  

More  specifically,  the  setup  consists  of :

Å a tank

Å a constant  section  pipe

Å a pump,  to  circulate  the  fluid

Å a reference  flowmeter

Å the  investigated  IPMC based  sensor . G. Di Pasquale et. al. , Smart Mat. 
Struct ., 25, 1, 015011, 2016. 

IPMCs as generating sensors

G. Di Pasquale et. al., I2MTC 2016, Taipei, Taiwan, 2016, pp. 1-6, 
doi: 10.1109/I2MTC.2016.7520380.

The experimental  rig  has  been  then  realized  in  our  Labs .
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The experimental  rig  has  been  completed  with  conditioning  circuitry  and  data   
have  been  acquired  and  elaborated  by  using  a VI  developed  in  LabVIEW TM .

G. Di Pasquale et. al., Smart Mat. Struct., 25, 1, 015011, 2016. 



Two  typical  examples  of  recorded  signals  and  corresponding  spectra  are  
reported é.

Setup A, P=12 l/min,
 fexp=47.5Hz, fmax=50Hz

Setup B, P=24,5 l/min, 
fexp=121,6Hz, fmax=126Hz

G. Di Pasquale et. al. , Smart Mat. Struct ., 25, 1, 015011, 2016.  

IPMCs as generating sensorsIPMCs as generating sensorsIPMCs as generating sensorsIPMCs as generating sensors



Acquired  data,  after  post -elaboration,  have  been  used  to  validate  the  
sensing  performance  of  the  IPMC based  flowmeter é

G. Di Pasquale et. al. , Smart Mat. Struct ., 25, 1, 015011, 2016. 
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Acquired  data,  after  post -elaboration  have  been  used  to  validate  the  sensing  
performance  of  the  IPMC based  flowmeter .
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Experimental  data  have  been  
fitted  by  using  a linear  
regression  curve . The obtained  
equation  is:

The corresponding  standard  
deviation  of  the  residuals  is 
ův= 0.08  m/s .
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The synthesis  of  new  piezoionic  sensors  is a recursive  and  multidisciplinary  
activity  that,  based  on  the  demand  for  new  materials  with  improved  properties,  
requires  developing  new  models  and  novel  applications  as soon  as new  materials  
become  available .



The synthesis  of  new  piezo -
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ÅIPMCs are composite materials which require the use of (noble) metals to realize 
the electrodes. 

ÅThough both bulk polymers and noble metals are biocompatible, the reduction 
of metals to their metallic forms requires the use of reactants which can be either 
explosive or toxic. Typical routes to produce metallic platinum involve, e.g.,  the 
reduction of chloroplatinic acid (H2PtCl6) using as reducing agent formaldehyde 
(HCHO), sodium borohydride (NaBH4 ), or hydrazine, NH2NH2.

ÅConducting polymers have become available and this allowed for realizing totally 
polymeric EAPs, named IP2C (S.J. Higgins, et. al. J. Mater. Chem., 2003, 13, 2485; 
G. Di Pasquale et. al., IEEE Trans. Instr. Meas., 58, 10, 2009, 3731; G. Di Pasquale et. 
al., Smart Mater. Struct., 23, 2014, 035018).

Beyond IPMC sensorsIPMCs actuators as vibrating 
sensors
IPMCs as generating sensorsIPMCs as generating sensorsIPMCs as generating sensorsIPMCs as generating sensors



Ionic Polymer Metal Composite (IPMC)

Ionic Polymer Polymer Composite ( IP 2C)

As for the case of the parent technology, IP 2Cs:

Vgenerate an electrical signal when deformed; 

Vare light, soft, and pliable.

VAs  such,  IP 2C can  represent  a  route  

towards  the  realization  of  all - polymeric  

generating  sensors . 

Electrodes



IP2C are  obtained  by  direct  polymerization , by  immersion  in  a solution  of  EDOT/PSS . 
(3,4-ethylenedioxythiophene/ polystyrene sulfonate , which is added to improve the
monomer solubility ) on Nafion surface . The monomer is absorbed by Nafion and then
polimerized to PEDOT (Poly (3,4-ethylenedioxythiophene)), by using Iron (III) Nitrate
( [Fe(NO 3) 3]) .  The solution is therefore stirred for a suitable time (from 1 / 4 h up to 1 h ) .

The  resulting  fabrication  process  is  cheaper,  simpler,  and  faster  than  the  
process  required  to  fabricate  IPMCs  (one  day  instead  of  five  days   and  a 
production  cost  equal  to  0 ,37  ú/cm2  instead  of   7 ,55  ú /cm 2 ) . 
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A generating  all - polymeric  touching  sensing  system  (touchpad),  based  on  IP 2C 
sensing  elements  was  realized  and  verified . 
The touchpad  consists  of  two  sensors,  which  bend  according  to  the  touching  point . The  
signals  produced  by  the  two  sensors  are  conditioned  by  using  a differential  
configuration ,  providing  a symmetric  output  voltage .

R. Caponetto et. al., Trans. Inst. Mis., 69, 7, pp.4545 
ï 4554, July 2020
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The touchpad  has  been  modelled  and  the  coordination  equation  
between  the  touching  point  position  and  the  output  voltage  has  
been  obtained .
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Ὠ ςςȢυχ ὺ  πȢπτυ

The system  calibration  line  was  estimated,  and   the  corresponding  ůd  resulted  equal  
to  0 .18 cm .  



 Polymeric  composites  play  a relevant  role  in  
the  development  of  new  sensing  systems  and  
smart  measurement  architectures . 

 Nevertheless,  the  system  proposed  are,  
generally  ungreen  or  guarantee  unsatisfactory  
transduction  properties . 

From polymeric
devices

To green devices



Cellulose  is among  the  most  abundant  and  cheap  biological  composite  and  
shows  intriguing  mechanical  properties,  such  as flexibility  and  lightness . 
Eventually,  it  is biodegradable . 

Chem . Mater. 2016, 28, 11, 3527 ï3539

Life  cycle  of  a cellulose  nanofibril  
film , which  comes  from  the  fibers  
extracted  from  wood,  then  degrades  
via  fungal  biodegradation,  and  finally  
goes  back  into  nature .
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Currently,  pulping  of  wood  to  isolate  cellulose  fibres  for  paper  production  
uses  energy - intensive  technologies  developed  more  than  a century  ago  
that  require  fossil  chemicals .
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Bacterial  Cellulose  has  been  proposed  as a suitable  substitute  of  plant -
derived  cellulose . It  is directly  synthetized  by  some  bacteria  of  the  genera  
Acetobacter , Sarcinaventriculi , and  Agrobacterium . The production  and  
purification  of  BC is much  greener  than  conventional  cellulose  extraction . 

Front. Sustain. Food Syst., 2019 Sec. 
Sustainable Food Processing
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Piezoionic  mechanoelectrical  transducers  need  mobile  charges  that  move  
due  to  applied  external  deformation .
When  ionomers  such  as Nafion  are  used,  the  weakly  linked  cations  can  
move  under  the  effect  of  an  external  stimulus .
Bacterial  cellulose  is not  an  ionomer,  so mobile  charges  need  to  be loaded  into  
its  structure  to  enable  the  transduction  process . Ionic  liquids  (IL)  can  be used  
for  this  purpose .
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An IL  is a salt  in  the  liquid  state .  Ionic  liquids  have  many  potential  
applications . They  are  powerful  solvents  and  can  be used  as electrolytes .

The interest  of  ILs  as ñgreenò solvents  resides  in  their  extremely  low  vapor  
pressure  and  high  thermal  stability,  which  offers  advantages  such  as ease  of  
containment,  product  recovery,  and  recycling  ability .



The prototype  consists  of   BC ,  impregnated  by  ILs , and  covered,  on  both  sides,  
by  conductive  polymers  (CP)  as the  electrodes,  forming  a three - layer  
sandwich  configuration . 
 

PEDOT :PSS

Bacterial Cellulose+ILs

+



The composite  was  produced  in  three  steps .

1. BC preparation :  BC gelé

.... After  receiving  it,  pieces  (5 cm  x 5 cm),  
thickness  about  0.14  mm , were  cut  and  re -
dried é..  in  an  oven ;

é.. is dried é.  



2 . IL  impregnation :  The membranes  were  then  dipped  for  24  h in  
EMIM-BF4 (1-Ethyl -3-Methylimidazolium  tetrafluoro  borate) . Finally,  
they  were  dried  in  a vacuum  oven  for  24 h at  65 ° C. ;  



3 . Elecrodes  deposition :  4 layers  of  
(Poly- (3,4-ethylene -dioxythiophene) -
polystyrene -sulfonic  acid  (PEDOT-PSS) 
were  deposited  by  a film  spreader .
After  each  deposition,  the  membranes  
were  put  in  an  oven  for  5 min  to  dry . 



A SEM of bare BC

A SEM of BC after IL impregnation

A SEM of PEDOT:PSS 
electrode 



The membrane  was,  finally,   trimmed  to  eliminate  short  circuits  between  the  
electrodes  and  to  obtain  devices  of  the  desired  geometry . 
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G. Di Pasquale, et . al . , çñPaperòBased Sensor for Deformation Measurements ," 2019 IEEE
I 2MTC, Auckland, New Zealand, 2019 , pp . 1-5, doi : 10 .1109 /I 2MTC.2019 .8826962 .



Sensor output,  for a constant amplitude input vibration

G. Di Pasquale, et . al . , çñPaperòBased Sensor for Deformation Measurements ," 2019 IEEE
I 2MTC, Auckland, New Zealand, 2019 , pp . 1-5, doi : 10 .1109 /I 2MTC.2019 .8826962 .



Acceleration measurements

ǊŜǎƻƭǳǘƛƻƴ Ғ лΦпт Ƴκǎ2

ǎŜƴǎƛǘƛǾƛǘȅ ҒнΦмϝмл-5 V/m/s2

Trigona C., et . al ., "Towards environmentally friendly accelerometers based on
bacterial cellulose", 2021 , Appl . Sci . (Switzerland ), vol . 11 , 17 , art . no . 7903 ,
DOI : 10 .3390 /app 11177903



Concerns  have  been  raised  about  the  adverse  effects  of  ILs  on  the  environment . 
Biofrienly  ILs  can  be  a viable  alternative .

Choline  is widespread  in  nature  in  living  
beings . In  most  animals,  choline  phospholipids  
are  necessary  components  in cell  membranes,  
in  the  membranes  of  cell organelles,  and  
in very  low -density  lipoproteins

Choline  is not  formally  classified  as a vitamin  
despite  being  an  essential  nutrient  with  an  
amino  acidïlike  structure  and  metabolism .

Choline malonate(CH MAL)
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Output voltage Output voltage

Reference acceleration Reference acceleration

BC/EMIM BF 4 BC/CH MAL

Peak- to -peak acceleration

PARAMETER EMIM sensor CH MAL sensor

Range [m/s2] ~5.5-30 ~5.5-30

Sensitivity 

[V/m/s2]
0.24*10-4 0.11*10-4 

Noise level [mV] 0.1 0.15

Resolution [m/s2] 4.2 13.6

BC/CH MAL sensor has a performance 
lower than that of BC/EMIM BF 4 one,  
and this is the cost of performance for 
the greener device. 

Peak- to -peak acceleration

Aabloo, A., et al., proc.  2021 18th International Multi -Conference on 
Systems, Signals & Devices (SSD) (pp. 1182 -1185). 



Green  Electronics  utilize  materials  in  their  manufacturing  
that  are  eco- friendly,  biodegradable,  recyclable,  and  
sustainable  in  such  a way  that  do  not  add  to  or  exacerbate  
the  global  problem  of  E-waste .

Transient  technology  is an  emerging  field  that  requires  
materials,  devices,  and  systems  to  be capable  of  
disappearing  with  minimal  or  non - traceable  remains  
over  a  period  of  stable  operation . Transient  devices  are  
environmentally  friendly  and  biodegradable .

https://www.smithsonianmag.com/science -nature/scientists -
invent -electronic -circuits - that -dissolve - in -water -53044512/
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Pullulan  (PUL)  is a polysaccharide  formed  by  the  repetition  of  maltotriose  units,  
connected  one  to  each  other  to  form  the  bio -polymer . Pullulan  is an  edible  and  non -
toxic  compound,  which  properties  are  exploited,  for  example,  in  the  food  industry  
where  it  is known  by  the  abbreviation  E1204
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