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TÍTULO DE LA PROPUESTA DE TESIS: Proprioceptive Artificial Muscles 

 

RESUMEN DE LA PROPUESTA:  

One of the dreams of engineers and robot designers is the design and construction of sensing 

motors mimicking haptic muscles. In this search for dual sensing-motors electrochemical 

artificial muscles sense, through the consumed energy, chemical and physical working 

conditions. They only need two wires to transmit both, the sensing and the actuating 

information, between the tool and a control system. Driven by oxidation/reduction reactions 

conducting polymers suffer reversible volume changes leading to bending or linear motion. 

While moving the evolution of the muscle potential and the consumed energy sense energetic 

working conditions as temperature, concentration or presence of obstacles. 

Our aim is to develop dual and simultaneous sensing-actuators from different materials working 

for thousands of cycles. Thus, one motor and several sensors (thermal, chemical, mechanical, 

electrical) will work simultaneously in a physically uniform device driven by the same 

electrochemical reaction. Different families of conducting polymers, exchanging anions or 

cations during reaction will be checked. The theoretical description of artificial proprioception 

will be improved to implement a control system getting artificial proprioceptive tools. 

OBJETIVOS ESTIMADOS DEL TRABAJO: 
The main aim of this thesis is the development of dual and simultaneous sensing-actuator 

(proprioceptive muscles) from different materials and in different electrolytic media, as well as 

the theoretical description of experimental results (proprioceptive equations) and the design, 

fabrication and control of different tools and robotic components. 



ESTADO DEL ARTE DEL PROBLEMA: 

Around 60 years ago Katchalsky observed bending motion in a gel polymeric film immerse in 

an electrolyte and placed between two metallic electrodes when an electric field was 

established. From that time, different kinds of actuators based on these materials have been 

developed. 

In the 90s of the past century it was discovered that films created from conducting polymers 

are able to respond to different changes in the surrounding environment such as temperature, 

electric field, or electric currents while actuation. 

Recently, the group of the Professor Otero has developed an artificial proprioceptive equation 

that relates actuation variables such as angular position or angular relate to sensing 

magnitudes like temperature or electrolyte concentration. 

PLAN DE TRABAJO CON UNA ESTIMACIÓN DE CALENDARIO Y 

METODOLOGÍA QUE SE VA A UTILIZAR: 
1st year 

 State of art of the field. 

 Learning of the electrochemical techniques used to generate and characterize films of 

conducting polymers. 

 Learning of the techniques employed to study the suitability of the different materials 

for their used as artificial muscles. 

 Study of different materials assessing their possible used as artificial muscles. 

 Publication of the attained results. 

2nd year 

 Choice of a material to develop a control system. 

 Developing of a control system. 

o Design of a control system. 

o Building of the control system. 

o Implementation of the control system. 

o Improvement of the control system. 

 Developing of a methodology to compare different materials and their possible use as 

artificial muscles. 

 Improvement of the theoretical model for artificial proprioception 

 Publication of the attained results if appropriate. 

3rd year 

 Developing of a patentable sensing-actuator prototype. 

 Publication of the attained results if appropriate. 

 Writing and presentation of the thesis. 



 

INVESTIGACIÓN BIBLIOGRÁFICA: 

Abidian, M.R., Kim, D.H., Martin, D.C., 2006. Conducting-polymer nanotubes for 

controlled drug release. Adv. Mater. 18, 405–408. doi:10.1002/adma.200501726 

Alvarez-Lorenzo, C., Concheiro, A., 2013. Bioinspired drug delivery systems. Curr. Opin. 

Biotechnol. 24, 1167–1173. doi:10.1016/j.copbio.2013.02.013 

Amb, C.M., Dyer, A.L., Reynolds, J.R., 2011. Navigating the Color Palette of Solution-

Processable Electrochromic Polymers. Chem. Mater. 23, 397–415. 

doi:10.1021/cm1021245 

Arias-Pardilla, J., Plesse, C., Khaldi, A., Vidal, F., Chevrot, C., Otero, T.F., 2011. Self-

supported semi-interpenetrating polymer networks as reactive ambient sensors. J. 

Electroanal. Chem. 652, 37–43. doi:10.1016/j.jelechem.2010.12.002 

Ariza, M.J., Otero, T.F., 2005. Ionic diffusion across oxidized polypyrrole membranes 

and during oxidation of the free-standing film. Colloids Surf. Physicochem. Eng. Asp. 

270–271, 226–231. doi:10.1016/j.colsurfa.2005.06.006 

Ashton-Miller, J.A., Wojtys, E.M., Huston, L.J., Fry-Welch, D., 2001. Can proprioception 

really be improved by exercises? Knee Surg. Sports Traumatol. Arthrosc. 9, 128–136. 

Asplund, M., Nyberg, T., Inganas, O., 2010. Electroactive polymers for neural 

interfaces. Polym. Chem. 1, 1374–1391. doi:10.1039/c0py00077a 

Attwood, T., Campbell, P., Parish, H., Smith, A., Vella, F., Stirling, J., Cammack, R., 2006. 

Oxford Dictionary of Biochemistry and Molecular Biology, Edición: 2. ed. OUP Oxford, 

Oxford ; New York. 

Aydemir, N., Kilmartin, P.A., Travas-Sejdic, J., Keskuela, A., Peikolainen, A.-L., Parcell, J., 

Harjo, M., Aabloo, A., Kiefer, R., 2015. Electrolyte and solvent effects in PPy/DBS linear 

actuators. Sens. Actuators B-Chem. 216, 24–32. doi:10.1016/j.snb.2015.03.098 

Barbero, C., Kotz, R., Kalaji, M., Nyholm, L., Peter, L., 1993. Ion-Exchange and Memory 

Effects in Polyaniline. Synth. Met. 55, 1545–1551. doi:10.1016/0379-6779(93)90282-2 

Bard, A.J., Faulkner, L.R., 1980. Electrochemical methods: fundamentals and 

applications. Wiley, New York. 

Beaujuge, P.M., Reynolds, J.R., 2010. Color control in pi-conjugated organic polymers 

for use in electrochromic devices. Chem. Rev. 110, 268–320. doi:10.1021/cr900129a 

Conzuelo, L.V., Arias-Pardilla, J., Cauich-Rodríguez, J.V., Smit, M.A., Otero, T.F., 2010. 

Sensing and Tactile Artificial Muscles from Reactive Materials. Sensors 10, 2638–2674. 



doi:10.3390/s100402638 

Dhand, C., Das, M., Datta, M., Malhotra, B.D., 2011. Recent advances in polyaniline 

based biosensors. Biosens. Bioelectron. 26, 2811–2821. 

doi:10.1016/j.bios.2010.10.017 

Fuchiwaki, M., Martinez, J.G., Otero, T.F., 2016. Asymmetric Bilayer Muscles. 

Cooperative and Antagonist Actuation. Electrochimica Acta 195, 9–18. 

doi:10.1016/j.electacta.2016.02.104 

Fuchiwaki, M., Otero, T.F., 2014. Polypyrrole–para-phenolsulfonic acid/tape artificial 

muscle as a tool to clarify biomimetic driven reactions and ionic exchanges. J. Mater. 

Chem. B 2, 1954–1965. doi:10.1039/C3TB21653E 

García-Córdova, F., Valero, L., Ismail, Y.A., Otero, T.F., 2011. Biomimetic polypyrrole 

based all three-in-one triple layer sensing actuators exchanging cations. J. Mater. 

Chem. 21, 17265–17272. doi:10.1039/C1JM13374H 

Gerard, M., Chaubey, A., Malhotra, B.D., 2002. Application of conducting polymers to 

biosensors. Biosens. Bioelectron. 17, 345–359. doi:10.1016/S0956-5663(01)00312-8 

Goldenberg, L., Aeiyach, S., Lacaze, P., 1993. Observation of a Memory Effect in the 

Case of Poly(p-Phenylene), Synthesized by Electrochemical Oxidation of Benzene in a 

Superacid Medium. Synth. Met. 55, 1365–1370. doi:10.1016/0379-6779(93)90252-R 

Gracia, R., Mecerreyes, D., 2013. Polymers with redox properties: materials for 

batteries, biosensors and more. Polym. Chem. 4, 2206–2214. doi:10.1039/c3py21118e 

Grande, H., Otero, T.F., 1999. Conformational movements explain logarithmic 

relaxation in conducting polymers. Electrochimica Acta 44, 1893–1900. 

doi:10.1016/S0013-4686(98)00298-9 

Green, R., Abidian, M.R., 2015. Conducting Polymers for Neural Prosthetic and Neural 

Interface Applications. Adv. Mater. 27, 7620–7637. doi:10.1002/adma.201501810 

Gupta, N., Sharma, S., Mir, I.A., Kumar, D., 2006. Advances in sensors based on 

conducting polymers. J. Sci. Ind. Res. 65, 549–557. 

Heinze, J., Rasche, A., 2006. The memory effect in solution. J. Solid State Electrochem. 

10, 148–156. doi:10.1007/s10008-005-0056-0 

Irvin, J.A., Irvin, D.J., Stenger-Smith, J.D., 2007. Electroactive Polymers for Batteries and 

Supercapacitors, in: Skotheim, T.A., Elsenbaumer, R.L., Reynolds, J.R. (Eds.), Handbook 

of Conducting Polymers. CRC Press, Boca Raton. 

Katz, H.E., Searson, P.C., Poehler, T.O., 2010. Batteries and charge storage devices 



based on electronically conducting polymers. J. Mater. Res. 25, 1561–1574. 

doi:10.1557/JMR.2010.0201 

Kost, J., Langer, R., 2001. Responsive polymeric delivery systems. Adv. Drug Deliv. Rev. 

46, 125–148. doi:10.1016/S0169-409X(00)00136-8 

Lackner, J.R., DiZio, P., 2005. Vestibular, proprioceptive, and haptic contributions to 

spatial orientation, in: Annual Review of Psychology. Annual Reviews, Palo Alto, pp. 

115–147. 

Martinez, J.G., Otero, T.F., 2014. Mechanical awareness from sensing artificial muscles: 

Experiments and modeling. Sens. Actuators B Chem. 195, 365–372. 

doi:10.1016/j.snb.2013.12.099 

Martinez, J.G., Otero, T.F., 2014. Structural electrochemistry. Chronopotentiometric 

responses from rising compacted polypyrrole electrodes: experiments and model. Rsc 

Adv. 4, 29139–29145. doi:10.1039/c4ra04530k 

Maw, S., Smela, E., Yoshida, K., Stein, R.B., 2005. Effects of monomer and electrolyte 

concentrations on actuation of PPy(DBS) bilayers. Synth. Met. 155, 18–26. 

doi:10.1016/j.synthmet.2005.05.017 

Mirfakhrai, T., Madden, J.D.W., Baughman, R.H., 2007. Polymer artificial muscles. 

Mater. Today 10, 30–38. doi:10.1016/S1369-7021(07)70048-2 

Otero, T., Cortes, M., 2003. Artificial muscles with tactile sensitivity. Adv. Mater. 15, 

279–282. doi:10.1002/adma.200390066 

Otero, T.F., 2016. Conducting Polymers: Bioinspired Intelligent Materials and Devices, 

1st ed, RSC Smart Materials. Royal Society of Chemistry, Cambridge. 

Otero, T.F., 2013. Biomimetic Conducting Polymers: Synthesis, Materials, Properties, 

Functions, and Devices. Polym. Rev. 53, 311–351. doi:10.1080/15583724.2013.805772 

Otero, T.F., 2008. Electrochemistry: Electrons create a reaction. Nat. Mater. 7, 429–

430. doi:10.1038/nmat2188 

Otero, T.F., 1999. Conducting Polymers, Electrochemistry, and Biomimicking Processes, 

in: White, R.E., Bockris, J.O., Conway, B.E. (Eds.), Modern Aspects of Electrochemistry, 

Modern Aspects of Electrochemistry. Springer US, New York, pp. 307–434. 

Otero, T.F., Alfaro, M., Martinez, V., Perez, M.A., Martinez, J.G., 2013. Biomimetic 

Structural Electrochemistry from Conducting Polymers: Processes, Charges, and 

Energies. Coulovoltammetric Results from Films on Metals Revisited. Adv. Funct. 

Mater. 23, 3929–3940. doi:10.1002/adfm.201203502 



Otero, T.F., Angulo, E., Rodríguez, J., Santamaría, C., 1992. Electrochemomechanical 

properties from a bilayer: polypyrrole / non-conducting and flexible material — 

artificial muscle. J. Electroanal. Chem. 341, 369–375. doi:10.1016/0022-

0728(92)80495-P 

Otero, T.F., Cortes, M.T., 2003. A sensing muscle. Sens. Actuators B-Chem. 96, 152–

156. 

Otero, T.F., Grande, H.J., Rodriguez, J., 1997a. Reinterpretation of polypyrrole 

electrochemistry after consideration of   conformational relaxation processes. J. Phys. 

Chem. B 101, 3688–3697. doi:10.1021/jp9630277 

Otero, T.F., Grande, H., Rodriguez, J., 1997b. Role of conformational relaxation on the 

voltammetric behavior of polypyrrole. Experiments and mathematical model. J. Phys. 

Chem. B 101, 8525–8533. doi:10.1021/jp9714633 

Otero, T.F., Grande, H., Rodriguez, J., 1996a. Electrochemical oxidation of polypyrrole 

under conformational relaxation   control. Electrochemical relaxation model. Synth. 

Met. 76, 285–288. doi:10.1016/0379-6779(95)03472-V 

Otero, T.F., Grande, H., Rodriguez, J., 1996b. Conformational relaxation during 

polypyrrole oxidation: From experiment   to theory. Electrochimica Acta 41, 1863–

1869. doi:10.1016/0013-4686(96)86826-5 

Otero, T.F., Martinez, J.G., 2015. Physical and chemical awareness from sensing 

polymeric artificial muscles. Experiments and modeling. Prog. Polym. Sci. 44, 62–78. 

doi:10.1016/j.progpolymsci.2014.09.002 

Otero, T.F., Martinez, J.G., 2013. Biomimetic intracellular matrix (ICM) materials, 

properties and functions. Full integration of actuators and sensors. J. Mater. Chem. B 

1, 26–38. doi:10.1039/C2TB00176D 

Otero, T.F., Martinez, J.G., Arias-Pardilla, J., 2012. Biomimetic electrochemistry from 

conducting polymers. A review: Artificial muscles, smart membranes, smart drug 

delivery and computer/neuron interfaces. Electrochimica Acta 84, 112–128. 

doi:10.1016/j.electacta.2012.03.097 

Otero, T.F., Martinez, J.G., Fuchiwaki, M., Valero, L., 2014a. Structural Electrochemistry 

from Freestanding Polypyrrole Films: Full Hydrogen Inhibition from Aqueous Solutions. 

Adv. Funct. Mater. 24, 1265–1274. doi:10.1002/adfm.201302469 

Otero, T.F., Martinez, J.G., Fuchiwaki, M., Valero, L., 2014b. Structural Electrochemistry 

from Freestanding Polypyrrole Films: Full Hydrogen Inhibition from Aqueous Solutions. 

Adv. Funct. Mater. 24, 1265–1274. doi:10.1002/adfm.201302469 

Otero, T.F., Sanchez, J.J., Martinez, J.G., 2012. Biomimetic Dual Sensing-Actuators 



Based on Conducting Polymers. Galvanostatic Theoretical Model for Actuators Sensing 

Temperature. J. Phys. Chem. B 116, 5279–5290. doi:10.1021/jp300290s 

Pei, Q., Inganas, O., 1992. Conjugated Polymers and the Bending Cantilever Method - 

Electrical Muscles and Smart Devices. Adv. Mater. 4, 277–278. 

doi:10.1002/adma.19920040406 

Shimoda, S., Smela, E., 1998. The effect of pH on polymerization and volume change in 

PPy(DBS). Electrochimica Acta 44, 219–238. doi:10.1016/S0013-4686(98)00048-6 

Smela, E., Gadegaard, N., 1999. Surprising volume change in PPy(DBS): An atomic force 

microscopy study. Adv. Mater. 11, 953–956. doi:10.1002/(SICI)1521-

4095(199908)11:11<953::AID-ADMA953>3.0.CO;2-H 

Stryer, L., 1995. Biochemistry. W.H. Freeman and Company, New York. 

Suarez, I.J., Otero, T.F., Marquez, M., 2005a. Diffusion coefficients in swelling 

polypyrrole: ESCR and Cottrell models. J. Phys. Chem. B 109, 1723–1729. 

doi:10.1021/jp046051q 

Suarez, I.J., Otero, T.F., Marquez, M., 2005b. Diffusion coefficients in swelling 

polypyrrole: ESCR and Cottrell models. J. Phys. Chem. B 109, 1723–1729. 

doi:10.1021/jp046051q 

Valero, L., Martinez, J.G., Otero, T.F., 2015. Creeping and structural effects in Faradaic 

artificial muscles. J. Solid State Electrochem. 19, 2683–2689. doi:10.1007/s10008-015-

2775-1 

Villeret, B., Nechtschein, M., 1989. Memory Effects in Conducting Polymers. Phys. Rev. 

Lett. 63, 1285–1287. doi:10.1103/PhysRevLett.63.1285 

Vorotyntsev, M.A., Skompska, M., Pousson, E., Goux, J., Moise, C., 2003. Memory 

effects in functionalized conducting polymer films: titanocene derivatized polypyrrole 

in contact with THF solutions. J. Electroanal. Chem. 552, 307–317. doi:10.1016/S0022-

0728(03)00038-X 

Wang, X., Smela, E., 2009. Color and Volume Change in PPy(DBS). J. Phys. Chem. C 113, 

359–368. doi:10.1021/jp802937v 

 

 

 



PUBLICACIONES MÁS RELEVANTES REALIZADAS EN EL ÁMBITO DE 

ESTUDIO: 
The PhD candidate has participated in two papers that are currently accepted in internationals 

magazines 

 “Biomimetic reaction-driven conformational movements sense working 

electrochemical energy: Sweep rate influence” accepted by Electrochemical Acta. 

Authors: T.F. Otero, V.H Pascual, J.G. Martinez, L. Valero. 

 “Construction and coulodynamic characterization of PPy-DBS-MWCNT/tape bilayer 

artificial muscles” accepted by RSC Advances. Authors: T.F. Otero, J. Schumacher, V.H 

Pascual. 

The PhD candidate has also participated in congresses communications: 

Authors: Victor H. Pascual, Toribio F. Otero, Jose G. Martinez, Laura Valero, Johanna Schumacher 
Title: Electrochemical reactions from conducting polymers sense available electrochemical 
energy: sweep rate influence 
Participation type: Oral communication and poster 
Congress: VI International Conference on Electrochemically Active Polymer (EAP) transducers 
and artificial muscles 
Venue: Helsingor (Denmark) June 2016 

 

 
Authors: Jose G. Martinez, Toribio F. Otero, Victor H. Pascual, Laura Valero, Johanna Schumacher 
Title: A single electro-chemo-physical  equation  explains  dual  sensing and actuating  properties  
of  conducting  polymer  actuators:  theoretical description of sensing-motors 
Participation type: Oral communication and poster 
Congress: VI International Conference on Electrochemically Active Polymer (EAP) transducers 
and artificial muscles 
Venue: Helsingor (Denmark) June 2016 

 

 
Authors: Johanna Schumacher, Toribio F. Otero, Victor H. Pascual, Jose G. Martinez, Laura 
Valero. 
Title: Polypyrrole-carbon nanotube composite/tape bilayer sensing-muscles: electrochemical 
and electrochemo-dynamical characterization at different sweep rates 
Participation type: Oral communication and poster 
Congress: VI International Conference on Electrochemically Active Polymer (EAP) transducers 
and artificial muscles 
Venue: Helsingor (Denmark) June 2016 

COMPLEMENTOS DE FORMACIÓN: 
The PhD candidate took the module “Fundamentos de Electroquímica I” of the master 

“Electroquímica: Ciencia y Tecnología”. 


