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Characterizing electrochemical polymerization of polypyrrole film on a substrate depends 

on many parameters. Among them, potential difference and cumulative charges play important 

role. The level of  potential difference affects the quality of  the polypyrrole. On the contrary, 

cumulative charge affects the thickness of the polypyrrole. The substrate surface is adjusted 

physically and chemically by treating with sandblasting and the addition of  thiol for surface 

adhesion improvement. Experimental results show that the sandblasted and thiol treated sub- 

strate provides better adhesion than non-sandblasted and non thiol treated substrate. 
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1. Introduction 

Recently low voltage actuated electro-active 

polymer actuator becomes attractive to many sci- 

entists and researchers for various applications 

due to its softness, lightness, flexibility and bio- 

compatibil i ty compared to other actuators such 

as piezoelectric, electro active ceramic (EAC) 

and shape memory alloy (SMA).  An actuator 

like SMA can produce large force and long 

elongation (Seunghak et al., 2003). However, 

SMA consumes relatively large electric power. 
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On the contrary, the electro-active polymer ac- 

tuator requires and consumes relativety low vol- 

tage and etectric power, and produces fairly large 

bending motion compared to EAC and SMA 

actuators. In addition, the electro-active polymer 

actuator can be actuated in a wet condition or 

even in water. Among the electro-active pol- 

ymer actuators, ionic polymer metal composite 

(IPMC) and polypyrrole based actuators show 

reliable actuation and consume reasonable en- 

ergy for actuation. Previously, various applica- 

tions using the IPMC actuator such as a micro 

catheter (Shuxiang et al., 1996) and a micropump 

(Shuxiang et al., 1999) were realized. Compared 

to an IPMC based actuator, a polypyrrole based 

actuator is even more attractive than IPMC based 

actuator due to easy integration with micro fa- 

brication and process on a silicon wafer. Among 

the conductive polymers, polypyrrole is one with 

ease of polymerization by electrochemical method 
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and biocompatible material. Polypyrrole based 

devices were investigated by rnany researchers. 

Edwin el al.(2000) proposed and fabricated an 

attractive application using polypyrrole based 

actuators integrated with MEMS such as micro- 

fingers. The 2 degree of freedom walking robot 

(Edwin el al., 2000) movable in aqueous solution 

and automatic-foldable box (Edwin et ~fl., 2001) 

are also proposed and fabricated with polypyr- 

role. In addition, microvial and microvalve using 

polypyrrolc actuator were also fabricated (Edwin 

et al., i999a; 1999b; 2002). However, unlike 

other polymer based actuators such as 1PMC 

and electrostrictive polymer (EP), the charac- 

teristic of a polypyrrole actuator depends on var- 

ious growth parameters such as polymerization 

~emperature, applied potential difference, and sol- 

vent (Diaz and Bargon, 1986), which later affect 

the conductivity, surface morphology, mechalliC- 

al strength, and uniformity of fihn (Wallace et 

aI., 2002). 

The surf;tce quality of polypyrrole relies on 

potential difference during polymerization. In 

['act, the fihn growth is faster at high voltage than 

at low voltage. However, the thickness pro[i[e 

becomes non-uniforln (Elisabeth, 1999). In elec- 

trochemical polymerization, its edge area was 

deposited more than the center area (Elisabeth 

and Nikolaj, 1999). As well as its flfickness vari- 

ance, the adhesion between a substratc and pol- 

ypyrrole film prays an important role in fabri- 

cating the polymer~based actuator integrated with 

MEMS based process. In this papcr, we investi- 

gate the characteristics and surface morphology 

of polypyrrole focusing on its thickness related 

with operation and reliability of polypyrrole bas- 

ed actuators. In addition, we propose the simple 

process and method to improve the adhesion 

between polypyrrole and a substrate. 

2. Experimental 

2.1 Electrochemical polymerization of pol- 
ypyrrole 

In electrolytic solution, the polypyrrole in- 

teracts with ions in the solution in accordance 

with applied voltage. As a resuh of" fl~at, the 
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Fig. 1 Siruciure of polypyrrole molecule 

volume of polypyrro[e changes with entrance and 

exit of ions. PoIypyrrole is easily applied with 

micro fabrication tecbnique because of conve- 

nience of electrochemical polymerization in a 

small area on Au and Pt. The chemical structure 

of polypyrrole is shown m Fig. 1. Polypyrrole 

has positive charge as doping of dopant A-  and 

this makes whole structure neutral. The positively 

charged polypyrro[e is called "polaron" which 

acts as P-type semiconductor. PoIypyrrole could 

have higher electric conductivity as the polym- 

erization temperature increases, Since electrons 

move on the polymer chain, the direction of the 

polymer chain plays important roles on mobility 

of electrons (Youn. 1996). 

Cr and Au deposited wafers by an e-beam eva- 

porator with 300 ~ and 2000 .A. respectively is 

used as a working electrode, and as a reference 

electrode, Ag/AgCI with porous ceramic (Aldrich) 

is used. The 20 by 20 cm of stainless steel plate 

is used for counter electrode. 0. l M of pyrrole 

monomer and 0.1 M of NaDBS is used for the 

IH,' 
w o ' t u c W  C ~ I ~ W  ~ 

Fig. 2 Schematic of polypyrrole elec~rochemical 
polymerization system 
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electrolyte solution. In the experiment, three 

electrodes system is used and the pHtentiostatic 

(Advanced Miclotnachining Toots) is used /'or 

e]ectrochemical composition of polypyrrole. The 

whole electrochemical composition system is 

mainly composed of a potentiostatic and at con> 

puterized data acquisition system. The Wolking 

and counter electrodes are connected directly to 

the computer and the corresponding voltage and 

accumulation charges are measured and recorded. 

LabView (National Itlstrument) is used to ac- 

quire dam from potemios~afic. MaJnJy the vol- 

tage and cumulative charges bet,seen working 

and counter electrHdes are observed and recorded 

by b b V i e w .  During the polypyrrole growing 

process, constant voltages are applied to the sub- 

strates rather dnm constant currents. Fig. 2 shows 

schematic view of the experiment and measure- 

mellt system for anlottnt of charges, 

2.2 T h i c k n e s s  character i s t i c s  of  polypyrrole 

actuator  

A Cr and Au deposked silicon wafer were used 

as a seed layer in the experiment. The seed layers 

were patterned with four different sizes of Iec- 

tangles. The solution with 0.1 M Hf DBS with 

distf[led polypyrro[e (Ol water: 500ml, DBS: 

19.4g, pyrrole : 5 ml) was prepared. To find out 

the relationship among charge (Q), voltage (V), 

and thickness, the fHllowing experiments were 

performed. First, to understand the relationship 

between the thickness and amount of charge, 

various amounts of charges were applied to the 

seed layer al different voltages. Secondly. appJJed 

voltages were varied according to the different 

amount of charges to understand the relationship 

between the thickness and potential difference. 

[n all cases, dm potential difference lneans the 

potential difference between reference and counte~ 

electrodes. Under the constant voltage, the cumu 

lative charges of 8, ]6. 24, and 32 mC were ap- 

plied to seed layers and corresponding thicknesses 

were measured with thickness profiler meter. Un- 

der the constant curntllative charges, the effect 

of the voltage variation was observed as well. 

Finally, to verify repeatability of tlle thickness of 

the polypyrrole film on at seed layer, the cumula- 

tire charge was applied to the designated areas 

with differenl sizes Ht4, 8, 12, 16, 20 and 24ram 2 

and the corresponding cumuhttive charges o f  4, 8, 

12, 16, 20 and 24 In(' were applied to make the 

charge per area o1 all samples become I FIl(.'l/Irln'l ~. 

2.3 M e a s u r e m e n t s  of  adhesion 

The adhesion Iorcc between pH]ypyrrole and a 

seed layer depends on marry palametcrs during 

thc electrochemical composition ol" potypyrrole 

such as processing voltage, charge, and time, sur- 

face qualiLv of  the substrme, and concentration 

of NaDBS solution. Among these parameters, we 

are interested in voltage and alalount of charges 

with respect to the surface quvlity of polypyrrHle 

Layers on seed layers, go increase its stlrI'::Lce 

adhesion dur ing e lecnochemical  cotnpositiox~, o f  

pt :dypyr lo le fih-n on a seed layer, two addh iona l  

procedures ~.,..ere added chemical ly  or physical ly.  

Chemically, a well knowL1 additive chemical. 

d]iol that is d{iuted with D[ water 100 times is 

a.dded to the seed ktyer ~ight before the elec- 

[lochemical polymerization of polypy~Eole. To 

change the surthce condition of seed layers physi- 

cally, surface ioughenhlg by sandblasting process 

is used on tile sttrlace of the wafer to provide 

coatse stufi:~ce condition Totally, we prepare total 

of 4 difli:rent samples. They me non-s~mdMasted 

water without thiHl treatment, non sartdblasted 

with th[o[ treatment, sandblasted wafer without 

thiol treatment, and sandblasted wafer with thiol 

treatment, The applying voltage Hf 0.6, 0.8, and 

1.0V are applied m accordance with the charge 

variation Hf 8. lb, 24. and 32 mC in each vohage 

step. The actual stripping., off force was nleasured 

with force sensor and ,,arious adhesive plastic 

. , ,  , .  

i 

I 

Fig, 3 Measulen]ent of stripping-olf l\wce with 

F')I+eSS Lt I e Sel~_:..,o r 
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~apes, The schematic of stripping-off force .mea- 
~sure.ment system i.s provided :below in Fig, 3. To 
perform :measurement of actual stripping-off force 
of the adhesive tapes, a DC motor was used to 
pull the adhesive tapes ~ff from the force sensor. 
This: generates pressure, in the ft~ree Sensor. The 
angular ,speed of the motor was set to 16 RPM. 
Three different models Qf tapes were used to 
generate different forces, The actu.al range of the 
adhesive force v:ar~es from 1(2.0 gf to 400gf. 

3. Resul ts  and Discussion 

3.1 Thickness and accumulated charge rel,a 
-ionshlp 

As shown in Fig.. zL as the cumulative Charge 
increases from 8: mC to 32 mC with the increment 
Of 8 mC, the thickness of  ~he potypyrrole on the 
seed layers., of  8 mm z increases proportionally re- 
gardless of  ~ the applied potenfiai differences. :of 
0.6 V,. 0.8 V, and I.0 V. As the: amount of charges 
increases from 8 mC to 32 mC, the thickness in- 
creases from 0,5/am to 2:.3/~m. The potential dff- 

ferenee contributes to processing time of elec- 
trochemical composition rather than the .growth 
ra~e of polypyrrote film. Namely,: the higher po- 
tential difference makes the faster eleetroehemieal 
pr0eess of polypy.rrole eompositiort. Fig. 5.shows 
the relationship between the applied ~:~[tage and 

its thickness variation. The applied voltages of  
0,6 V, 0.7 V, 0,8 V,. 0.9 V, and l.I~ V are.applied to 
the seed layers with the accumulation :of charges 
of :8 mC ~nd 16 mC. As .shown in Fig. 5, the 
thickness of polypyrrotc on seed layers does not 
vary with applied voltage. However, the thickness 
of  polypyrrole cl~a.nges with the: accumulation 
of charges. It proves that the ae.tual thickness 
does not depend on the .applied voltage, which is 
shown in Fig. 4 previe~usly. To test. the repeata- 
bility in thickness of electrochemical composition 

of potypyrr, ole, experiments are performed with 
6 different sizes of  samples 4, 8, 12, 16, 20 and 
24 mm 2 with 6 ditTerent accumulations of charge. 
4, $, 12, 16, 2.0 and 24mC. Each level of  aeeumu- 
latiola Of ch.arge is applied to the equal corre- 
sponding area respectively, Therefore, the. aeeu- 
malation of charge for given unit area sets co 
1 mC/mm z. Fig, 6 shows that the thickness of 
polypyrrole is highly influenced hy .amount of  
charge .density during eleetrochemic.aI polymeri- 
zation regardless of  potential difference. Under 
the e0nstant char.ge .density of 1 mC/mm z, the 

measured thickness of po.lypyrrole layer is ra:nged 
from 0.6 to 0.8 ,urn. As the voltage increases from 
0.6 V .to O.9V, which iS the. voltage between re- 
ferences and counter electrodes, the actual vol- 
tage, between r~ference and working, electrodes, 
increases with proportion a:s shown in Fig. 7. 
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On the .other hand., as the eumula.fi-~e charge 

decrease, t h e  actual voltage also decreases. This 
i~ because that when the reference voltage is 
applied to the substrate, the actual voltage takes 
little time to reach its steady .state. 

3.2 S ~ f a c e  adhesion of  the polypyrrole film 
on different seed layers 

The: results of stripping-0ff tests on various 
substrates .are provided below. The tests • are pro- 
ce~ssed based on how many polypyrr01~ films 
successfully endure from stripping-off  test. The 
Fig, 8 shows the relationship between amount 

Table 1 The .force and pressure meastared using DC 
mo.tor and pressure sems6r 

~rea [mra z] 

~,r~ssure [g:f/mm ~] 

Force I Force 2 Force 3 Force 4 

IOO 150 250 400 

!9.6 19.6 19:6 19.6 

5. I 7.6 I2.7 20A 

of.eharges and stripping-off tests. The Fig~ ~ is 
relationship between applied voltage and strip- 
ping• off tests, There were totally 4.8 samples • for 
each ease and all samples were • tested with respect 
to the corresponding• pressure previously cote- 
gorized in Table 1. As  seen in Fig. 8 (a), as the 
~amou.nt o f  charge increased,, the polypyrrole films 
were more frequemly peeled off  from seed layers. 
• Only 24 Sarapies out of:48, samples .succeeded in 
the str ipping-off  test under the condition w.ithom 
sandblasting .and thiol treatment. However, as the 
surface of  the substrate was treated with thiol, 
then the success ratio, against failure dramatically 
increased. Totally, the successes of  4¢samptes out 
of 48! samples were. achieved, increasing success 

rmio from .50% to 92% approximately. As. well, 
the :sucees~ ratio o f  sandb!a~ting o f  substrates 
increases from 50% to 90%, In addition, the res- 
ults show that the combination of  sandblasting 
and thiol treatment makes success ratio increase. 

.to 98~.. By using physical and chemical methods, 
the available surface area• for polypyrrole .to be 
coated o.n seed layers• increases: The surface is: 
rQ.ughened and expands  attachable area for p~l- 
ypyrrole comparing to non-sandblasting seed 
layers by •sandblasting, Similarly, applying thiol 
to ~eed layers creates s-bond and becomes sel& 

assembled .on Au layers, the process which could 
create strong: bond between polypyrrole and seed 
layers by enhancing• the surface adhesion. In Fig. 
9(.a~ which was p.grformed under• without sand- 
blasting and thiol treatment~ among 48: samples, 
24 samples with 0.8 V .and 1.0V were failed, 
but  under other conditions, different results were• 
achieved. Even though there were some failed 
~onditions for (b), (e), and (d), these number 
were relatively small compared to the eondition 

• (a) and were considered as experimental errors; 
The images of  surface morpho.logy o f  polypyrrole 
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Fig. 10 Scanning electron microscope pictures of the surface of poIypyrrole 
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film o.n four different substrates which, are mag- 
nified to 6000x are pictured with scanning electro 
microscope. The samples prepared with the po- 
ter~tia| difference of 0,8 V and the charge density 
of 2 mC/mm *. AS seen in Fig. 10; it is observed 
that a sample without Thiol and sandblasting 
treatment shows separation between the substrate 
and po.lypyrrole film. Hovcever, other samples do 
not show any separation between the substrate 
and polypyrro.le film and provide well-estab- 
lished contact with use of Thiol and sandblast- 
ing treatment. These results show that why thiol 
and sandblasting treated substrates demonstrate 
the better adhesion performance in stfip.ping-0ff 
tes,ts. Fig. 11 taken by an atomic force microscope 
sho.~vs the .size of polypyrrole nodules. Aeeording 

to Fig. 1 I., the roughness of 0.6. V is approxima- 
tely 122rim (root .mean square) and tha~ of 1.0V 
is approximately I76 nm (root mean square). 
Since the higher potential difference creates the 
larger nodule size of potypyrrole on substrates, 
high potential difference makes the volume of 
pot~mer chain swollen rapidly in vertical direc- 

/ion. Therefore, each polypyrrole nodule cannot 
be formed evenly vckich results in poor surface 
adhesion .on substr~ttes, 

_ . ? _~ , ~  

-,." .A 

3~3 Performance tests of polypyrrole aetua-. 
for 

The .polypyrrole based cantilever type actuator 
has been fabricated and tested for lea] perform- 
ance. The. charge density of  I mC/mm 2 with the 
voltage of  0;6 V was applied. The e0mbination 
of amount of  charge per area produces the thick- 
nes~ less than 1/an of .polypyrrole film on seed 
layers .ace0rding to our experiments- Thesamples 
were prepared on non-sandblasted and sand- 
blasted wafer for performance :comparisom In 
addition, one sample is treated with th.i.o.1 and 
the .Other sample is not. The size of the actual_or 
is 2 by 2mm and fabricated with differential 
adhesion method that was proposed by E. Smela 
(Elisabeth, 199~), which is. using poor surface 
adhesion between a silicon wafer anti Au layer. 
The actuator was te~ed under the frequency of 

0,1 Fiz and the voitag~ of 2.0 V. We successfully 
operated the polypyrrole actuator on a non- 

m 

Fig. 12 Captured images of sequential motion of 
polypyrr0le based actuator on a substrate 

sa.fidblasted seed layer. However, we failed to 
move polypyrrote actuator out of the surface on 
a sandblasted seed layer because of  its: hi:gh ad- 
hesion between the .surface of the seed layer and 

thin film of Cr. Since the whole surface of the 
wafer is sandblasted, not only the zurface ad- 
hesion between Au and polypyrrole, but also the 
surface adhesion between the wafer and the thin 
film of Cr and .Au layer increases. It seems that 
the polypyrrole actuator should produce more 
power to be able to. be erected from the sand- 
blasted surface. Therefore, with the same of thick- 
ness of  polypyrrole, we are not able to successful- 

ly actuate the polypyrrole out of the surface plane, 
The sequential motion of a polypyrrole actuator 
on a seed layer is shown in Fig, 12. The.nQn-thiot 
treated actuator is operated for more than 16 
hours consecutively without peeling-off of poI- 
ypyrrole film from the surface of the zeefl layer, 
On the contrary., the thiol treated actuator ex~ 
ponds the consecutive operation time up to. 55 
hours. Thiol treatment makes .the surface adhe- 
sion increase as well as it increases operating 
time. 

4. C o n c l u s i o n s  

We are able to control the thickness of pop 
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ypyrrole film in electrochemical polymerization 
process by adjusting the amount of  charges. The 

thickness mostly depends on the amount of 

charges rather than the potential difference~. By 
applying lower potential difference during elec- 
trochemical polymerization, the quality of the sur- 
face adhesion and operation reliability is improv- 
ed. Experiments show that the surface adhesion 

test between poIypyrrole and substrates demon- 

strates the significant improvement of surface 
adhesion in treating with thiol and sandblasting 
process. Thiol treatment on the surface of sub- 

strates makes improvement of  adhesion as well as 
reliabitity of operation. We fabricate polypyrrole 

based cantJ/ever type actuators on a silicon wafer 
and successfully operate them for approximately 

16 hours. However, the addition of thiol expands 
its operating time to 55 hours with. the frequency 
of  0.1 Hz. For the next step, we find the optimal 
thickness of  polypyrrole producing maximum 

force so as to be used in an optimal polypyrrole 
actuator design. 

References  

Cheol-ho Youn, 1996, "Electroactive Polymer 
Materials," Korea Polymer Science and Technol- 
ogy, Vol. 7, p. 710. 

Diaz, A. F. and Bargon, J., 1986, Electrochemi- 
cal Synthesis o f  Conducting Polymers Handbook 

of  Conducting Polymers Dekker, New York. 
Edwin, W. H. J. et al., 2000a, "Microfabricating 

Conjugated Polymer Actuators," Science, Vol. 
290, pp. 1540~ 1545. 

Edwin, W.H. J .  et al., 2000b, "Microrobots 

for Micrometer-size Objects in Aqueous Media: 
Potential Tools for Single-cell Manipulation," 

Sc&nce, VoL 288, pp. 2335--2338. 
Edwin, W. H.J.  et al., 2001, "Perpendicular 

Actuation with Individually Controlled PoIymer 
Microactuators," Advanced Materials, Vol. 13, 

pp. 76-- 79. 

Edwin, W, H.J.  et al., 1999a, "Polypyrrole 
micro actuators," Synthetic Metals, Vot. 102, 

pp. t309~1310. 
Edwin, W. H. J. et al., 2002, "The Cell Clinic : 

Closable Microvials for Single Cell Studies," 
Biomedical Microdevices, Vol. 4, pp. 177~ 187. 

Edwin, W. H. J. et al., 1999b, "On-chip Micro- 
electrodes for Electrochemistry with Moveable 

PPy Bilayer Actuators as Working Electrodes," 
Sensors and Actuators B, Vol. 56, pp. 73--78. 

Elisabeth, S. and Nikolaj, G., 1999, "Surprising 
Volume Change in PPy (DBS) : An Atomic 
Force Microscopy Study," Advanced Materials, 
Vo]. ll,  pp. 953~957. 

Elisabeth, S., 1999, "Microfabrication of PPy 
Microactuators and Other Conjugated Polymer 
Devices," Journal of  Micromechanics and Micro- 
engineering, VoI. 9, pp. I ~  18 

Fredirik Pettersson, P., Edwin, W. H. J., Olle 
Inganas, 2000, IEEE of 1 st Annual International 

Conference on Microtechonolgies in Medicine 
and Biology, p. 334. 

Seunghak, L. et al, 2003, "Design and Fabrica- 

tion of the Locomotion Mechanism for Capsule 
Endoscopes Using Memory Alloys (SMA)," The 
Korean Society of  Mechanical Engineers (KSME) 
A, Vol. 27, No. 11, pp. 1849~1855. 

Shuxiang, G. et al., 1996, "Micro Active Guide 
Wire Catheter System-Characteristic Evaluation, 

Electrical Model and Operability Evaluation of 
Micro Active Catheter," in Proceedings of  the 
IEEE International Conference on Robotics and 
Automation, Vol. 3, pp. 2226--2231. 

Shuxiang, G. et al., 1999, "Development of a 

New Type of Capsule Micropump," in Smart 
Structure and Materials, Proc. SPIE, Vol. 3669, 

pp. 322--329. 
Wallace, G.G.  et al., 2002, Conductive Elec- 

troactive Polymers, Lancaster, Technimic. 


