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Th e piezoelect ri cit y of biop olymer s w as disco vered by E. Fukada for

w ood and b one in the Ùfties. This pap er induced a numb er of studies on
piezo electri c b ehaviour of bone colla gen and tendon in w et and dry condi -
tions as w ell as in many biologic al substances : polysaccharid es, proteins, and
bio degrada bl e, opticall y active oriented Ùlms of p oly( L- lacti c acid ). The im-

plantation of this p olymer induced the grow th of bone, possibl y b ecause the
ionic current caused by piezoelectri c polarizati on stimulated the activity of
b one cells. T he phenomenon of bone grow th has been discussed in terms of

applica tion of various substances, particula rly mo diÙed collagen . T he healin g
pro cess of bone grow th is still open both from the view of mechanism and
bio compati bi li ti es of materials used for this purp ose. Fukada' s group has a
leading position in these studies. The Ùfty years of study of piezoelectri ci ty

in biomaterial s resulted in many imp ortant observ ations and indicatio n for
further promising exp erimental and theoretical studies which w ill help to
disco ver new w ays and new materials for the tissue reconstruction.

PAC S numb ers: 83.80.Lz, 83.80.Mc, 89.20.Bb

1. I n t rod uct io n

Prehi stori c m an, at the beginning of his materi al , spi ri tua l , and emoti onal
cul ture, uti l i zed macro molecul ar materi als: plants, frui t and meat. These item s
were his nutri ti on. W ood and bone were the basic pri m ary m ateri als, whi ch were
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used as a source of l ight and heat, as well as for Ùghti ng. They were also the pri m ary
m ateri als tha t m en used to construct war to ols used in the Ùght for sur vi val . At
Ùrst, these were sticks, pi cks, clubs, and the l ike used for Ùghti ng and f or catchi ng
Ùsh and gam e, as wel l as someti m es wi ld anim als. The sharp and hard parts of the
wa r to ols were made from pieces of anim al bones or teeth.

The wood and bones m enti oned above belong to the m acrom olecul ar system-
-polym ers of vari ous chemical consti tuti on and di ˜erent morpho logical structures.
It is a natura l sequence of events tha t wi th the development of m ateri al cul ture
thro ughout the centuri es, hum an beings started being interested in more proÙcient
uses of these natura l bi ological substa nces, both in thei r developm ent as objects
of thei r materi al cul ture and in the expressi on of thei r spiri tua l f eelings.

Up unti l now, the Ùrst m icroscopic observati ons have lead to som e very im -
porta nt conclusi ons nam ely tha t tho se m ateri als as wel l as a ll bi olog ical ti ssues
have a hi erarchi cal structure . They consist of m acrom olecul ar substances, whi ch
are organi sed into structure s of di ˜erent degrees of com plexi ty . It seems worthwhi le
to note here tha t studi es of natura l m acrom olecules and parti cul arly of syntheti c
polym ers began at the end of the 19th century . In term s of the latter, i t was easier
to fol low thei r devel opm ent from syntheti c chemistry up to m ore com pl icated phys-
ical structures in whi ch polym ers m ay exist. For the purp osesof l imi ting the length
of thi s paper, i t is necessary to give up the di scussion on the revoluti onary devel -
opm ent of the m acromolecul ar concept and the evoluti on of the m acromolecul ar
system preparati on as wel l as thei r further organi sati on into materi als of vari ous
hi erarchi cal structures , characteri sti c of di ˜erent properti es. The rapi d progress in
the chemistry and physi cs of syntheti c polym eric system s was the basis for under-
standi ng the natura l m acromolecular system s. One can say tha t these two paths
emerge due to m any analogies and due to the use of the sam e m odern techni ques
of the studi es of bi ological and syntheti c macro molecul ar system s. Sti l l , we are far
from the synthesi s and ful ly understa ndi ng of the structure- pro perty relati onship
of biologicall y im porta nt m acrom olecules such as D NA, D RA, protei n enzym es,
etc. The prospect, however, seems to be opti m isti c.

The pri nci pal aim of our discussion is the subj ect of the pi ezoelectri c prop-
erti es of wood and bones. W e wi l l bri eÛy describe the skeleton structure of wood
and bones and then go into some deta i ls of thei r pi ezoelectri c pro perti es. For the
di scussion of the latter probl em, we need to present some necessary inf orm ati on
on the basic physi cs of the pi ezoelectri c e˜ect.

The di scussion of the pi ezoelectri c properti es of bones and thei r importa nt
im pl icatio ns wi l l consti tute the m ain part of thi s paper, fol lowed by concl usions
and som e remarks on the prospects on the study in tha t Ùeld. The compactness
of the text does not al low f or l isting al l the necessary ref erences, and so we wi sh
onl y to present the pri ncipa l works, parti cul arl y in the section devo ted to a m ore
general descripti on of basic phenom ena and in a greater numb er f or substances
and com posites.
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There are three m ain classes of organic or organic/ inorgani c skeletal com -
posites: wo od, bone, and vari ous shells, as well as other parts of l ivi ng creatures.
There is a considerabl e body of inf orm ati on col lected duri ng the last 50 years tha t
indi cates di ˜erent aspects of the piezoelectri c phenom enon of structura l organic
sol ids. For a conci sepresenta ti on i t is necessary to forego a more detai led di scussion
of polyp epti des, except for col lagen, polysacchari des, and cellulose [1, 2].

Co llagen is the pri ncipa l pro tei n in the vertebra te' s body . The main extra -
cellular connecti ve ti ssues consist o f about 90% col lagen in tendo ns and bones.
Co llagen m ay exist in di ˜erent chemical consti tuti ons and archi tectura l organi sa-
ti ons of col lagen Ùbri ls.

The tri ple hel ix is the speciÙc structure , characteri stic of col lagen (tro pocol-
lagen). The pri m ary col lagen form s a " slow" left handed hel ix. Three of these
hel ices coi l around each other to give the col lagen a tri pl e hel ix. In order to create
a Ùbre col lagen m acrom olecules form a conti nuous structure whi ch develops to
al low for stress to be passed from one m olecule to the next. Thi s structure is very
regular as shown by the bandi ng patterns seen in electron micro scope and X- ray
di ˜ra cti on.

Polym orphi c Ùbri llar form s of col lagen incl ude four periodi c Ùbri ls, a set of
obl iquely banded Ùbri ls and Ùlam ent exi sting in a long spacing morpho logy. Im -
m unology, immunogenicit y, and anti genici ty , al l im porta nt properti es of col lagen,
have to be left out of our present discussion.

In tendo ns and other structures, the col lagen is associated wi th varyi ng
am ounts of other pro tei ns and acid mucopol isaccharides. Dry col lagen is bri ttl e
and sti ˜ wi th Young‘s modul us of ¿ 6 GPa. It is sti ˜er tha n hai r and nearl y as
sti ˜ as feather kera ti n. W et col lagen is not as sti ˜ and an addi ti on of water softens
i t pro gressively.

It is worthwhil e to describe the organizati on of the tendo n. Fi gure 1 clearl y
shows the hierarchi cal structure of thi s im porta nt uni t of almost al l l i vi ng system s.

Fig. 1. T he schematic organizati on of tendon (af ter [3]): 1 | trop ocoll agen, 2 |

microÙbri l, 3 | subÙbril , 4 | Ùbril, 5 | Ùbroplasts, 6 | fascile, 7 | crimp struc-

ture, 8 | fascicular membrane, 9 | tendon.
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If the tendo n is subj ected to extrem estress, indi vi dual elements at di ˜erent levels of
the hi erarchi cal structure may underg o a fai lure. However, the num erous elements
depi cted in Fi g. 1 absorb the energy and protect the enti re tendo n f rom a Ùnal
fai lure [3].

The tensi le properti es of tendo n can be described in term s of the properti es of
tro pocol lagen (tri pl e hel ix), whi ch is composed of 70{ 80% dry col lagen. The stress
| a stra in curve is typi cal of the low modul us m ateri al (l ow modul us plateau)
attri buted to the unf oldi ng of cri m p structures. The modul us of wet tendo n in the
step part of the curve is about 2 GPa. It is interesti ng to note tha t in ageing due
to cross-l inki ng the tendo ns streng then, but fai l at lower stra ins.

Cel lulose belongs to the classof Ùbrous polysaccharides. The m ost importa nt
of these are chiti n and cellul ose. These two m ateri als have a very sim i lar pri m ary
structure. They pro bably polym erise just outsi de the cell m embra ne. An accepted
hyp othesis is tha t they could be form ed by the im medi ate polym erisati on into
hi ghly hydro gen-bonded elementa ry Ùbril wi th hydro gen bonds along or between
the chains. Contra ry to protei ns in whi ch Ù sheets are possibl e, natura l cellul ose
does not exhi bi t para l lel and anti paral lel form s. The cellulose elementa ry Ùbri l is
about 3.5 nm in diam eter and conta ins ¿ 4 0 molecules; in the case of chi ti n, the
di ameter of the Ùbri l is about 2.8 nm and conta ins 20 molecul es. Elementa ry Ùbri ls
up to 300 nm have been found in chi ti n in certa in insects. Cel lulose elementa ry
Ùbri ls may be combi ned into larger Ùbri ls 20{ 25 nm in di ameter. Both polym ers
are characteri sti c of high m odul us, whi ch in the case of cellul ose has a maxi mum
value of 14 GPa. A higher value was calcul ated f rom the crysta l l ine parts of cel-
lul ose, assuming stra ighteni ng of intercha in hydro gen bonds. The actua l sti ˜ness
of cellul ose is lower since the crysta l l ini ty is lower and the chains are not stri ctl y
para l lel.

In order to m ake a composite m ateri al sti ˜er, so tha t it can resist bending
and com pressive loads i t is necessary to increase the shear sti ˜ness of the m atri x.
It is also importa nt tha t the stress is tra nsferred from one Ùbre to another in
the near neighbourho od. Usual ly, a new phase of ceram ic m ateri al is intro duced.
Mo st com monly, calci um carb onate or phosphate sal ts are used in nature. W ater,
l ipids, and sal ts as well as Ùllers may modi fy the sti ˜ness of such a m atri x. Fi l lers,
cro ss-linkers, and m inera l Ùllers can be easily incorp orated, for exam ple the cuti cle
of crusta cea consists of about 50% calcite. Ab out tw enty molecules of chi ti n are
combi ned to form m icro Ùbrils. The Ùbres tra nsmi t the stresses, and the protei ns
assemble the Ùbre into a matri x (no inf orm ati on exi sts about the arra ngement of
the matri x protei ns). The orienta ti on of one layer relati ve to the next can be varied,
givi ng a plywo od e˜ect. One should also ta ke disconti nuiti es into consi derati on as
these help prevent stress concentra ti on. The m echanica l properti es can be changed
to a high extent by thi ckness and wa ter upta ke.

W ood shows the sam e typ e of scal ing and sophi sti cated archi tecture as tha t
of anim al m ateri als. The organi sati on starts from the above-mentio ned m olecu-



Fi ft y Years of Study of t he Pi ezoelect r ic Proper ti es . . . 393

Fig. 2. Scheme of a typical w ood cell: A 1 | primary wall, A 2 | secondary w all,

A 3 | tertiary w all.

lar structure of elementary cellul ose Ùbre and conti nues thro ugh to m acroscopic
colum ns of cells. A typi cal schemati c wo od cell is presented in Fi g. 2. Cellul ose is
wo und around three wal l layers embedded in a m atri x of l ignin (i t is a polym eric
resin of polypheno l typ e). One can distinguish three layers: A 1 , A 2 , and A 3 , whi ch
correspond to di ˜erent ori entati ons of Ùbri ls. The m ost im porta nt is the layer A 2 ,
whi ch contri butes up to 80% of the tota l thi ckness. It is the major load-bearing
part of the wo od cell. The hel ical arra ngement of Ùbres results in a much higher
structure energy as com pared wi th tha t whi ch is calcul ated f rom the fri cti onal pul l -
out measurements in syntheti c Ùbres. W e cannot go into deta i l regardi ng strength
studi es, but we can concl ude tha t the A 2 layer creates a compro mise between
sti ˜ness and to ughness.

Bones are of m ajor interest of us. They are m ade of crysta l l i tes of hydroxy ap-
ati te embedded ti ghtl y in col lagen Ùbri ls. The col lagen is a templ ate and i t ini ti ates
the form ati on of crysta l l i tes. The Ùrst crysta ll i te f orm ed is preci sely ori ented wi th
i ts crysta l lographi c c-axi s para l lel to the long axi s of Ùbre, and thi s ori enta ti on is
reta ined as the calciÙcati on pro ceeds. The m ineral crysta l l i tes in m ature bone are
35 nm long (c-axi s). Thi s is of the order of the gap region in the quarter stagger
m odel of col lagen. Not all the minera l in bone is crysta l l ine; some am orpho us re-
gions exist as well , as can be seen by X-ray di ˜ra cti on. The am ount of am orpho us
m ateri al decreaseswi th the increasing maturi ty of the creature. The deta i led anal -
ysis of the packi ng of Ùbri ls to make up the structure of bone is not compl ete as
yet. One can however say tha t in the nanoscale, bone is a three- phase com posite
of hydro xyapati te platel et- reinforced col lagen Ùbres in a m acropolysacchari de m a-
tri x. Bone also has holes, whi ch also are im porta nt biological ly. A scheme of bone
structure is presented in Fi g. 3.

The arra ngement and packing of m ineral ised Ùbres contro l the di recti on and
m agni tude of stress whi ch can be sustained, as wel l as the way in whi ch the stress is
tra nsmi tted thro ugh the bone. General ly, one can say tha t the Ùbrils are arra nged
in two ways: either in layers wi th a pref erred di recti on, varyi ng in a sim i lar way
to the layers of insect cuti cle or as the secondary wal l (cf . A 2 in Fi g. 2) of wood
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Fig. 3. Scheme of the structure of bone: 1 | trop ocoll agen, 2 | hydroxyapatite,

3 | microÙbri l, 4 | osteon, 5 | bone.

cell (l amel lar bone) and/ or in a m ore or less random way (wo ven bone). Much
inf orm ati on about the arra ngement of m inera l phasescan be obta ined by studyi ng
fracture characteri stic [2].

2 . P iezo elect r icit y | b asic co ncep t s

Pi ezoelectri c materi al characteri sti cal ly develops an electri c Ùeld (or vol ta ge)
when m echanically stressed along the appropri ate di recti on, whereas an appl ied
electri c Ùeld (E ) pro duces a mechanical di storti on in the m ateri al . These are cal led
the \ di rect piezoelectri c e˜ect" and the \ converse piezoelectri c e˜ect" , respectively.
The phenom enon of piezoelectri city was discovered by the bro thers Pi erre and
Jacques Curi e in 1880, in quartz, Rochelle sal t, and som eother single crysta ls, e.g.
quartz amm onium dihydro gen phosphate NH 4H 2PO 4 or ZnS.

In accordance wi th our general aim we wi sh to m enti on the pi ezoelectri c
e˜ects in com posite m ateri als. The Ùrst were studi ed hetero geneous pi ezoelectri c
ceramics such as polycrysta l line bari um ti ta nate Ba(Ti O 3 ), a m inera l tha t becomes
pi ezoelectri c af ter the appl icati on of a d.c. electri c Ùeld. Thi s pro cess is cal led
pool ing. Af ter Ba(Ti O 3 ), m any other ceram ics and com plex materi als incl uding
polym ers were inv estigated wi th regard to thei r piezoelectri c properti es (see [4]).

There is an im porta nt di ˜erence between the converse piezoelectri c e˜ect
and electrostri cti on, where the deform ati on is pro porti onal to the square of the
Ùeld. On the molecular level, pi ezoelectri city occurs when the elasti c deform a-
ti on of the body is accom panied by unequal vecto rial displacements of centres of
gra vi ty of positi ve and negati ve charges (i ons) leading to the polari zati on of the
sam ple. The unequal vecto rial di splacements in the crysta l requi re the lack of the
crysta l lographi c centre of symm etry .

A very stro ng correl ati on was observed between the symm etry of the crysta l
and the typ e of stresses, whi ch cause the piezoelectri c polari zati on. For the crysta ls
of lower sym metry m ore typ es of stresses result in pi ezoelectri c polari zati on. Each
of the three com ponents of the polari zati on Â P i i s l inearl y related to each of the
ni ne com ponents of the stress tensor ¥ j k .
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Â P i = d i j k ¥ j k ;

where d i j k i s the thi rd- rank tensor havi ng 27 components cal led piezoelectri c co-
e£ cients. In the absence rota ti ons, the stress tensor is symm etri c, i .e. ¥ j k = ¥ k j .
It has onl y six com ponents thus the m aximum num ber of pi ezoelectri c coe£ cients
is 18. For thi s reason i t is conveni ent to represent the stress tensor as a six com -
ponent vecto r ¥ m and consequentl y the piezoelectri c coe£ cient as a second- rank
tensor d i m , were m = 1 À 6 and

Â P i = d i m ¥ m :

In a simi lar way f or the conv erse pi ezoelectri c e˜ects each of the six com po-
nents of the stra in tensor " i s connected to each of the three com ponents of the
electri c Ùeld E , thus

" = d E ;

in whi ch d i s the converse piezoelectri c coe£ cient. The stress and stra in tensors
are related to the elastic com pl iance tensor and to the elastic sti ˜ness tensor

" = s ¥

and so

¥ = c " ;

where c (wi th m; n = 1 À 6) is the elastic sti ˜ness tensor and s | the elastic
compl iance tensor.

The bri ef descripti on of values rela ted to the piezoelectri c e˜ect aimed at
intro ducti on of the basic pi ezoelectri c coe£ cients tha t wi l l be used in the fol lowi ng
text.

In the case of piezoelectri c ceram ics and polym er pi ezoelectri c composites,
the connecti vi ty of the structure is the key feature. In a two -component sys-
tem several connecti vi ty patterns are possible. The m ost extensi vely investigated
composites were PZT (l ead-zirco nate- ti ta nate) com posites ceram ics or/ and PLZT
(l ead- lantha ni um- zirconate-ti ta nate) composites [5].

Polym eric piezoelectri c m ateri als were studi ed later tha n a sing le crysta l or
ceramic piezoelectri cs.

The best kno wn polym er exhi bi ti ng piezoelectri c behavi our is poly(vi nyli dene
Ûuori de) (PVF ) or (PVD F) whi ch has the structure (CF CH ) [5 ; 6 ]: The pi ezo-
electri c polym er sam ple is obta ined by orienta ti on of di pole m oments in the poly-
m er by pol ing. The sym m etry of the highly ori ented PVF Ùlm reduces the num -
ber of possible piezoelectri c coe£ cients. For uni axi al ly ori ented Ùlm s they are
d ; d ; d ; d , and d . For biaxi a lly ori ented Ùlm s d = d and d = d .
The coe£ cient d i s very di £ cul t to m easure, so i t is calcul ated from the hydro -
stati c piezoelectri c coe£ cient

d = d + d + d :

Stress-induced changes in polym er crysta l lini ty signi Ùcantl y contri bute to the
pi ezoelectri c coe£ ci ents. D ue to the vi scoelasti c pro perti es, the piezoelectri c charge
signals obta ined from dyna m ic m easurements depend on the f requency.
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It is worthwhil e to note tha t these piezoelectri c pro perti es of organi c poly-
m er materi als are small . They have been the inspi ra ti on for intense studi es of
pi ezoelectri city in syntheti c polym ers. It was demonstra ted tha t substa nti al pi ezo-
electri c as well as pyro electri c e˜ects can be observed when the Ùlms of PVD F
are subj ected to a stro ng d.c. Ùeld at elevated tem peratures. D ue to thei r Ûexi-
bi l ity and avail abil it y in the form of Ùlms of a large area, these m ateri als have
opened the door to possibi l i ti es for new appl icati ons and devi ces, som e of whi ch
could not be real ised wi th conventio nal crysta l l ine piezoelectri c m ateri als. They
can be appl ied as acti ve elements in pro ducts ranging from infrared detecto r tech-
nology to loud-speakers. There is am ple l i tera ture concerni ng the piezoelectri ci ty
of syntheti c polymers, but we wi l l cite onl y two very good revi ews by W ada [7, 8],
whi ch perfectl y describe the kno wl edge in the Ùeld. In addi ti on to the PVD F re-
lated polym ers, various other polym ers have been studi ed in term s of thei r pi ezo-
and pyro electri c behavi our after pol ing (polya cryl onitryl e, polyethylenterephta -
late, polysul fone, polycarb onate, and PVC, whi ch is a noncrysta l l ine polym er).
It is piezoelectri c when poled at a high tem perature. Mo psik and Bro adhurst [9]
devel oped a dipole theo ry of the pi ezo- and pyro electrocity of glassy polym er elec-
trets, and obta ined good agreement wi th the m easured values. W ork on polym eric
pi ezoelectri c m ateri als conti nues in order to better understa nd thei r behavi our
and to obta in sim ple and com posite m ateri a ls, as well as to Ùnd new appl icati ons
and devi ces. In vi ew of thei r pi ezoelectri c behavi our, biological m ateri a ls present
a great interest. In the fol lowing section we wi sh to concentra te on wo od and bone
in parti cul ar [10, 11].

3 . P iezo elect r ic pr oper t ies of wo od an d bon e

Studi es of the piezoelectri c properti es of bi ological m ateri als is a logical con-
ti nuati on of the inv estigatio n of Rochelle-sal t crysta ls. These crysta ls are classical
pi ezoelectri c models of sal ts wi th organic components. The Ùrst organic skele-
ta l structure, inv estigated in term s of vi scoelasti c pro perti es and pi ezoelectri c
behavi our, wa s wood. Thi s is indi cated by Fukada in his excel lent revi ew arti -
cl e, whi ch app eared in \ Report on Pro gress in Polymer Physi cs in Japan" [12].
Studyi ng the elasti c consta nt and dam ping coe£ ci ent of wo od over the acous-
ti c frequency range, Fuk ada concl uded interesti ngly tha t the high elastic constant
and low dampi ng capacity were an importa nt cri teri on for wo od used in instru-
m ents [13]. Ano ther im porta nt pro perty of wo od is the speciÙc change of vi scoelas-
ti city of thi s skeletal structure as a result of ageing. Fuk ada mentio ned in 1950 [13]
tha t the elastic constant of wo od increases wi th ti m e, reachi ng a m axi mum at
300 years. Subsequentl y i t decreaseswi th ageing, reaching a m inimum value af ter
1300 years. Thi s result was supported by X-ray di ˜ra cti on investigati ons, whi ch
led to the conclusi on tha t the degree of crysta l l ini ty of old wood increasesfor about
300 years and then decreases for up to 1300 years. Af ter thi s long period of ti m e,
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wo od is alm ost 100% amorpho us. In a natura l envi ronm ent the crysta l l isati on of
cellulose occurs slowl y, but cellul ose also degrades duri ng the course of ageing.

Pi ezoelectri city is a property assigned to a numb er of organi c crysta ls, hence
Fuk ada, being very kno wl edgeabl e on the subj ect of the crysta l lini ty of wood,
began investigati ng the pi ezoelectri c e˜ects of thi s m ateri al . The detecti on of an
electri cal charge in wood was not an easy ta sk due to the anisotro py of the skeletal
structure of wood. It was necessary to cut out smal l sampl es of di ˜erent ori enta -
ti ons and to pro vi de silver foi l electro des on the opp osite f aces, and then to detect
the vol ta ge created in the sam ple under pressure. Fukada discovered tha t very
smal l vo lta ge changes appeared when the wo od cub es were compressed under a
4 5 £ angle to the ori enta ti on of pri ncipa l lam ellae. Thi s was the di rect pi ezoelectri c
e˜ect. In order to exclude the possibi li ty tha t the electri cal changes were induced
by fri cti on or conta ct potenti als, studi es were done to observe an inv erse pi ezo-
electri city in wo od. It wa s natura l to exp ect tha t the deform ati on of wo od under
pressure shoul d be smal l , hence an interf erom eter m icroscope was used to m easure
the deform ati on under a hi gh electri c Ùeld. Unf ortuna tel y, these studi es were un-
successful due to the breakdo wn of the wood before deform ati on is large enough to
be determ ined. Once again Rochel l sal t wa s used as a model and the appl icati on
of al terna ti ve deform ati on m ade i t possibl e (parti cularl y at mechanical resonance)
to detect the signal . The calcul ated values of pi ezoelectri city from direct and in-
verse piezoelectri c e˜ects agreed wel l. The piezoelectri ci ty in wood originates f rom
cellulose crysta l l ites as wel l as from the ani sotro pi c lam ellar structure of thi s m a-
teri al . The cellulose Ùbres consist of crysta l l ites in the ori ented gra in di recti on.
There exi st characteri stics of tri clini c sym m etry and the eight components in the
pi ezoelectri c constant matri x are Ùnite. T aking into considerati on the nonpolar
structure of wood, one can only exp ect there to be two components of the m atri x.
The shear pi ezoelectri c constants are À d 1 4 = d 2 5 . The exp erimenta l resul ts agreed
wi th the theo reti cal predi cti ons [14] and the m agni tude of the shear pi ezoelectri c
constant of dry wo od is d 1 4 ¿ À 0 :1 pC/ N. It is smal l , and equals to one twen ti eth
of tha t of quartz crysta l . Thi s is a remarkable discovery, whi ch led to the con-
cl usion tha t the piezoelectri c e˜ect should occur in vari ous substa nces conta ini ng
cellulose Ùbres. Since then, several other groups have inv estigated the piezoelec-
tri c e˜ects of wo od; also, pi ezoelectri c signal appearance was used to evaluate
the m echani cal streng th of lum ber (an im pul sive shock was appl ied at one end,
and the piezoelectri c signal wa s detected at a Ùxed distance). The piezoelectri ci ty
in bone has also a long tra di ti on of research. In nineteen-Ùfti es Fuk ada recogni sed
soon tha t bones and wood are mechani call y sim ilar, both being uni axi al ly oriented
structures . W ood consists of ori ented cellul ose crysta l li tes, and in bones col lagen
pl ays an analogous ro le.

An investigatio n of piezoelectri c e˜ects in bovi ne and hum an bones conÙrm ed
tha t both di rect and inverse pi ezoelectri c e˜ects can be detected in cubi c sampl es
of dri ed f emur. The magnitude of the pi ezoelectri c e˜ect in bone was sim i lar to
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tha t of wood. The polari zati on generated, both di rect and inverse, pi ezoelectri c
e˜ects were l inear wi th two appl ied Ùelds. The pi ezoelectri c param eter of dry
wo od is d = À 0 : 2 pC/ N, whi ch is twi ce tha t of wet wood. Fuk ada' s theoreti cal
considerati ons led to the conÙrm ati on of the anisotro py of thi s e˜ect and to the
deri vati on of the piezoelectri c tensor of bones [15].

The studi es conducted on the pi ezoelectri c properti es of bones ini ti ated by
Fuk ada have been underta ken by several groups. W e m enti oned above tha t bone
consists of hydro xyapati te, whi ch does not exhi bi t pi ezoelectri city; thus i t was log-
ically proposed, tha t tendo ns should be inv estigated as they are alm ost com pletel y
consti tuted of col lagen.

Fuk ada and his col laborato rs [16] observed a large piezoelectri c e˜ect in dry
tendo ns. Under shear, the piezoelectri c coe£ ci ent of tendo n was detected and
pi ezoelectri c constant was d 1 4 = À 2 : 0 pC/ N, whi ch is ten ti mes tha t of bone.
It was a surpri se tha t tendo n has a pi ezoelectri c constant of the sam e value as
quartz (d 1 1 = 2 : 2 pC/ N). In thei r ini ti al exp eriments, Fuk ada et al. [11] appl ied
shock or stati c pressure to the end of a femur clamped in a canti lever mode and
m easured the potenti al generated at the surface. In thi s experim ent, usual ly term ed
the bending piezoelectri city exp eriment, the degree of polari sati on is proporti onal
to the derivati ve of stress. Quanti ta ti ve bendi ng pi ezoelectri c exp eriments were
carri ed out by W i l l iams and Bri gar [17].

In the earl y sixti es the piezoelectri c e˜ect of wood and bones was a very new
phenom enon. It is interesti ng to note tha t Fukada [12] demonstra ted the pi ezo-
electri c e˜ect in an ingenious way. He substi tuted a bone or a tendo n element for a
R ochelle sal t crysta l element in a com merci al gram ophone needle and successful ly
pl ayed records.

Further studi es on piezoelectri ci ty in tendo n were related to bending e˜ects.
If pressure was di rected para l lel or perpendi cular to the col lagen axi s, electri cal
polari sati on was detected in the di recti on of orienta ti on, but the pi ezoelectri c con-
stants d 3 3 and d 3 1 were tw o orders of m agni tude smal ler tha n tha t of d 1 4 .

These studi es on the piezoelectri city of bones and tendo ns ini ti ated fur-
ther inv estigati ons on the pyro electri c e˜ect. The Ùrst results were publ ished in
1969 [18], however they were not well checked and the supp osed pyro electri city
wa s later attri buted to the piezoelectri c e˜ect. Subsequent works on pyro electri c-
i ty have shown tha t both of these e˜ects exist in many bi ological m ateri als (not
onl y in vertebra te skeleto ns). The work on pi ezoelectri city was ini ti ated in the
USA around 1960 and the resul ts obta ined there conÙrm ed al l of Fukada's group.

It is also interesti ng to note tha t the border between the collagen Ùbres and
hydro xyapati te pl ayed an im porta nt ro le in the pi ezoelectri city of thi s system . It
wa s interpreted in term s of the p À n juncti on, a well -known concept in semiconduc-
to r physi cs. Thi s topi c wi l l be discussed further when we describe hetero geneous
pi ezoelectri c system s.
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Al l the usual pi ezoelectri cal m ateri als are described by the m atri x consi sting
of 18 piezoelectri c consta nts. They represent the relati ons between the six com po-
nents of mechani cal stress and the three components of polarizati on. The col lagen
Ùbres in bone are nonpolar and uni axi al in sym metry , so only the shear piezoelec-
tri c constant, d 1 4 = À d 2 5 , has Ùnite values. Al l other com ponents are equal to
zero.

The exact measurement of pi ezoelectri city in bones and tendo ns show, how-
ever, Ùnite values of other components of piezoelectri city as well . Thi s behavi our
could be related to the hetero geneous structure of bone. There is another possible
expl anati on of thi s e˜ect. W e can recal l i ts other origin, i t is the stress-induce d
potenti al whi ch can be generated in bones.

Bone is a livi ng materi al , whi ch conta ins a consi derabl e amount of water,
and so i t is natura l to exp ect tha t the observed piezoelectri c consta nt is a functi on
of water content. The value of d 1 4 measured at 10 Hz is the hi ghest in the dry
state of bone and decreases wi th the water content being zero at about 30
polari zati on is neutra l ized by the ionic conducti on of water.

The electrom echanical e˜ects in m inera l ised ti ssue are, as we have shown
above, classical pi ezoelectri c phenomena [15]. These resul ts have enhanced studi es
of the piezoelectri c current in bone in vi tro . La vi ne et al . [19] have shown in an
ingenious wa y tha t the current can be easily m oni to red at any ti m e by inserti ng
a micro-ammeter into a circui t and the relati on between the vo lume of the ti s-
sue (a slow ri se in tem perature) and the developm ent of enhanced heal ing in the
exp eriment as compared wi th contro l ani mals (ra bbi t) (see the references in [19])
could be detecte d.

The di scovery of the electri cal potenti a l in bones focused the study in the
di recti on of the stream ing potenti al ± . Anderso n and Eri cson [20] publ ished an
interesti ng paper on the values of ± in bones and concluded tha t the pi ezoelectri c
e˜ect is onl y dependent upon appl ied stra in and is not related to the pH of the sur-
roundi ng soluti on. If any changes appear on the surface of stra ined Ùbre, they wi l l
be rapi dly cancelled by the ions of opposite polari ty absorbed from the soluti on,
and thus the isoelectri c point wi l l change. In order to separate pi ezoelectri c and
stream ing potenti al from piezoelectri city , Anderso n and Eri cson [20] investigated
the pul sed vol ta ge provi ng the exi stence of piezoelectri c phenom ena and stream-
ing potenti al , both being dependent on the hydra ta ti on of col lagen, the structura l
changes between dry and wet col lagen ha ve been ta ken into considerati on, whi ch
is reÛected in the symm etry of the col lagen m olecul e. Ho wever, at small absorp-
ti on of water, i t is not possible for assumpti on of a parti cul ar symm etry group.
The fact tha t the ± value is equal to zero at the isoelectri c point of the immersing
Ûuid is v aluable inf orm ati on because it dem onstra tes the ro le of the externa l ionic
envi ronm ent. Later on, intense inv estigati ons were devoted to a streaming poten-
ti al . It was demonstra ted tha t there is a distri buti on of electri c potenti al across
the section of bone being bent. Thi s e˜ect is ascribed to the stream ing potenti al
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induced by the Ûow of Ûuid thro ugh canalicul e, whi ch are very Ùne tub es pene-
tra ti ng the structure of the bone. If a long bone is bent, the body Ûuids Ûow f rom
the com pressed regions to tho se whi ch are expanded. The ionic streng th of the
Ûuid and the ± potenti al at the surf ace of the canal icul i is determ ined in i ts sign
and m agni tude. The wet bone preserves i ts stream ing potenti al in oppositi on to
the piezoelectri c e˜ect.

The above-m enti oned e˜ects suggest tha t the externa l electri cal Ùeld woul d
a˜ect bone and tha t bioelectri cal stim ulatio n woul d occur. Thi s e˜ect wa s indeed
di scovered and i t is cal led the electri cally m ediated growth m echani sm in livi ng
system s.

A characteri stic feature of polym ers in vari ous Ùelds is tha t they relax when
the externa l Ùeld is swi tched o˜. Usual ly the mechanical properti es of polym ers
are represented by com pl ex elasti c constants and in dyna m ic experim ents a phase
lag exi sts between the appl ied stress and the resulti ng stra in. It is necessary to
recal l tha t the elasti c consta nt represents the rati o of stress to stra in and the angle
between them . Both values are functi ons of frequency and tem perature.

Thi s piece of basic inf orm ati on on vi scoelastic constants expl ains why the
pi ezoelectri c consta nts of polym ers are compl ex values. Fukada [14] constructed a
new exp erimenta l set up to measure dyna micall y the compl ex piezoelectri c con-
stant of polym er Ùlms. The Ùrst investigated sam pl e was a thi n plate of wood cut
at an angle to Ùber axi s in order to show the piezoelectri c e˜ect. It was detecte d
tha t the piezoelectri c constant increases gradual ly as the tem perature ri sesf rom
À 1 5 0 £ C to 0 £ C. The phase of polari zati on lagged the appl ied stress, whi ch was
obvi ously anti ci pated. Ho wever, when the tem perature was above 0 £ C, the pi ezo-
electri c constant decreased and the phase of polarizati on went, beyond the appl ied
stress. W hen the pi ezoelectri c constant is described, using imaginary numb ers, by
d = d 0 + id 0 0, the phase angle £ i s given tg £ = d 00 =d 0 . W i th an increasing tempera-
ture, £ was positi ve, whereas wi th a decrease in tem perature, £ became negati ve.
Such behavi our had never been observed in typi cal relati ons of elastic or di electri c
constants. In the case of wo od, at tem peratures below 0 £ C, the dipoles are oriented
and thi s ori entati on is pro porti onal to polari zati on. Ab ove 0 £ C, the ioni c conduc-
ti vi ty of water neutra l isesthe di polar polarizati on and i t decreases wi th ti me [20].
Co nsequentl y, m odiÙed cellulose polym ers such as cellulose diacetate and cellu-
lose tri acetate were the subj ects of inv estigati ons in Fukada's laborato ry , as was
poly- Û-gluta mate [21] and poly-Û -m ethyl -L-g luta mate [22]. The latter is charac-
teri sti c of a large pi ezoelectri c e˜ect and a reta rda ti on À relaxati on e˜ect connected
wi th the side chains at a well -deÙned relaxati on tem perature. Thi s polym er ex-
hi bi ts unusua l piezoelectri c characteri sti cs. W hen the tem perature increased f rom
À 1 5 0 £ C to 1 5 0 £ C the piezoelectri c constant d = À d = d increased up to 0 C,
and then i t decreased. The tg £ also exhi bi ted a simi lar behavi our (f rom positi ve to
negati ve values). At about 0 C, the elasti c constants decreased and the di electri c
constant " increased.
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Thi s ki nd of behavi our was not expected but i t coul d be expl ained by ta ki ng
inhom ogeneous m ateri als into considerati on. Date [23], Fukada's col laborato r, has
pro posed a theo ry for the systems in whi ch the piezoelectri c incl usions of crysta l l ine
nature are uni form ly di spersed in a non-pi ezoelectri c am orpho us m edium. In thi s
m odel , both the increase in d and the increase in " are dependent on the interpl ay
of amorpho us and crysta l l ine pha ses. Thi s theo ry can be extended by intro duci ng
the concept of gra in boundari es in the pi ezoelectri c crysta l l ine phase, whi ch is
parti cul arl y suita ble for expl aining the piezoelectri c phenomena of the series of
substi tuted poly(g luta mates). W i th regard to these materi als one has to consider
the dipolar ro tati on in pepti de groups in hel ical molecules, and tha t mechanical
relaxa ti on is connected wi th the therm al moti on of side chains. The elastic constant
of hel ices at gra in bounda ri es is consta nt, but the moti on is related to the chain
(si de chain) in the vi cini ty of hel ices [24].

Successful studi es in the Ùeld of the piezoelectri c behavi our of bones have
inspi red studi es on a num ber of biopolymers. An excellent exam ple is the shear
pi ezoelectri c e˜ect in elongated and dri ed sam ples of blood cell wal ls. They consist
of col lagen, elastin, and m uscle. Af terwo rds extensi ve work wa s carri ed out on
separate dri ed myosin, acti n, and muscle. At thi s point i t is interesti ng to note
the piezoelectri c relaxati on in deoxyri bonucl eate Ùlms below 0£ C and the change
of the pi ezoelectri c constant wi th wa ter content. Hydra ted water induces a change
in the helical structure of m olecules | thus it wa s natura l to exp ect signi Ùcant
e˜ects on the piezoelectri city of D NA [25].

T o sum up parti al ly thi s secti on, we can say tha t polysacchari des, protei ns,
and deoxyri bonucl eic aci ds, the three basic typ esof biopolymers, ha ve pi ezoelectri c
pro perti es.

It is out of the scope of thi s paper to di scuss in deta i l the piezoelectri ci ty
of other biological polym ers, but i t is necessary to say tha t piezoelectri city in
bi opolym ers arises from ato mic groups wi th asym metri c carb on ato m s and polar
groups such as CONH bonds, as wel l as from the speciÙc uni axi al orienta ti on of
m acrom olecules.

These statem ents can be supported sim ply by indi cati ng tha t ori ented Ùlms
of opti cal ly acti ve poly(pro pyl ene oxi de) exhi bi t disti nct piezoelectri c relaxa ti on
in the vi cini ty of glass tra nsiti on tem perature (about À 6 0 £ C) and a piezoelec-
tri c constant d 1 4 = À 0 : 1 pC/ N at 1 0 0 £ C [25, 26]. Sim i lar e˜ects, but expressed
m ore clearl y, were observed in poly( Ù -hydroxybut yl ate) [27] and copolym ers of hy-
dro xybutyra te and hydro xyv alerate [28]. Poly(L- lacti c acid) (PLLA) is of speciÙc
interest, as i t exhi bi ts pi ezoelectri c relaxati on at Tg = 8 5 £ C and d 1 4 = À 1 0 pC/ N
in the room tem perature range [29]. Poly(L- lacti c aci d) is a crysta l l ine polym er,
so the probl em of i ts piezoelectri c properti es was discussed in term s of di spersion
of crysta l l i tes in the amorpho us phase, whereby the piezoelectri c pro perti es of
the crysta l l ine phase was f ound to be tem perature independent [29]. These studi es
have shown tha t the magni tude of the shear pi ezoelectri c constant in poly(L- lacti c
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aci d) is the hi ghest ever observed in correl ati on wi th an unusua l rota to r power in
the di recti on of the helical molecular axi s.

The m odels for natura l bi opolymers are functi onal syntheti c polym ers usu-
al ly investigated in the form of thi n Ùlms. Som e of them are prepared by a Ùlm
casting techni que and others by hot pressing, one such exampl e is PVD F (whi ch
is hardl y solubl e). Thei r pi ezoelectri c properti es were m enti oned, but there is a
necessity to extend these studi es in conj uncti on wi th a structura l investigatio n us-
ing m odern techni ques, whi ch pro vi de interm ediate access to the m olecular level.
The m olecul ar beam vapour depositi on al lows for di rect contro l of m olecular struc-
ture (choice of pro per supp ort), thus maki ng i t possible to investigate the tra ns-
form ati on duri ng pol ing. There are now possibi l i ti es tha t more compl ex organic
m olecules can be vacuum deposited at low temperature, thus pro vi di ng a mate-
ri al basis f or di rect correl ati on of piezoelectri city to structure. W e wi l l menti on
onl y two exam ples. One of the Ùrsts is the paper publ ished by Yoshida et al . [30]
concerni ng the e˜ect of electri c Ùeld on the m olecular ori enta ti on in evaporated
ferro electri c vi nyl idene Ûuori de and tri Ûuoroethyl ene (T rFE) copolym er Ùlm s. It
wa s shown tha t the electri c Ùeld appl ied duri ng evaporati on pro cess to obta in ul -
tra thi n Ùlms of (PVD T/ TrFE) induces an uni axi a l ori enta ti on of di po les. The
to ta l reÛexion X- di ˜ra ctom etry reveals tha t polar Form I crysta l l ites wi th dipolar
m oment ori ented norm al to the substra te can be form ed under hi gh electri c Ùeld
(6 MV/ cm) al tho ugh the crysta l l ini ty of the Ùlms was low due to the pyro lysis of
the sam ple duri ng evaporati on. Takahashi et al . [31] have shown tha t thi n Ùlms
of polyurea , less tha n 1 mm , prepared by therm al vacuum depositi on and poly-
m erisati on show an interesti ng pi ezoelectri c e˜ect. It seems on purp ose to devo te
som e m ore attenti on to thi s wo rk. The stress-induced interna l ro ta ti on of pepti de
bonds produces piezoelectri c polari zati on. If the CONH group is rampl aced by
urea bond HH COHN the value of dipole m oment increasesf rom 3.4 to 4.3 debye,
thus the piezoelectri c and pyro electri c pro perti es are hi gher tha n tho se of polyp ep-
ti des. The m onom ers: di isocyanate and diam ine deposited on the surf ace of the
substra te underwent addi ti on polym erisati on form ing urea bonds. In thi s way the
thi n Ùlms of arom ati c polyurea have been obta ined (aromati c polyurea thi n Ùlms
cannot be obta ined by spi n-coati ng because of lack of solvent). Under hi gher elec-
tri c Ùeld and of high tem perature, urea dipoles are al igned in the som e di recti on
and large residual polari zati on, perpendicul ar to the Ùlm surface, is form ed. The
tensi le piezoelectri c constant wa s high as 10 pC/ N and persisted at tem peratures
to 2 0 0 £ C. Piezoelectri city of pooled Ùlms of polyurea not shear- induced as usu-
al ly observed in elongated Ùlms of biopolym ers. It is ra ther tensi le stress-induce d
pi ezoelectri city whi ch is observed f or ferroelectri cs ceramic substa nces.

Investi gatio ns of pi ezoelectri city in materi als of biological ori gin are now in
the stage of pra cti cal appl icati ons. The physi ological im porta nce of piezoelectri ci ty
in biopolymers has been discussed since the di scovery of the phenomena discussed
above. It was speculated tha t piezoelectri c intera cti on m ay play a role in enzym ati c
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cata lysis, Ûagel lar m ovement and in parti cular the senseof heari ng and percepti on
of pressure (see e.g. Li pi nsky [32]). Mo st of these e˜ects have been expl ained
thro ugh the occurrence of selecti ve changesin ion perm eabi l it y. W hen an electri cal
Ùeld is appl ied to bi omolecules an interna l deform ati on of molecules occurs. It is
a ki nd of movement whi ch is simi lar to tha t of moti on of anim als and pl ants
pro duci ng electri c polari zati on.

A parti cul ar interest present the stress-induced potenti al of bone i n vivo,
whi ch was al ready m enti oned, e.g. the pi ezoelectri c po lari zati on of col lagen in dry
bone (when the water content is hi gh, the pi ezoelectri c polari zati on is neutra l ized
by ioni c current). It serves a purp ose to consider once again the streaming potenti al
whi ch is caused by ionic Ûow thro ugh canal icul i, the smal l canals penetra ti ng the
structure of bone. The streaming potenti al is observed in wet bone.

These resul ts created a great interest in the m edical mi li eu. It is now general ly
accepted in ortho pedics tha t the stress-generated potenti al is e˜ecti ve in new bone
form ati on. The electri c current is acti ve in sti mulati on of the acti vi ty of bone cells
thus i t enhances the repai r and growth of bone. The heal ing of pseudoarthro sis by
electri c stim ulatio n is very im porta nt from the clini cal vi ew point (see, e.g. the book
edi ted by Becker [33]). Ma ny metho ds have been devel oped to insist the heal ing
of fracture: di rect current, al terna ti ng current, pul sing electro magneti c Ùeld, and
ul tra soni c Ùeld. Piezoelectri c organic impl ants have been used to o. Exp erim ents
carri ed (see [34]) have shown tha t the bone growth is enhanced by im planta ti on
of poly(L- lacti c acid), ti bia and Ùbula of a cat were cut and a rod of PLLA wi th
di ameter of 3 m m and lengths of 5 cm was inserted as an intra m edul lary pin.
The X- ray ta ken the 8th week after implanta ti on indi cated tha t a new bone is
form ing around the impl anted pin i f i t consists of elongated PLLA. The increase
in weight of the bone was correl ated wi th the draw rati on and the pi ezoelectri c
constant. It is interesti ng to note tha t in the case of ori ented PLLA Ùlm s, 0.2 m m
thi ck, 6 m m wi de, and 12 m m long, whi ch were impl anted between periosteum
and muscle of rabbi ti bia (the upp er and lower ends of the Ùlm were Ùxed so tha t
the elongati on of the Ùlm pro duced piezoelectri c polari zati on and thus induced
ioni c current) the most e˜ecti ve relati ve increment of new bone wa s detected af ter
6 weeks in the Ùlm ori ented at 4 5 £ vs. di recti on of ori enta ti on. It correl ates well
wi th the di recti on of m axi mum of piezoelectri c e˜ect. Since PLLA is degraded in
the bi ological envi ronm ent in about 6 m onths i t seems to be a prom ising materi al
as a bone inducti ve implant. It seems not necessary to conti nue in detai l the
di scussion of m edical use of organic piezoelectri c structures in medicine parti cul arl y
tha t the autho r wa s not inv olved in the cooperati on wi th m edical m i lieu using
tho se m ateri als. W hy the electri c current or electri c Ùeld sti mulates the acti vi ty of
bone cells is an importa nt questi on whi ch is debated at present. Indep endentl y of
pi ezoelectri c acti vi ty whi ch was rather extensi vel y characteri sed above (see also a
paper of Fukada [35]), another expl anati on consists of consideri ng the enhancement



404 M. Kr yszewski

of ionic tra nsport across cell m embra ne caused by the electri c Ùeld or mechanical
stress (see e.g. Bri ghto n and Pol lack [36]).

Bi om ineral izati on is a compl ex phenom enon. Three pri nci pa l stages are con-
sidered to occur duri ng bi ominera l izati on: molecular preorganizati on, interf acial
m olecular recogni ti on, and cellular processing as described by Ma nn [37]. An or-
gani zed reacti on envi ronm ent such as l ipid vesicle or protei n cage or an extended
pro tei n-polysaccharide netwo rk is at Ùrst produced. Thi s structure then pro vi des a
fram ework for m inera l izati on and crysta l nucl eati on is governed by electro stra ti c,
structura l , and stereochemical compl ementa ri ty. Al tho ugh the in vit ro system s are
hi ghly com plex, m any elements can be investi gated in arti Ùcial system s.

The piezoelectri c syntheti c or biological m ateri als, when pooled, are char-
acteri stic of charge accum ulati on on the surf aces thus belong to the wi de class
of electrets. These m ateri als create an externa l electri cal Ùeld due to perm anent
electri cal order of dipole m oments of m olecules or to accum ulati on of charges.
El ectret is in thi s respect sim i lar to m agnets whi ch creates magneti c Ùeld. There
are several m etho ds to prepare electrets : e.g. polari zati on by heati ng in a stro ng
electri cal Ùeld (orienta ti on of dipoles) and cool ing down to stabi lize the achi eved
ori enta ti on. Li ght and i rradi ati on are often used to separate the charge and to
fabri cate electrets. Since the discovery of electrets by polarizati on of carnauba
wa x and resin wi th addi ti on of bees wax by Eguchi in 1919 and obta ini ng pho to-
electret (sul fur electret) by Naj akow (1938) the theo ry and f abri cati on as wel l as
appl icati on of electrets were devel oped. Ma ny origina l papers and books app eared
concerni ng thi s interesti ng part of sol id state physi cs in parti cul ar polym er and
bi opolym er physi cs. Let us recal l as an exampl e a very good book by Hi lczer and
Ma ¤ecki [38] in whi ch the readers may Ùnd a great deal of extensi ve inf orm ati on
on the electrets .

W e have intro duced the term electrets onl y now because we wanted to fol -
low the developm ent of bioelectrets and thei r m odels accordi ng to the sequence of
Fuk ada' s group contri buti ons. Evi dentl y the studi es on natura l piezoelectri c mate-
ri als have adopted m any experim enta l metho ds and concepts from the vast kno wl -
edge accumul ated in the Ùeld of electrets, e.g. therm al ly sti mula ted current (TSC)
or therm al ly stim ulated discharge (TSD ) techni que whi ch enables the spati al and
energeti cal distri buti on of charges as wel l as distri buti on of charge density on elec-
tret surface. The m easurements of depolarisati on current, appeari ng by heati ng
previ ously polari zed several bone typ es, carri ed out by Ma scarenhas [39], showed
cl earl y tha t the charge stored due to polari zati on is high being of 1 0 8 C/ cm 2 for a
Ùeld of 10 kV/ cm (satura ti on). These sam ples of bones were trea ted therm al ly and
the role of col lagen wa s suggested wi tho ut consideri ng the e˜ect of denatura ti on.

The electret behavi our of col lagen and bl ood vessel wa lls was also discussed
by Ma scarenha s [40]. He demonstra ted tha t the bl ood vessels are abl e to polariza-
ti on storage of 1 0 À 9 C/ cm 2 . These results are evidentl y less concerni ng tha n the
di rect pi ezoelectri c studi es (due to the strong therm al trea tm ent), however i t is
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shown tha t the therm al ly sti m ulated current techni que can be appl ied to biological
m ateri al .

It seems worthwhi le to note tha t the to day TSC and TSD techni ques to gether
wi th a.c dielectri c measurements are wi dely used for studi es of materi als of bi olog-
ical ori gin by m any groups, e.g. of A. Ko nsta (Greece) and C. Lacabanne (F rance),
leading to a better understa ndi ng of electri Ùcati on phenomena. For the sake of the
compactness of the text i t is necessary to give up the deta ils. Parti cul arly inter-
esting are the porous polym eric electrets whi ch are of great im porta nce because of
unexp ected large storage of charges. The porous electrets present to day a major
Ùeld of electret studi es, see e.g. poly(pro pyl ene)cellular Ùlm whi ch show, however,
low therm al stabi li ty of piezoelectri c coe£ ci ent. Porous poly(terra Ûoroethyl ene)
Ùlms are an excellent non-polar electret m ateri al wi th a hi gh space charge, out-
standi ng therm al stabi l ity for both charge storage and m echanical properti es [41].
It has a wi de appl icati on for sensor and actuato rs. In biological pi ezoelectri c m a-
teri al and thei r syntheti c analogues l ike PLLA the piezoelectri c acti vi ty is related
to dipoles or ions and not so accumula ted charges in pores by pol ing. Ho wever the
structura l inhom ogeneit y m ay pl ay a certa in role to o.

At the end we wi sh to recal l the recent experim ents on ani onic col lagen for
bi omedical appl icati ons [42] and pyro electri c pro perti es of a composite of anioni c
col lagen: poly(PVD F/ TrFE) [43]. Thi s study describes the preparati on of anioni c
col lagen, characteri zati on and determ inati on of pyro electri c properti es of anioni c
col lagen and the m ixtures wi th (PVD F/ T rFE). It is an interesti ng work concern-
ing natura l and syntheti c electro- and piezoelectri c system s. It was shown tha t the
increase in negati ve charges in col lagen molecule signiÙcantl y increasesthe pyro -
electri c coe£ cient and tha t the associati on wi th (PVD F/ T rFE) pro duces m ateri -
als wi th even higher coe£ cients wi tho ut loss of tro pocollagen secondary structure
(1:1 composite). It is due to the hydro gen bonding between carboxyl and alco-
hol ic hydro xyl groups of ani onic col lagen and Ûuorine ato ms in the copolym er.
Ani oni c col lagen m ateri a ls them selves are m ore attra cti ve as acti ve biom ateri als.
They show biocom pati bi li ty and ti ssue supporti ng abi l i t y. The anionic col lagen
m embranes at pH 3.5 submi tted to Ùbropl ast cell cul turi ng dem onstra ted a high
level of bi ocom pati bi li t y. Very inspi ri ng are also results of bone growth supp ort.
Ani oni c col lagen sponges wi th a net increase in negati ve charges of 36, 53, and
74 were com pared wi th ani onic col lagen: a hydroxy apatite m ixture. D efects Ùlled
wi th the m ateri al conta ini ng extra 53 negati ve charges are characteri stic of bone
neo- form ati on. The cavi ty was com pletely Ùlled wi th a new bone ti ssue, wi th most
of the Ùbers compl etely calciÙed. The bone form ati on was not accompanied to col-
lagen matri ces bioresorpti on, suggesting tha t they are used as a true support for
a new bone form ati on. Thi s materi al shows interesti ng pro perti es for ti ssue engi-
neering (see also the Pro ceedings of the 10th Int ernat ional Symposium of Electrets
1999 Del phi , Greece, for the inf orm ati on [43]).



406 M. Kr yszewski

4. Co n cl u d i ng r em ar ks

Ma ny tho usands of papers have been publ ished on the piezoelectri c, pyro -
electri c, and ferroelectri c pro perti es of sing le crysta ls, ceram ics, and l iqui d crysta ls.
They concerned physi cs, preparati on, and appl icati on of such electro acti ve m ateri -
als. Yet fewer tha n 100 papers have app eared related to these pro perti es of bi olog-
ical m ateri als. Pi ezoelectri c and pyro electri c properti es have been m easured in a
num ber of ani mal and/ or plant ti ssuesand the exi stence of piezoelectri city has also
been docum ented. The importa nt increase in interest in piezoelectri c properti es of
m acrom olecular bi ological m ateri als started wi th Fuk ada' s discovery of piezoelec-
tri city of wood and bones. Since the Ùfti es of the last century som e groups in the
wo rld fol lowed the way of studi es ini ti ated by Fukada. Several bi omateri als, both
crysta l l ine and amorpho us, were investigated incl udi ng polysacchari des, polyp ep-
ti des and nucl eic acids. A special signiÙcance had the studi es on syntheti c highl y
elongated Ùlm s of poly(L- lacti c acid) whi ch was shown to be a piezoelectri c acti ve
m ateri al . Bone collagen and parti cul arl y tendo n exhi bi t shear piezoelectri city (in
dry state) | d 1 4 ¤ 2 pC/ N whi ch is com parabl e to thi s of quartz d 1 1 ¤ 2 : 2 pC/ N.
It seems justi Ùed to claim tha t pi ezoelectri city appears to be an almost uni versal
pro perty of biopolymers. Some of them have not been di scussedin thi s paper, e.g.
chi ti n, amylo se, and kerati n (wo ol, horn) but thei r general piezoelectri c character-
isti cs are simi lar to these of bone and wood. W ater content in these m ateri als is
im porta nt because of the neutra l izati on of a part of piezoelectri c polarizati on by
ioni c current.

The m ost fascinati ng m ateri al among pi ezoelectri c biological m ateri als is
bone. Bone as a com pl ex hierarchi cal structure , whi ch, despite great investi gatio n,
is sti l l not well understo od. The basic bui ldi ng blocks are extrem ely smal l pl ate
shaped crysta ls of carb onate apati te. They are arra nged in para l lel layers wi thi n
col lagen netwo rk. The next hi erarchi cal level are the minera l -Ùlled col lagen Ùbres
whi ch are organized into a 3-di mensional structure tha t m akes up a single layer or
lam ella of bone a few m icron thi ck.

The investigati on of apati te growth in a col lagenous m atri x belongs also to
the topi cal questi ons because the calciÙcati on is studi ed mostl y in m odel system s
( in vi tro ) thus the tra nsfer of obta ined resul ts to l ivi ng system s is not obvi ous.
Ma ny autho rs however consider tha t the in vit ro system s are a suita bl e mode to
study the bone-biom ateri al intera cti ons.

Co llagen is most abunda nt in anim al ti ssue as a very long Ùbril wi th a char-
acteri stic axi al periodic structure. How the Ùbri ls are form ed f rom thei r m onom eric
precurso rs is sti l l the subj ect of studi es. The col lagen Ùbri l f orm ati on is basical ly a
self-assembly pro cessbut i t is a lso sensiti ve to cell -mediated regulati on parti cul arl y
in young or heal ing ti ssues.

The studi es on piezo- and pyro electri c properti es of bone and col lagen have
contri buted to these pro blems to som e extent, parti cul arly to research on the
im plant of bi o-analogue polym ers, e.g. poly(L- lacti c acid). The very importa nt
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parameter whi ch is the necessary condi ti on of thei r appl icabi l it y is the biocom pat-
ibi li t y.

W ekno w, as yet tha t an absolute inert materi al doesnot exi sts, but biological
response to any biom edical materi al m ust be kept in a certa in range (we have
intro duced here the concept of biomedical m ateri als whi ch compri seswel l -known
im plants, l ike meta ls, ceramics, whereas biom ateri als relate to systems created by
nature).

The relati onshi p between the physi ological observati ons di scussed here and
pi ezoelectri city , pyro electri city , and ferroelectri ci ty are somehow speculati ve, ex-
cept the bone heal ing acti vi ty . A great deal of further research wi l l be necessary to
dem onstra te these correl ati ons. The speculati on can be an excellent ini ti ati ve for
inv estigati ons. The f orm ed 19th century French physi ologist, Cl aude Berna rd in
the intro ducti on of one of hi s books wro te: \ . . . in nature, what is absurd accordi ng
to our theo ries, is not always impossible. . . " thus there is a hope tha t unexp ected
new results, theo ri es, and appl icati ons of pi ezoelectri c structured organi c system s
wi l l be dem onstra ted. These studi es are interdi scipl inary and very chal lenging for
both scienti sts and physi cians.
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