
Chapter 11 

PIEZOELECTRICITY OF BONE AND 
OSTEOGENESIS BY PIEZOELECTRIC FILMS 

E11 C HI F U K A D A 

Piezoelectricity of Bone 

I N 1953 Y ASU DA report ed that long bone produ ced elect ric voltage when 
it was bent as shown in Figure 11- 1.1 T he concave part was neg at ively 

polarized and th e con vex part positively polar ized . In 1957 Fukada and 
Yasud a reported the piezoe lect rici ty of bone und er shear, which was th e 
first quanti ta tive stud y on piezoe lectr icity of bon e.2 T hey cut approximat e
ly cubic sample s with a few millim eter dim ension from the cor tex of dri ed 
bovin e or hum an femur as shown in Figure 11-2 and investiga ted th e 
rela tionship betwee n the dir ect ion of appli ed pr essur e or tens ion and th e 
dire ction and mag nitude of resultin g polari zation. Th e largest pie zoe lec
tri c effect was observed when pressur e or tens ion was appli ed at about 45 
de grees to the bone ax is. Th e same effect was also observed in the Ach illes 
tend on.3 Experiments confirm ed that when shear stress is given to th e 
oriented collagen fiber s, either in bone or in tendon , polariz ation appears 
in the dir ection perpend icular to the plane of appli ed shea r·. 

Recta ngular coo rdinates were assigned to th e bone: the z-axis was the 
bon e axis, the x-ax is th e radia l dir ection , and the y-ax is th e tange ntia l 
dir ect ion . When the pr essur e (T) is appli ed at 45 degrees to the bon e axis , 
which is one-ha lf of .the shear stress in th e yz plan e (T ,,,), the e lect ric 
polarizati on (P) is produ ced in the x dir ection. T he piezoelec tri c constant is 
defined as the rat io of polari zation to mechani cal stress. 

Figure 11-3 shows th e linea r relati onship betwee n pol arizat ion (Px) and 
mechanical str ess (T "') for dri ed bone. The slope gives the piezo electri c 
constant (d 14), which is about 0.2 pC/ . 

Converse piezoe lectri c effect was also proved in bone , i.e. mecha nical 
stress or strain is produ ced when th e electric field is applied .2 Figure 11-4 
shows th e linear re lationship between th e shear stress in the yz plane (T v,) 
and the electri c field app lied in the x-ax is (Ex)-The slope gives anoth er type 
of piezoe lectri c constant (e 14), which is the rat io of mechani cal stress (T v,) 
to th e applied electric field (Ex)- It was found to be 2 x I 0-3 N/Vm for dried 
bon e. Th e two piezoelect ric consta nt s (d 14 and ~~4 ) are related by th e elastic 
constant (c), which is about 1 x 1010 N/m2

. T he piezoelectri c constant (d 14 ) 

calcul ated from th e converse piezo electr ic measur ement agreed well with 
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Bending Piezoelectricity 
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Figure 11-1. Bending piezoelenr icity of bone. 
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th at observed by dire ct piezoe lect ric meas urement , as shown in Figure 
11-3. 

Co nver se piezoelectri c effect in pol ymer s has been scarce ly investigated. 
How eve r , the e ffect is im portant for th e pr act ica l app lication of piezoe lec
tri c pol ymers such as ult raso nic transducers. 

When th e pre ssure or tens ion is app lied in the dire ct ion of bon e axi s, or 
perp endicul ar to it, the elec tric po lari zat ion also app ears in the dire ction o f 
bone ax is, as show n in Figur e 11-5.3 It was found that the pressure in the z 
direction (the bon e axis) cause s the polari zat ion in the same dire ction , the 
proximal part bei ng ne ga tive and th e dista l pa rt being positi ve. 

T he piezoe lectric consta nt d 33 , which is th e rat io of th e ax ial pol ari zation 
to the ax ial stress , is about one-fiftieth of d 14 • This tensile piezo electr icity is 

Shear Piezoelectricity 

z bone 
axis 

>--- - Y 
tangential 

x direction 
radial 
diretion 

Figure 11-2. Shear piezoe lect ricity of bone. 
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Direct Piezoelectric Effect 

Short Circuit, Ex= 0 

d14=Px/ Tyz ~ 0.2 p C/ N 
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Figur e 11-3. Dir ect piezoelect ric eff ect in bone. 
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Converse Piezoelectric Eff ect 

clomped , S = 0 

e,4 = T,yz I.Ex :::::: 2 x 10- 3 
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Figur e 11-4. Co nverse pie zoelectric effect in bone . 



Piezoelectricity of B one 

Tensi le Piezoelectri cit y 
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Figure 11-5. T ensile p iezoe lectricity of bone. 
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very small fo r bone bu t signifi can t for tend on. 3 Th e con sta nt d3 :i for dried 
tend on is la rger by one orde r of mag nitud e comp ared to bone. 

Th e tensile piezo electr icity is related to th e pyroe lectr icity in the d irec
tion of bone ax is. If bone or te ndo n is hea ted o r coo led , the pola rizat io n is 
p ro du ced in th e di rect ion of bone ax is. 

Th e p yroe lect ric constant (p) is d e fin ed as th e tempe ratur e depend ence 
of th e polarization . T he ex perim ent al value of p = 2.5 x l 0-9 C/mi K was 
report ed by Lang.4 

T he pyroe lect ric effect obser ved in bone is be lieved most ly d ue to th e 
seco nd ary effec t th ro u g h th e piezoe lec tr ic effect. ,; T he seco nd a ry 
pyroe lectri c constant is given by the prod uct of d, c, and a, where d is the 
piezoe lect ric consta nt , c the e last ic co nstant , and a the therm al ex pansion 
coe fficient. If the sampl e is heated, th e ther mal ex pansion causes the 
elast ic defor matio n, which then prod uces th e electr ic po lari zation th rough 
the piezoe lectri c effect. 

T he d ynam ical meas ur emen ts of piezoe lectr ic consta nt have bee n car
ried out for var io us kind s of po lymers.t' T he sampl e, in the shape o f thin 
film or plate, is fixed betwee n two metal clamp s placed inside a cryos tat. A 
sinu soida l vibrat ion , typica lly at a fr eq uency of l 0 Hz and an amplitude of 
less th an 10 µm , is imp ose d to th e sample. T he alte rn atin g po la rization 
prod uced by the piezoe lectri city is led to a cha rge amplifier, which is 
effect ively short-c ircui ted. T he stress and str ain of th e sam pie a re detecte d 
by a loa d cell and a stra in gauge respect ively. Th e ra tio of po lar izat ion to 
stress or stra in is co mput ed as a compl ex qu antity and both rea l and 
imaginary comp onent s of the piezoe lect ric constant (fo r insta nce, d ' and 
d") are recor d ed as a fun ction of temperat ur e on th e reco rder. ' T he 
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pie zoe lect ric consta nt o f polymers usually depend s up on te mp erat ur e, 
fr equ ency, and moistur e con tent. 

T he temp erat u re depend ence of the d 14 consta nt for bone obtained 
from bovine femu r is shown in Figur e l l-6. When th e bone sampl e is 
dessicated suffi cientl y, th e piezoelectri c consta nt is nea rly constant below 
about 70°C an d is about 0.3 pC/N. If moistu re was in tro du ced to bone, th e 
piezoe lectri c consta n t at a low temp e ratu re o f - l 50°C increase d , bu t it 
gra du ally decrease d with r ising temp eratur e . Th e elastic constant and 
dielectri c constant also showed relaxa tional changes at the corr espon din g 
temp erat ure range . With the ~ncrease of temp eratur e, th e de freez ing of 
boun d wate r and free water ta kes place and shields the piezoe lect ric 
po lar ization . 

T he temp eratur e and hyd rat ion depend ence of the p iezo electri c con
stan t for deca lcified bon e is shown in Figur e l l -7. T he samp le of bone was 
imm ersed in th e buff e r solution of et hylene diamin e tet ra-acet ic acid with 
pH 7 for about one da y. Wh en hydroxya pat ite was compl etely di ssolved 
and removed , th e tr ansparent samp le of deca lcified bone was obtained , 
which was comp ose d ma inly of or ien ted collage n fiber s. T he magnitud e of 
piezoelec tri c consta nt is abou t 4 pC/N , which is ten tim es higher th an th at 
for bone . Thi s value is simila r to the piezoe lectr ic constant of tend on, 
which consists of co llage n fibers. Wh en the wate r content is increase d , the 
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Figure 11-6. Tempera tu re and hyd rat ion depe nd ence of shear piezoe lectric constant d ,4 

fo r bone. 
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Figur e 11-7. Te mp e ratur e and h ydr ation depen dence of piezoe lectri c constant for decalci
fied bone. 

conducti vity due to water decre ases the observed piezoelectri c constant at 
high er temp eratur es. 

Piezoelectricity of Synthetic Polymers 

Start ing fr om th e stud y on bone and tend on , th e piezoe lectri c activity 
ha s bee n found in man y differ ent kind s of pr oteins oth er th an collagen. 
Th e effect has been also observed in synth etic polypeptid es who se ph ysical 
and chemical prop erti es a re well character ized. Poly--y-meth yl-glutamate , 
abbr ev ia ted PM G, is one ex ampl e o f th e co mm erciall y ava ilable 
polypeptide s. Its molecular stru ctur e is shown in Figur e 11-8. 

T he PMG film orient ed by stretchin g about twice th e ori ginal length 
showed the piezoe lectri c co nstant (d 14 ) of about 4 pC/ , which is the same 
as th at for deca lcified bone . Thi s film was used for prolifer ation of bone , 
which will be descr ibed la ter. 

Th e o ri g in o f pi ezoe lec tri city in na tur a l pr o tein s a nd synth e tic 
polypeptide s is believed to be du e to th e int ernal rot ation of peptid e 
groups (CON H) und er th e action of ex ternal stress . 

At pr ese nt , most kind s of fibrous prot eins and polypeptid es ar e known 
to show piezoe lect ricity if th ey are o rient ed and crysta llized to some extent. 
T wo typical molecular conform ations are known for th e crysta lline stat e of 
polypeptid es: a -heli x and 13-fo rm . T heo retical calculation has prove d th at 
th e int ern al rot ation of CO-NH dipol es und er extern al str ess is th e ori gin 
o f piezoelectri c polarization.8 
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Figure 11-8. Chemi cal stru ctur e o f poly--y-meth yl-glut amat e . 

As shown in Figure 11-9, the dire ction of dipoles in a-he lix is a lmost in 
th e same direction. Wh en shear is given to th e helix , each dipol e chang es 
its orientation from its neutral equ ilibrium state . T he sum of such int e rnal 
str ain or pola rization of dipol ar groups gives rise to th e observab le pol ar
izat ion. 

Wh en the plea ted sheet structure of f3-fo rm is shea red , it causes the 
in terna l rotati on of CONH d ipoles, which re sults in the observable 
piezoe lectri c polari zatio n.9 

Figur e 11- 10 shows th e mol ecular struct ur e of pol yvinylidene fluo rid e 
(PVDF ), which is a po lymer with the high est piezoelect ric const ant at 
present. Aft e r th e treatment of stretc hin g and pola rizing, the piezoele ctric 
constant d 31 is abo ut 20 pC/N , which is abou t ten time s grea ter comp ared 
to decalc ified bone and one hundred tim es greate r compared to bon e . The 
pyroel ect ric constant for PVDF is about 3 x 10-,; C/M2 K, 10 which is greate r 
by the ord e r of 104 comp ared to bone. Th is comp ar ison of constants 
indi cates th e extre mel y large piezo- and pyroe lec tric effect of thi s pol ymer. 

ln PVDF , the fe rroel ectri c beh avior was also observed. Wh en the ap
plied e lectric field is cyclically changed with a large amplitude such as l 00 
MV /m, th e electri c disp laceme nt D showed a remarkab le hysteres is loop , as 
sho wn in Figur e 11-11. This hysteresis loop stron gly su ggests that the 
dipo les CF2 and C H2 are coope r ative ly o riented by th e action of electric 
field and that th e remnan t polari zation ex ists when th e field is removed, 
which should be produ ced by th e residual or ientation of dipo les. 

11 

As shown in th e right side o f Figur e 11-11 , the piezoelectr ic constant e31 

also showe d h ysteres is wh en th e bia sing electri c fie ld was cyclica lly 
changed . Th ese hyste resis behaviors are very simi la r to tho se obse rved in 
ferroe lectri c cr ysta ls. It is believed no w that PVDF is th e first ferroe lectric 
po lymer eve r d iscove red . 
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Figure 11- 10. Chemical strn ctur e of po lyvinylidene fluor ide . 
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Figure 11-11. Hysteresis loops of electr ic disp laceme nt and piezoe lectric consta nt for 
polyvin ylidene fluoride. 

Osteogenesis by Piezoelectric Films 

It has been recently found th at the piezoelectric polymer films can be 
used to indu ce osteoge nesis. A sma ll piece of piezoelectric film or electret 
film was app lied onto the femur of living anim als and th e format ion of 
callus su rr ound ing the polymer films was obse rved . 

In initi al exper iments, 12
• 

13 the aut hors used Teflon ® film , whose chem
ical stru cture is shown in Figure 11-12. This pol ymer is known to have a 
good biocompatibility. -

In order to make electret films of Teflo n , the aut hors used the technique 
of coro na discharge. The thin po lymer film was placed on a gro und ed 
meta l plate and a need le electrode was put abo ut 1 cm above the film and a 
high potential (5-10 kV) was app lied. Corona discharg e then took place in 
the air gap and po lar ized the Teflon film by inject ing the elect ric charges 
onto the sur face of the film. T he coro na-po lar ized Te flon film shows the 
bending piezoele ctr icity but no ten sile piezoelec tri city. 

T he Te flon electret film was wrapped aro und the femur of a rabbit as 
shown in Figure 11- l 3 and maintained for a few weeks. 

Figur e 11-14 shows th e x-ra y photograph taken at four weeks after 
operat ion showing the growt h of callus sur ro undin g Te flon film. I 2 The 
callus started to grow at both sides of the film , made a bridgelike callus, and 
finally formed rigid bone. 

In oue et a l. used an oriented film of poly--y-meth yl-L-glut amate 
(PMLG), which is piezoele ctric but not an electret film , to induce bon e in 
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Figur e 11-12. Chemical struc tur e of Teflo n®. 
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Figur e 11-13. Te flon® e lectret film wrap ped arou nd the femu r of rabbit. 
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th e femu r of Donr yu rat. 14 T he end s of the film were fixed to musde of 
qu adri ceps and to mu scle of biceps, as shown in Figure 11-15. T he cross 
sect ion of the bone and PMLG film is shown in th e right side of the figur e. 
By th e motion o f the rat, the PMLG film is always defo rm ed dynam ically 
and pro du ces th e piezoe lectri c polarization. 

Figure 11-16 shows th e x-ray picture indicating th e form at ion of callus. 
Th e PMLG film was wrapp ed aro und the femu r on the right side. At 
sixtee n days after operat ion, a slight grow th of bone is observed at the 
qu adri ceps side. At thi rty-eight days after operation , th e form ation o f new 
bone is quit e obv ious. 

For th e pur pose of comp arison , the Te.fla n electr et film was wra pp ed 
aro und th e femu r in the r ight side o f the figure. It is observed that new 

Figur e 11- 14. X-ray photog rap h of the fem u r of ra bbit with Te flon electre t film take n four 
weeks af ter operation. 
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TENDINOUS PORTION OF M.QUADRICEPS 

j TENDINOUS PORTION OF M.QUAORICEPS 
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Figure 11-15: A film of po ly--y-methyl-L-glutamate fixed aro und the femur of rat. 

Figure l l -16. X-ray p hotograph of th e femur o f rat with a piezoe lectric film of pol y--y
me th yl-L-glutamate on right side an d with an electret film of Te flon at left side , observed 
ten , sixteen , and thirt y-eight days after oper a tion. 
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Figl\ re 11- 17. Cylindr ical piezo electri c film is place d betwee n the gap mad e by cuu ing th e 
fibula. 

bone was form ed at the biceps side. If th e film s of PML G and Te flon were 
placed surro undin g th e fem u r of the rat for about eleven month s, the 
newly formed bon e nea r the Teflo n film almost d isapp ea red, but the bone 
form ed nea r th e PML G film continu ed to grow. The reaso n should be tha t 
th e charge in Te flo n electret de cays with time , but the piezo electric activity 
in PML G film never de cays. 

H ayas hi and Yabuki used or ient ed film s o f po ly--y-meth yl-L-glu tamate 
and collagen, cut 45° to th e d irect ion of o rit ntation. T hey cut the fibu la of 
rabbit abo ut 5 mm long and placed a cylindri cal pie zoelectr ic film in the 
ga p , as show n in Figure 11- 17. Th ey observed the format ion of ca llus 
surroundin g piezoe lectri c film s. 

Figur e 11-18 shows th e x-ra y pictur e ta ken three weeks after operati on. 
PMLG film was· placed in th e ga p of the right fibu la. It is seen that new 
bone is formed sur ro undin g the PMLG film. Th e left fibula is a control. 
Even with out the piezoe lectr ic film, the callus is form ed in the gap , but th e 
amount of the callus formed is mu ch sma ller. 

Figur e 11-19 shows th e x-ra y pictur e thr ee weeks a fter the collage n film 
was placed in the gap bet wee n amput a ted ends in r ight side fibul a . T he 
fibu la on th e lef t was the cont ro l. T he callus is more for med with the 
pr ese nce o f co llagen pie zoe lect ric film . Hi Th e advantage of the use of 
collage n film s is the pos sibility th at the film might be degradated after a 
long pe riod o f tim e. 
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Figur e 11- 18. X-ray ph otog raph taken tnr ee wee ks afte r a PMLG film was placed in th e gap 
on right side fibul a of rabbit. 

Figure 11-19. X-ray phot og raph taken thre e weeks af te r a collage n film was placed in th e 
gap of r ight sid e fibula of rabbit. 
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Figure 11-20. Hist0gra m of callu s fo rm ed on the collagen film. 

Figur e 11-20 shows th e microgra ph of new callus formed adjace nt to the 
collage n film . Th e whit e part at th e upp er left side shows the collage n film . 
T he callus is fo rm ed just on th e wall of piezoe lectri c film . T he orient ation 
of ne w callus is observed , which is dir ected in parallel toward s th e su rface 
of film. 

Suzu ki and T aka hashi investiga ted th e e ffect of highly piezoe lectri c and 
pyroel ectri c film o f pol yvinylidene fluo rid e on osteoge nesis. 17

· 
18 

Th ey appli ed a PVDF film to th e femur and mandibl e of monk ey 
(Macaca irus). As shown in Figur e 11-2 1, the half porti on of the femur 

H~H •----w-2 

Figu re 11-2 1. A film of po lyvin ylidene piezoe lectri c film covers a half circum ference of 
femur of monk ey. Court esy of Dr. H . Su zuk i. 
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(denoted by H 1) was covered by the PVDF film and th e other ha lf (denoted 
by H2) was un covered. 

Figure 11-22 shows a lar ge amount of callus form ed surro undin g · the 
PVDF film at six weeks after operation. 17

• 
18 The effect of PVDF film 

appears to be remarkable , owing to its very large piezoele ctri c effect. 
Th ey also investigated the effect of PVDF film on the metaboli c activity 

in the co rtex bone. T he remode lling of cortica l bone is performed by the 
resorption by osteob lasts followed by the formation of secondar y osteons 
by osteob lasts. These activities were detected by tetra chrome sta inin g 
method. 

Figure 11-23 shows th e number of resor ption cavities at six weeks after 
app lying PVDF film. The number for the portion covered by PVDF (H 1) is 
larger than th at for un cove red (H 2) . The number for the portion covered 
by non-electret film of Teflon (PTFE) is very small , which is a control 
ex per iment. Similar effects are observed for the mandible. 

Figure 11-22 . Photog rap hs ta ke n six wee ks afte r PVDF film was placed on the femur of 
monke y. Courtes y of Dr. H. Suzuki. 
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Figure 11-23. The number of resorpt ion cavities six weeks after app lying PVDF film on 
femur and mandib le of monkey . Courtesy of Dr. H. Suzuki. 

Figure 11-24 shows the number of secondary osteons. For the femur, 
the number with PVDF film is larg er than that with non-ele ctret Teflon 
film. For the mandibl e, PVDF and Teflon electrets also show larg er effects 
than the contro l Te flon film . 

Sum marizing these experimenta l observat ions, we may conclud e that 
the app licat ion of piezoe lectri c films onto bone ha s an effect to indu ce 
osteogenesis withou t producing any injury to bone. Since osteoge nesis can 
be produced fr eque ntl y by the foreign bod y react ion, one must be carefu l 
to make decisi ve conclu sions. H owever, the compar ison of the results with 
contro l expe rim ent s showed a significant d ifference. 

Since the piezoelectric film is impl an ted in the bod y Qf the animal , the 
film must be su rrounded by the tissue fluid , which is electr ically condu c
tive. T herefore th e stat ic sur face potentia l of the electret film must be 
shielded by th e adsorbed ions. However, when the pie zoelectr ic film is 
mechanica lly d efor med by the movement of an imal , the piezoe lectr ic 
po lar izat ion shou ld be produ ced and this should ca use the flow of ioni c 
curr ent su rrounding the film . We assum e that this ionic curr ent may 
provid e th e stim ulus to acce lerate the pro liferat io n of bone cells and their 
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Figur e 11-24 . Th e numb er of second ary osteo ns six weeks after ap plying PVDF film on 
femur and mandib le of monk ey. Coun esy of Dr. H . Suzuki. 

metabolic activity. Th e deform ation of the film shou ld be dynamic and the 
indu ced curr ent should be fluctuating with irr eg u lar am plitud es . Such 
very small fluctuat ion of electr ic curr ent or electr ic field app ea rs to infl u
ence the activity of bone cells. 

Figur e 11-25 compares the mag nitud e of th e piezoe lectr ic act ivity of 
various substa nces. Th e vert ical ax is is electr ic po larization and the hor i
zont al axis is th e appli ed mechanical str ess. The slope of the lines gives th e 
piezoe lectr ic constan t. PMG and tend on have piezo electri c constan ts about 
ten times larger th an th at of bone , and PVDF film about one hundr ed 
times large r than th at of bone. If th e piezoelec tr ic e ffect in bone is e ffect ive 
in contro lling the grow th of bone, it may be ex pecte d that the ap plicat ion 
of synthet ic or natur al polymer films with such large piezoe lectric con
stan ts should also ha ve an effect on the grow th of bone. 

A rough estimat ion can be made for altern ating curr ent s in body tissues. 
T he piezoe lectr ic g-constant for PVD F film is about 300 m V /gram. T he 
electr ical capa city of the PVDF film may be assu med as about 1000 pf . T he 
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Figur e 11-25. Co m pa rison of th e piezoe lect ric effec t in bone , te nd on , Pl\lG , and PVDF . 

film is short -circuit ed by resistance o f tissues. which is rou gh ly assum ed to 

be I Mego hm . 
Th e equi valent cir cuit is given in Figur e 11-26. The crit ical frequ ency of 

the circuit I /RC is l kH z. If the an gula r fr equ ency w is low, th e imp ed ance 
of th e circu it is main ly d eterm ined by th e capacity. At an angula r frequ en
cy of I 00 H z, th e current l is calcul ate d to be 0.03 µA /g ram. 

On the oth er hand , if the angu la r frequ ency is hig he r th an the critica l 
fr equ ency, abou t I kH z, th e imp ed ance of th e circuit is main ly d ete rmin ed 
by th e resistance R. Th en th e curr ent l is abo ut 0.3 µA /g ram. 

V 
C = 1000 pF 

R = 1 MD 

Figure 11-26. An equ ivalent circu it of PVDF film implant ed in bod y tissues. 
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If the motion of anim als causes a force of l O grams, the current of 3 µA 
can be expecte d in angu lar frequenc ies higher than about l kH z. It is 
anticipated that the dynamic force act ing on PVDF films may eas ily pro
duce severa l microamperes at the high frequency ran ge. 
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