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Abstract---The piezoelectric internal fixation plate rep- 
resent\ a new concept in orthopacdic implant$. The 
purpose of this device ir to provide \table bone fixation 
while delivering internally generated, n~icroampcre direct 
currents to prevent or treat nonunion of a fracture or 
osteotorny. Clinically, currents of this type have been 
effective in treatment of nonunion, but application has 
required yeparate, implanted, or external battery or radio- 
frequency powered c~rcuits,  The "piezoplate" be~ng 
developed contains an integral pie~oelectric element that 
generates current in response to either physiological 
loading such as weightbearing or to externally applied 
ultrasound. Currents are processed by a rectifying circuit 
for delivery to bone by electrodes. Specially des~gned 
seriesiparallel pie~oelectric element., and dual processing 
circuits are required to generate optimum rectified cur- 
rent? from the low-frequency, high-voltage signals gen- 
erated by weightbearing, a5 well as thc high-frequency, 
low-voltage signals produced by ultrasound. This paper 
reports on the current status of development and de- 
scribes design parameters of thi\ clcvice which combines 
the modalities of mechanical fixation and electrical s t i~n-  
ulation in a single implant. 

+Th~q research wa5 pedormed at Helen Hayes Mosp~Cal and 
at the Surgical Research Pervice, Castle Point VA Medical 
Center, and was presented In part at 5th Ann~~al Meet~ng of 
Bioelectrical Repa~r and Growth Soc~ety, Boston, MA, October, 
1985. It was supported by VA Rehabil~tatlon Researclj nnd 
Development Grant, Project 19-2, by Waltei Scott nncl Lyons 
Foundations, and by New Work State Depclrtnlent of I-lealth 

%"Present address. Physics Department, Galrfornla State 
Unlverslty, Stan~slaus, Tullock, CA 95380. 

Electrical stimulation of bone healing now rep- 
resents a m i o r  frontier in orthopaedic and relnabil- 
itation engineering. Relearch is ~ ~ n d e r  way in many 
csnters on augmenting bone healing by various types 
of directly or indirectly applied electrical energy. 
'The approach was initiated originally by observa- 
tions "rat electrical potential5 are generated by 
nlechanical strain in bone. At present, it is thought 
that strain-related potenlials observed in wet bone 
(7) are generated by ltreaming phenoinena ( l4,17,22). 

The first successftil attempts to stimulate bone 
formation wlth electrical energy were made with 
microampere direct currents; this invarive approach 
reqiliring implantation or percutaneous insertion of 
electrodes is used widely now in treatment of non- 
~lnion (3). Experimental results wlth medullary os- 
teogenesis In a rabbit tibia model have led lo the 
belief that oplirnal osteogenic effccts are obtaiiled 
with 20-yA constant currents applied throrrgh stain- 
less steel electrodes (121, although currents as low 
as 0.075 PA have been shown to produce osteogen- 
esis ( I ) .  The electrode 111aterial itself has been shown 
to be a key factor in determining bone response for  
a given current density (25). For example, in ex- 
perimental medullary osteogenesis, platinum elec- 
trodes have been showrl to be more effective than 
stainless steel in tine low (2-5 PA) current range (10) 
and carboll fiber electrodes appear to be most active 
in the 1-FA range (29). Recent evidence also suggests 
that cathodic potential i s  another critical factor in 
osteogenesis (9 ) .  
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Nonrnva5ive teckrr~iqmer ba\ed on externally ap - 
plied electrical energy tire also wiiclely lxred ir-r clinic;-ll 
trcatmenhof nonilnion. The% llechniqtre\, ia~cluding 
capacltatrve co~~pllng and pul\ecl electrornagnetrc 
tlrelcl5 (PEMF), are attractive beciruse they do not 
require s~rrgical pliicemenl of electrode5 at the frac- 
ture Gte. Discrr\sron of thew motl;alities i\ beyond 
the \cope of the paper, but the broad i~alyect of 
electrically indrrced o\teogencsr\ has been r-eviewed 
in ;I recent \ymapo\i~~rra (2). 

I t  ic, impor tan1 lo note that clinical indication\ for 
electrical stimrrlation of oslcoge~resir reollaln related 
primarily to case, of delzlyed bone healrng; po\sible 
;ipplications, i f  any, affectirrg normal LI-actuu-c healing 
have not been well defined. 

Other- eleclric;il lcchniqueil Iha \trna\~latilorl of 05- 
teogene\i\ remann in ;r largely exl~erimcnlal stage. 
One ;ipprc>ach related to the \~al2ect of thr\ paper 
rnvolve\ implar~t;~tion of eleclrlczrlly ch;argeci r^n;lte- 
n-la]\ in appolrition to hone. Since an rnntiirl report 
by Fukada el al. (13), t l r i \  rdea ha\  bcea-r V ) L I I . \ U G ~  

by several other r-nveitigalorl ( 1  1,16,261,27,28). In 21 

typical experiment of thi5 tyypc, ;in electret ('refion 
film) or piezcrelectr-ic polymer film (polymethyl 6,- 
glrrtamalr, or. polyvi~lylidene Auor-rde) ha \  been 
wrapped around rabbit femor;i \haft\  irr-rcl rncre;r\ecl 
bone fc>rmatiora hair then been ob\ervecl under or 
arourrcl the ;iclive film. 11 11, not clear whether- tllc 
cfl'ecti repor'tecl have been due to \t;atlc 4snrfiice 
charges on the rr~aterial or charge5 developed by 
dehrrnation. Mtxllilayer film\, con\trucled to pro- 
duce gr-e;iter charge durir~g beraclnng, have been 
reported to be more cffectlvc t h ; ~  m0110libycl film", 
( 1  1 ) .  

Al~ollrer v;trr;int of the amlllanted-malernitl ap- 
lxroach wa\ initnitted by Park ct al. (20,21), WXIO 
lhowed that barreurn and lead litaurabe ccrarnac\ wcac 
ti\srrc-compatible aracl wor~ld generate cur rent5 rn 
the 1-nA range during loatling, after implantatron in 
bone. Other- inve4trg;rtori (8 ,23)  l~zive slaown that 
externally gelleraled mrcro;iz~aper-c: dn~ect crlrrenli, 
could increa5e llrc strenglll of fixnlrtrr~ of nlrtr-;\me- 
clrlllary plug5 of porotrr rnctals, bvrt the work of Park 
el al. ( 19) arnd Schurnacher el al. (24) tuunrg por0~14 
pI~agwf pLe7oelectrdc cel.a~l~~c",rmpllar~tecl nr-r cxper- 
irr~ental animal\ was ~lns~xcce\\lehal. 7'11at lack of 
success could have heen the r eserlr of thc low derr4ty 
of the ch;u-ge generateti by tfae pieroelectric nxlte- 
rial,. Mr-aar\ (88) 5uggerted a sornewh;rC srrnrl~rr use 
of a pie~oeleclnc elernerat a\ :in ;~llcrr-r;itr\ie to an 
electrornagnetrc power- rource for clectr-ode\ in- 

terlded to improve bone fixatiorr of an endopros- 
thesis. 

Development of the "Pie~cupBate'~ 
In\pired by the work of F~lkada et al .  (131, we 

introduced "re concept of using piezoelectric ma- 
terial\ as an irrtegral part of an inlerlral fixation 
device. F-ir\t, we con~lructed \ample interr-r;~l fixa- 
tion plates with the piezoelectric xreaterial on thc 
w r h c e  of the plate\, and implanted them i n  clogs, 
brit we could detect little, if any ,  effect on osteo- 
genesi\ in the bone in direct contact with piezoelec- 
tric ceramics 01 polynaerir on the plates. Here again. 
we beiiieve that charge den\ity wa\ probably tcro 
low over the \rtrfiice of the pie~oeleclric n-rater.iali, 
from which we had removed the metal film electrode. 

Accordingly, we devisecl ;r drfferen~t technique in 
which the piezoelectr-re n~aterral i i  rrrcorporaled a\ 
an electrical generzttor- within ;in intenla1 fixation 
device (4.3) wch a \  a bone nail or plate. In this 
design, the ""prezoplate," t h e  ceramic or polymer- 
rs not in contact with bone but is \etilcd inride the 
rnterr~al fixation devrcc. Char-gc i;\ generateci when 
the device I5 ~nbjected i o  mechanic;~l loacling, a\ by 
weighthear-ing, or by external appliciltion of ultra- 
wnic energy. Our- crrrrent concept call\ for the 
charge generi~tetl to be procei\ed by ;in ~s-rtegriil 
rectifying and smoobhrng C I ~ C L I I ~  ; I I I ~  dellvelecl lo- 
cally to bone by cli5crcte electrode\ ai, a naicroarn- 
pcre clirect current. TI-rli, dcvice woulcl thrt\ fall into 
the categoa-y of an ir~vai,ive bone stimrrl;itor of the 
direct-current type. Reqrriring srrrgrcal rnlervention, 
11 wo~rld bc ir-rtentled for u5e only in rnsturrces wlrere 
4ur-gery for intcmiil fixittion ns cora5ider-cd nece\sar-y 
for recognized clir~ical rntlication\. 
In our previou\ report\ (4.31, we describecl tc\tr 

of thi\  concept u\ing mini;ilul.e internal fixation 
plate5 of both epoxy/;varrrrtl-lilser corrapo\ite and 
titz\njlrm, in each cai,e with a n  incorporated cerarrllc 
prezcrelectric elernent. 'I'ho\e te\ t \ ,  conducted on 
be;~gle femora in t 9~ l i - o  and in ltilw, denrorr\tr;ited 
that  phy\iologrciil loading or- 11.1 equivalent (at 1 Hz) 
could generate ikveragc direct (rectified) crrrrent\ of 
0.2--0.4 FA, wl3icl-n rc, within the range preclicted 
n-rathem~itically. That level cxceeded the mlnjnl~rm 
range for- bone iltimuliirron with $tainle\\ Gee1 clec- 
trodes reported by Bararrowaki et al. ( I )  and ap- 
pro;~cl-retl the optlmirrn range for \lirnrrlalic~rm with 
platrnum or. carbor-n-fiber electrodel, (10,29). Pur- 
thermor-e, exc~tlng the ceramrc cllernent wrth ;in 
exter-r.r;ll ultrasonic \OLII .C~ at re\c)nance easily yicldetl 
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direct (rectified) current\ In the 20- p A  range 11.l r,ijw 
(currents exceedrng XOO pA were obtz~i~led in tho\e 
early tests). 

In  our X;tbor;itory, we continue to work to clevelop 
a piezoelectric rnternirl fix;rtion plate directed towarcl 
clinical prevention and treatment of nonunion. The 
purpohe of llre preser~t pal~er 14 to report on current 
progre\s. Specifically, we de\cr-ibe initiirl te\t\ of 
electrical output of full-\ire prezoeleclric plates 
(scalecl lo hum;in proportions) an large dog\. Also, 
we exanlrne desrgn parameter4 and developnrent\ 
clerived frona tlae expcrlence of tlre5c te\t\, ancl 
discuss the coirrsc of future developnrent needed to 
make the ""prezoplate" ;I cllnlczilly u\ef~:ul device. 

OUTPUT TESTING 
OF PIIIEZOELEC1'RId' III,ArrES 

Materiais and Methods 
Te\C plate\ br- impl;rntatioaa in large dogs were 

con\tructed in our I;ibor-atorie., of an epoxy/glas\- 
fiber composite in order lo hcrlilatc machining and 
li'ikbrrc~ition (c9rurlcal u\e of thrs c o ~ ~ ~ p o \ i t e  i\ not 

contemplated). 'l'he Gze (80 x 12 x 4.5 mm) in a 
forrr-hole configuration wa\ \elected to be cornpal- 
ible with Intlm;~n \c;lPe, and lo allow rnlilying of a 
piei.oeleclrac elerrre111: of rnaxitnunr surfiice area (di- 
mension\, 20 x X x 0.9 mna). The piezoelectric ce- 
r;~mic ele~ncnl (Vea-nitron, Tl-rc., 1e;tc-l Iitan;ile zircon- 
ate, type PZT-SH; d,, = - 274 pC/N) wa\ \elected 
for mnxrnrhrm C ) L I ~ ~ L L ~  "~nllce 11: ha4 the highest d 3 ,  
coeficlent . The PZT elenrent/pl;~te co~s~po\ite yielded 
;I re5on;lnce fieqnency crf 2.4 M I ~ L .  For monitoring 
p ~ ~ r r ) o \ e ~  a \train gauge (GI':A-l3-032UW-350) wa\ 
bonded to the top ~ u - f i i c e  of the cerarnic element 
r:u\ing AE--15 epoxy (Mlcrtr-Mea\ure~nent\). Moni- 
toring leads of #30-g;~uge, etcl-red, 'X'efion-in\ul;lted 
wire were soldered to each fiicc: of the \ilver- 
clectrodetl PZT elelncnl, and \imilar lead\ were 
attached to the strain gilrrge (Figure 8). 

The piic3~oeleclnc elemerrl\ were iraliiid in ;i c;ivity 
rnilled rnlo the top \urT'zrce of the plate, bonded lo 
the plate with AE-15 epoxy, ;incl waberploored with 
aclditicpaxal layer-\ of E-By-Sol Epoxy Piitch (dn V i l w  
Metric Sy\tea~-rs). Thl:  goal of waterproofing was to 
marntain an ~nsulalicsn resi\t;tnce of ,100 M i l  for 
tin indefirratc period following ir~~pl;rnt;itiion, 

Figrrre I 
Test modcls of piezoelectric irrternal fixation plates during constrrrction: (trbo1.c) graphite fiber irrrcl epoxy compoite:  
(helo$,>) glass fiber and epoxy composite. 'The PZT-5 element with monitoring strain g;rrigc is visible in midsur-kite of 
plate with monitoring leads, before ;rpplication o"i~illal wateq3roofing layer. 
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For preliminary in vitro tests. plates were screwed 
to a plastic tube 5imulating canine bone, and loads 
wcre applied using a four-point bellding configura- 
tion in an MTS Materials 'Test system. For in viva 
testing, the plates were attached to inlact femur or 
radius in 30-kg dogs by means of ASIF-type screws. 
Wires were passed via a trochar to the interscapular 
region and stored in a Nylot~ mesh Jackel (Alice 
King Chatham, Medical Arts). Signals were trans- 
mitted to the measuring apparatlrs thrortgh a 10-m 
cable (Figure 2). 

For tests of external ~lltrasollic sti~n~llation, energy 
was supplied by a Wavetek Model 192 waveforn~ 
generator and an RF power- amplifier (Electronic 
Navigation, Bnc., ENI 24.01,) powering a nonfo- 
c~lssed 2.25-MHz ultrasonic transducer. Power out- 
put of the transducer at an excitation voltage of 
20-V peak-to-peak was less than 10 mw/cm2. The 
transducer wa5 coupled to the skin with acoustic 
gel. During tests, the input fl-equency and the po- 
sition of the transducer were adjusted until m;tximurn 
voltage outpt" f ro~n the piezoelectric elernent on 
the implanted plate was observed. 

For measurement of peak-to-peak voltages gen- 

crated by walking, the leads from the piezoelectric 
element were connected to a Keithley electrometer. 
For meas~trements of average current output, the 
piezoelectric element was connected to a f~lll bridge 
rectifying circuit constructed with Sbottky diodes. 
Smoothing was accomplished by a 0.56-pIi capaci- 
tor, and current was determined by lneasuring volt- 
age drop across a I-Mf2 resistor (Figure 3a). For 
ultrasonic measurements, average current was de- 
termined (Figure 3b) with a Keithley 480 picoam- 
meter. Strain gauges were excited and monitored 
by means of a Vishay VE-20 strain indicator. Re- 
cordings of all parameters were made with a dual- 
channel Nicolet 4094 digital oscilloscope. In these 
studies, the object was to monitor the output of the 
piezoelectric element, and thus external circuitry 
was employed; no attempt was made to build the 
processing circuit into the plate itself. 

Results 
In bench-testing, during four-point bending while 

secured to a 1.5-cm-diameter tube, all plates exhib- 
ited similar output performance. Typical voltage and 

Figure 2 

Test animal showi~lg site of femoral implantatiorr, instru~nentation jacket, and monitoring cable. 
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current output in four-point bending are shown in 
Figures 4a and 4b at different loading rates. Nu- 
merical results for bench testing at a repetition rate 
of 1 Hz are shown in Table 1. Results, in terms of 
load voltage and current increase, varied with strain 
in a linear manner as expected. It was also evident 
that the magnitude of current depends on the rise 
time and repetition rate of applied sfress, but the 
voltage is invariant with these factol-s. 

In tests to determine the practical level of insu- 
lation resistance needed to maintain the maximum 
voltage output, four-point bending tests were re- 
peated using various values of shorting resistors 
inserted between the leads of the piezoelectric ele- 
ment. The results for "insulation resistance" (1R) 
of 300, 88, and 22 megohms are shown in Table 2. 

For frequerrcies of 1 Hz, olltput voltage is signifi- 
cantly attenuated by a resistance of less than 100 
MR. 

Table I 
Numerical results for bench-testing at a loading 
frequency of 1 Hz. 

Strain 
on Voltage Avcragc 

PZT element Load (open circuit) Current 
( ~ € 1  (Newtons) (Volt\) (PA) 

Table 2 
Results for level of "insulation resistance" needed to maintain maxiinurn voltage output. 

S t m n  Frcquency Opcn C ~ r c u ~ t  Voltagc (V) 
Plate (PC) (Hz) IK;.300 MfZ I R = 8 8  Mi2 1K-22 M i l  

Figure 3 
Processing and measuring circuit employed during loading i r ~  vitro and in \,itw to monitor direct current output of the 
piezoelectric plates. Shottky diodes were utilized to minimize voltage drop. n )  Circuit for curl-ent meas~u-ernent cluring walking. 
b) Circuit for current measurement during ~iltrasonic stimulation. 
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Strain 

1 oops 

For in \,r'r/o tertr during norsr-ral w;rll<ixlg, \;~tisCilc- 
tory measurerner?kr of voltage ;inci crnrr-ent anclior 
\train were made on \everal occ;rsion\ 2 week\ or 
inore postoperatively. Thele confirmed that 
these plates (on intact hone) co~~lcl deliver- peak-to- 
peak voltage\ of 25 V and rectiifietl currents up to 
0.3 FA while walking (peak strarn of 150 ps) (Figarre 
5a). In\ulalion re\i\tancc exceeded 100 Mi2 in the 
\ucce\sftll tesbs. 

Uring exter n;iL rrltra\onlc \tlmrnlal~on, current4 far 
exceedir~g 20 pA c a 4 y  were obtailled (Figure 5b). 
Several hundred mlcro;~mperes were often generated 
~llrder ideal condilions of orientation oftlac ulhr-i~\onic 
transducer with respect lo the implanted piezoelec 
tric elernent. 

DESIGN CONSIDERATIONS 

Our initial design goal for a piezoelectric internal 
fixation plate was to procluce a device capable of 
supplying direct cnn-ents in the range of 0.1-20 pdA, 
in order to rnln~ic the direct-crrrrea18 stirxlerli known 
to be erfectrve in prod~~cing bone hr-ination ii.; shown 
by the well characterized n~~oclel in rabbit tibia 

Figure 4 
Re\ull\ of bench-ic\trng of prototype glfi\\ hbea 'ind epoxy 
cortipo\~te p~e~oe lcc t r ic  plate\ in four-point bendrng w'rrrle 
'~t t~iched to  a tithe \rmulatrng bone r i )  Volt'lge gener 'itecl ,it 
loncltng late of 1 137 and 2 Hz h)  C ~ i ~ r e n l \  peneratecl cluilng 
the \ame telts u\rng rnea\urernenf crrcrrit hewn rn Plgir~c~ 3 

(1,10,12,15,35). Our animal tests have shown that 
this is a realizable goal, but achieving op t ln~um 
output drlrlng either- mech;~nical (phy\iologic) or 
~rltrasonic activation or the piel-oelectric elenlent 
seqrlires careful attentior-r lo design. The following 
design consider-ation\, characterirtics, and pr-oper- 
t ies of these c i rc~j t s  should be oC intere\t: 

Sine alad Material Properties 
1 .  ;a711(; first desigar consideration involve5 the phys- 

ical size of the piezoelectric e lerne~~t  that mu\t fit 
on or within an external fixation device. For bone 
plates of a typical (h~lxxran) cIirllcal ~lize, the \ize of 
the piezoelectric element worrld be llnlited "r oa 
rr-raxirnurr.1 tlriclcners of 0.115 crn with an area of 
1-2 cm" a size that could fit in a space between the 
central screw holes. 

2,  The second design consideration is how tc:, 



configure the piezoelectric element, within the size A = surface area of piezoelectric element - 
limits, in order to produce the necessary current 
and voltage output under clinical conditions. A 
piezoelectric ceramic material with a capacity to 
yield a high charge per unlt force (pCIN) has been 
selected. For the presellt application, PZT-5TrI ce- 
ramic [piezoelectric constant = - 274 pClN] 
appears to be the optimal choice. Use of piezoelec- 
t i c  polymers such as polyvlnylidene Auorlde (PVDF) 
would present more complex design problems. 

The physical hctors controlling short-circuit cur- 
rent and open-circuit voltage output are given by 
the expressions, 

l,h = short circuit current = 2Ad3,SJ' [I]  

J' = frequency of applied stress 

S = magnitude of applied stress 

t = thickness of piezoelectric element 

Thus, the current and voltage output cbaracter- 
istics of a given PZT element may be summarized 
as follows: 

CURRENT OUTPUT: 
1. The current is directly proportional to the area 

of the electroded surface of the element; 
2. The current is directly proportional to the 

uwtplitude of the stress; and 
3. The overage current is directly proportional to 

V, = open circuit voltage = g3,St 121 the fiequrncy of the stress. 
VOLTAGE OUTPUT: 

where, 1. The voltage is directly proportional to the am- 

d,,, gj, = piezoelectric constants defined as, plirude of the stress; and 
2. The voltage is direclly proportional to the 

charge density produced thickness of  the elenrent. For exmple, a minimum 
----... 

= applied stress thickness of 0.1 mm would be required in order to 
generate approximately 5 V peak-to-peak at 100 p s  

open circtllt field g3 ,  = ---- 
applied stress 

from PZ'r cermics. 
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Alternative Excitation Mechanisms 

For clinical use, the design of a piezoelectric 
internal fixation plate needs to include provision for 
generation of current by two different mechanisms: 
weightbearing (physiologic loading) and exlerna'ily 
applied ultrasonic excitation. Each mechanism pro- 
duces current by mechanical deformation of the 
piezoelectric element (direct piezoelectric effect), 

Excitation Voltag 

but achieving an effective output from either type 
of stimulus necessitates trade-offs in design because 
the load configurations are quite different. 

The characteristics of these two modes of exci- 
tation are compared as follows. 

In partlal w eighrbearing excitation, walking can 
be expected to produce relatively large strains in 
the plate, probably in the range of 50-500 p , ~  or 
more, with strains in the higher range produced 
before bone continuity has been achieved. Although - 
the entire plate-and-bone structure would be sub- 
jected to axial compression and bending during 
weightbearing, the neutral plane typically will lie 
outside the thin piezoelectric element. Thus, in 
practice, the element would be subjected to slightly 
asymmetrical tension or compression, depending on 
the mechanical environment of the plate in sitm. 
Walking occurs at low frequency (0.5-2 Hz). 

Under these conditions, because of the relatively 
high strain magnitudes, even a thin PZT-5W element 
(0.5 mm thick) will generate well over 20 V during 
weightbearing. However, the low frequency of strain 
results in small (average) currents in spite of the 
large voltages. Given this low frequency, surface 
area becomes the most important fkctor. For a 
1.5-mm thick PZT element (type PZT-SH, d,, = 

- 274 pC/N) at 100 with a surface area of 1 cm2, 
the maximum average current generated during 
walking is approximately 0.3 PA. Doubling the 
surface area doubles the available average current. 

In contrast to the above, external ultrasonic ex- 
citation produces strains that are srnall (<50 p ~ ) ,  
and it offers a wide range of frequencies (100 kHz- 
10 MHz). The upper limit (probably 5 MHz) is 
determined by the need to minimize propagation 

Figure 5 
Typical results of in viva tests. a )  Voltage and 
current outputr from in~pla~lted fiberglassiepoxy 
composite PZT plate recorded during walking of 
test animal. h)  Output of the impiarlted 
piezoelectric plate during ultrasonic st imulat~o~~. 
The upper trace is voltage input to the transducer 
and the lower trace is the output from implanted 
PZT plate. 

PZT Output 

500 mv 

( 100pA average 
current) 
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losses through intervening tissue layers. The lower 
limit (probably I MHz) is determined by an accept- 
able thickness of the piezoelectric element. 

For external ultrasound to activate the piezoelec- 
tric element, ultrasonic energy must travel through 
the intervening soft-tissue layers in order to excite 
the implanted ceramic. In soft tissues, ultrasonic 
energy in the higher frequencies is absorbed and 
scattered. To minimize propagation losses, it is 
necessary to keep the operating frequency down 
within the range of 1-2 MHz. 

3, 'rhe third design consideration is related to the 
fact that, to obtain adequak output with either 
weightbearing or ultrasonic excitation, it may be 
advantageous to combine two layers of piezoelectric 
material in a sandwich construction. Since, during 
weightbearing, the predominant factor controlling 
the current magnitude is the surface area of the 
piezoelectric element, an ideal design would be a 
multilayer composite made of two or more thin, 
discrete elements physically bonded together but 
electrically insulated from each other, and electri- 
cally connected in parcrllel. This design would in- 
crease the surface area and therefore the available 
charge and current. 

Unlike the weightbearing-excited element, an ul- 
trasonically excited element yields currents in the 
order of 50 FA to 100 /.LA (due to the high frequency) 
but at a low voltage (due to the small strains). Since 
a minimum of 0.6 V is needed to overcome the 
losses that will come in rectification diodes, the 
design should aim to achieve adequate voltage at 
the expense of current. Here again, a multilayer 
element would be effective, but only if the separate 
elements could be connected in series during ullra- 
sonic excitation. 

Note that the bonded multilayer element discussed 
consists of separate insulated "monomorph" layers; 
it is not the same as a ""bmorph" in which the two 
layers share a common central electrode. The bi- 
morph configuration responds best to pure bending 
with equal and opposite strains on the two surfaces 
of the element, but in a plate bone situation the 
element would be subject& only to somewhat asym- 
metrical tension or compression (4,22). 

4, The fourth design consideration relates to proc- 
essing AC output of the piezoelectric element to 
deliver an effective DC microampere current. To 
accomplish this, a circuit must include switching, 
rectification, filtering, and control components. 

Figure 6 
Circuit for operating the multilayer PZT elements in series 
mode at  high frequencies (ultrasonic excitation) and parallel 
mode during low frequencies (walking). 

For a multilayered design, the initial step involves 
switching to achieve maximum output by making a 
transition from parallel array (during weightbearing) 
to series array (during t~ltrasonic excitation). The 
solution shown in Figure 6 avoids the necessity for 
any actual switching process. The principle of op- 
eration is as follows: at low frequencies (during 
walking), the capacitor C represents a high-imped- 
ance path whereas the resistors R represent a low- 
impedance path. In this case, the positive sides and 
negative sides of the two piezoelectric elements are 
each connected together in a parallel configuration. 
But at high frequencies (during ultrasollic excita- 
tion), the capacitor C presents the low-impedance 
path whereas the resistors represent the high-imped- 
ance path. As a result, the positive side of one 
element is now, in effect, connected to the negative 
side of the other, yielding a series configuration. 
(The value of G and R must be chosen according to 
the frequency of walki~lg and ultrasonic excitation, 
to obtain this automatic parallel-series switching.) 

For the rectification step, as much as 2.4 V can 
be lost in a slandard rectifying bridge as each silicon 
diode recluires approximately 0.6 V to bias it into 
conduction. Use of a two-diode (voltage doubler) 
type of bridge of Shottky diodes would reduce this 
loss to approximately 0.6 V or less while conserving 
most of the charge output. It is possible to use this 
special type of bridge becatise of the inherent ca- 
pacitatlce of the piezoelectric generator (Figure 7). 
At least 1 .5 V (and preferably 2 to 2.5 V) is necessary, 
followitlg rectification, to drive the current- or volt- 
age-limiting circuitry. Thus, an output voltage of 
2.1-2.6 V from the piezoelectric element before 
rectification is the minimum required. 
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TISSUE 

- 

- - 

Figure 7 
Combination circuit proposed for processing current generation follows the lower part of the circuit where ripple is 
generated by either ultrasound or weightbearing. In accepting controlled by R1 and C3. Typical component values might he 
the output from the PZT generator circuit shown in Figrrrp 6,  as  follows: CI  = 220 pF; C2 = 0.033 p F ;  C3 = 1 pF: RI - 
low-frequency signals from walking are blocked from the 50 1Cf1; R2 = 1 M i l ;  K3 = 330 Kfl;  Q1 - JFET (2N4117) is 
upper portion of the circuit by C l .  R2 sets the current limit selected because of its relatively low pinch-off voltagc (0.7- 
for ultrasonic stimulation. Output horn weightbearing 1.5 V )  to avoid waste of' ~tltrasonically gener-ated voltage. 

To filter and control the output of the piezoelectric 
element, two different types of circuitry are re- 
quired: one type to process the high-frequency, low- 
voltage current generated by illtrasotlnd; and, the 
other to process the low-level, pulsed -current output 
delivered by the walking mode. A method of com- 
bining these two circuits in one is also shown in 
Figure 7. The kiigh-freqriency voltage created by 
ultrasound would be AC-coupled ~rslng a small 
capacitor, CI (150 pF), that blocks the low-fie- 
quency voltages produced by walking; a path for 
those low-frequency voltages produced by walking 
is provided in parallel. Each half of the circellt would 
rectify its respective current using the two-diode 
bridge configuration referred to earlier. The transis- 
tor sets the Limit for the maximurn current delivered 
by ultrasonic excitation while the v a l ~ ~ e s  of 6 3  and 
RI would determine how ""sooth9' the ""walking" 
crrn-ent would be. A large value of the prod~tct 
RI x 6 3  woiild smooth the current (at a iow level) 
and a small value for R1 x C3 wo~tld produce a 
more spike-like current (proportional to the rate of 
strain produced drlring walking). This type of parallel 
system would work best when using a crlrrent 
limiting circuit with ultrasound, although voltage 
control might be developed if llecessary by using a 
low-current, Zener-type shunt regulator circ~lit. 

From these considerations, it is clear lhat an 
effective ""pezoplate" must be a comprornisc design 

if it is to accept the two different lnodes of mechan- 
ical excitation, because most requirements for a 
piezoelectric element optimum for ultrasonic c;tim- 
ulation are opposite to those that wo~lld be opt i rn~~m 
for weightbearing. In a plate for clinical use, all 
electronic componet~ts woi11d have to be incorpo- 
rated in an integrated form and built into the gem 
erator area of the device. Icleally, solne way of 
monitoring the coupling characteristic for ~tltrasound 
would also need to be developed. 

DISCUSSION 

Our animal tests with human-scale implants in 
large dogs confirlned our earlier tests in beagles with 
miniattrre plates. They indicate that the concept of 
a piezoelectric internal fixation device is one that 
has a reasonable chance of successftll development. 
In weightbearing tests, our outputs were "oelow the 
maximum that might be seen clinically. This was 
because strains in the piezoelectric elements were 
quite low (20-150 pr) since the underlying bone had 
been left intact in this research. Also, a material 
problem caused sorne softening of the fiber com- 
posite plates in vivo,  which tended to reduce trans- 
mission of strain to the elernents. 

To achieve firrther development of these devices 
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in line with our design analysis, five major problems 
must be dealt with, as follows: 

I .  A demonslralion of the eflkcliveness o fp i f z~o-  
electrically gc7n~rcxted currents in stiwrr~lafing bone 
formation. To provide this, we are exnploying the 
proven rabbit-tibia rnodel of Friedenberg and asso- 
ciates (12). Work is being directed toward comparing 
bone formation produced by currents generated by 
a piezoelectfic ceramic with those generated by a 
battery. 

2. Packaging the cowly,onents into a prototype 
"piezoplate," Because a ""less rigid9' type of plate 
design is an obvious advantage, a fixation plate of 
fiber-reinforced composite, or titanium, is a natural 
choice for the stabilizing component. 

For the stirnulatory component, appropriate de- 
sign of integrated circuitry is essential; packaging 
problems are to be expected here in maintaining 
adequate stnrctural strength and high insrrlation 
resistance over long periods. 

For electrodes used to deliver curren~t to the 
fracture site, platinum is preferred because it has 
been shown to stimulate osteogenesis at lower cur- 
rents (10). ' ~ w o  platinum cathodes emerging Croln 
the plate on sl?or(, flexible leads are envisioned for 
placement at the fracture site. An anode placed on 
top of the plate in contact with soft tissues would 
also be platinum. 

Mechanicill compliance between components is 
also a key factor. 

3. f i r  preclinr'cal testing for n prototype ""piezo- 
plale," two tyj;'es of in vivo testing would he apl?ro- 
priate. First, using the canine rnodel of Harris et al. 
(35) in dogs or sheep, a plate attached to the femur 
with a cathode inserted into the tibia would permit 
tests of effects on medullary bone formation in 
response to controlled periods of exercise, or ultra- 
sonic excitation. Second, it would be desirable to 
test the device on a nonunion model in dogs or 
sheep. An ideal rnodel would involve a transverse 
radial or ulnar osteotomy wlth a gap size such that, 
wlth plate fixation but no electrical stimulation, 
healing would occur in SO percent within 12 weeks. 
Then efkcts of active versus dummy piezoelectric 

plates could be assessed on bilateral defects in the 
same animal. Unfortunately, no model of that spec- 
ification has been docu~nented yet with plate fixa- 
tion, although that of Harris et al. (15) provides a 
basis for further experiment. 

The size of the defect is critical because it i s  also 
generally acknowledged that microampere electric 

currents have no effect in altering healing of bone 
defects that are large enough to have no tendency 
to bridge on their own (3,6,15). 

In conclusion, nrucll development work remains, 
but piezoelectric plates offer promise h'or creation 
of a new class of orthopaedic implants that combine 
the duties of internal fixation and electrical stimu- 
lation in facilitating fracture healhg. Augmenting 
current generation by externally applied low-energy 
ultrasound represerrts an important added dimen- 
sion, and offers an opportunity to control electrical 
output over a wide range of current values. 

In addition to an opportunity to create a plate 
that r~aight reduce the incidence of nonunions, this 
concept has possible applications in fixation of 
internal prostheses. While Park (19) had little suc- 
cess with bone growth into porous piezoelectric 
ceramics under physiologic loading, bone growth 
into such coatings on pros"cesis stems might actually 
be initiated using external ultrasonic excilation. 
Conceivably, this capability might make it possible 
lo initiate and control bone growth into an area of 
porous piezoelectric cerarnic or polymer on a pros- 
thesis stern, and then even to initiate resorption of 
bone ingrowth using higher currents (>I00 PA) if 
removal were indicated. An implanted piezoelectric 
generator might be used instead of a battery to 
deliver current to stimulate bone growth into porous 
metallic coathgs (8,23), car to power other types of 
implanted bone stimulation devices. Further re- 
search is in progress on these promising avenues of 
developnaent for orthopaedics. 
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