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(57) ABSTRACT 

A device, system and method for transcutaneous energy 
transfer Implanted circuitry suitable for conditioning 
the poWer delivered transcutaneously may be constructed in 
planar fashion, may be located in or near an implanted coil, 
and may be oriented such that the plane of the circuitry is 
substantially tangent to the lines of magnetic ?ux. The 
orientation of the circuitry may reduce eddy currents and 
their potentially harmful effects. 
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TRANSCUTANEOUS ENERGY TRANSFER WITH 
CIRCUITRY ARRANGED TO AVOID 

OVERHEATING 

TECHNICAL FIELD 

[0001] The invention relates to the transfer of electromag 
netic energy betWeen a primary coil located outside the skin 
and a secondary coil located beneath the skin. More spe 
ci?cally, the invention concerns the circuitry used in con 
nection With the secondary coil to condition the electromag 
netic energy into a useful form. 

BACKGROUND 

[0002] Many implanted medical devices are poWered by 
electricity. Some devices, such as arti?cial pacemakers, may 
be battery-poWered because their poWer requirements are 
comparatively loW. Other devices require considerably more 
poWer and cannot be adequately supplied by a battery on a 
long-term basis. An implantable blood pump, for example, 
requires considerably more poWer than an ordinary pace 
maker. A pacemaker rhythmically generates electrical 
impulses to stimulate the heart muscle, but the pacemaker 
does not perform any mechanical pumping action. An 
implantable blood pump, by contrast, mechanically assists 
the heart muscle to pump blood, and for this reason has a 
considerably greater poWer requirement. 

[0003] PoWer requirements for a typical pacemaker may 
be on the order of 10 milliWatts, as compared With an 
implantable blood pump, Which may have a poWer require 
ment one thousand times greater. Implantable electric stor 
age batteries are unable to provide such poWer for long 
periods of time, and the frequent invasive surgery that Would 
be required to replace the batteries makes this option unde 
sirable. If the implantable batteries are rechargeable, then 
the batteries must be recharged from time to time, and poWer 
must in some Way be delivered to recharge the batteries. 
Once again, use of invasive surgery to deliver the recharge 
is not a desirable alternative. 

[0004] Ordinarily the poWer source for a high-poWer 
device must be external to the body. To deliver the poWer to 
the device, the poWer must somehoW transit through the 
skin. PoWer may be delivered through the skin by a percu 
taneous Wire, but this method has draWbacks. A Wire pen 
etrating the skin provides a source for infection. Moreover, 
there is a risk that a Wire penetrating the skin may acciden 
tally be torn out, Which may cause loss of poWer to the 
device and trauma to the patient. 

[0005] Another Way to deliver poWer through the skin is 
by Way of induction. TWo coils of electrically conductive 
Wire, a primary coil external to the skin and a secondary coil 
implanted Within the patient, may be inductively coupled. 
By energiZing the primary coil With a time-varying current, 
a time-varying magnetic ?ux is produced by the primary 
coil. If the secondary coil is in proximity to the primary coil 
and is appropriately oriented, the time-varying magnetic ?ux 
Will induce a time-varying current Within the secondary coil, 
according to the principle of mutual induction. PoWer may 
be delivered through the skin using mutual induction. Sys 
tems delivering energy or poWer in this Way are often called 
transcutaneous energy transfer, or TET, systems, sometimes 
referred to as TETS. 
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[0006] Mutual induction is a consequence of Faraday’s 
LaW of Induction. Faraday’s LaW holds that the electromo 
tive force (emf) in a conducting coil of N turns and the rate 
of change of magnetic ?ux through the coil are related. 
Faraday’s LaW is embodied Within the equation E=—N(d(I>/ 
dt), Where E is the induced emf, N is the number of turns in 
the coil, and (d((I>/dt) represents the change in magnetic ?ux 
With respect to time. The negative sign is a matter of 
convention, and is indicative of the direction of the induced 
emf. 

[0007] Both the current in the primary coil and the current 
induced in the secondary coil are time-varying. Direct 
current (dc) Will not result in a time-varying magnetic ?ux, 
and therefore Will not create mutual induction. If the device 
being poWered operates using dc, the current or voltage in 
the secondary coil must be conditioned for use by the device. 
Ordinarily, conditioning includes such functions as rectify 
ing the current or voltage, ?ltering it to remove high 
frequency components, and regulating it to provide substan 
tially constant amounts of current or voltage. 

SUMMARY 

[0008] The present invention is directed to a transcutane 
ous energy transfer system having a secondary coil With 
integrated poWer conditioning circuitry. The transcutaneous 
energy transfer system may be particularly useful With an 
implantable blood pump having a pump control module. The 
pump control module ordinarily is implanted in the abdo 
men. Integration of the poWer conditioning circuitry With the 
secondary coil permits immediate conversion of energy 
induced at the secondary coil to dc current, instead of at the 
pump control module. Consequently, thinner leads can be 
used to couple the secondary coil to the pump control 
module, thus enhancing system versatility by expanding 
sites available for module implantation. 

[0009] Importantly, the secondary coil and poWer condi 
tioning circuitry can be arranged to provide a relatively loW 
pro?le for implantation, While also limiting the generation of 
eddy currents in the poWer conditioning circuitry. Eddy 
currents in the poWer conditioning circuitry may be created 
When the circuitry is in proximity to the time-varying 
magnetic ?ux generated by the primary coil. A reduction in 
the generation of eddy currents helps avoid the creation of 
excessive heat in the area of the secondary coil, and resulting 
in?ammation of nearby tissue. In particular, the poWer 
conditioning circuitry can be mounted Within the aperture 
de?ned by the secondary coil With a structure and orienta 
tion designed to avoid coincidence With magnetic ?ux lines 
extending substantially perpendicular to the major plane 
de?ned by the secondary coil. 

[0010] Ordinarily, poWer-conditioning circuitry is con 
structed as a substantially planar package or module. The 
circuitry may be placed on one or more circuit boards 
mounted Within the aperture de?ned by the secondary coil 
and may be electrically connected to the secondary coil such 
that time-varying currents induced in the secondary coil are 
delivered to the conditioning circuitry. Although the condi 
tioning circuitry may be encased in a nonconductive 
medium, the conditioning circuitry and circuit board may 
consist of conductors and semiconductors. To reduce the 
pro?le of the secondary coil, the planar circuitry is oriented 
to reside Within the coil aperture and occupy the major plane 
de?ned by the coil. 
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[0011] Placement of the conditioning circuitry inside the 
secondary coil may have signi?cant space-saving advan 
tages, but may pose practical dif?culties. The time-varying 
magnetic ?ux generated by the primary coil ordinarily Will 
induce some time-varying eddy currents, in addition to the 
current induced Within in the secondary coil. These induced 
eddy currents may appear in conductors and semiconductors 
in the poWer conditioning circuitry near the secondary coil. 
Eddy currents generate heat, due to the natural and inherent 
resistivity of the conductors. 

[0012] The present invention provides a Way for the 
circuitry to be mounted Within the secondary coil yet mini 
miZe eddy currents and thereby reduce the risk of excessive 
heating. TET systems may be in many forms, and the 
orientation of the lines of magnetic ?ux may be estimated. 
Where the primary and secondary coils are substantially 
circular and are axially aligned, for example, the location 
lines of magnetic ?ux can be reasonably estimated, espe 
cially along the diameters and near the centers of the coils. 

[0013] The present invention provides that the circuitry 
attendant to the secondary coil may be substantially planar, 
and may be placed so that the plane of the circuitry is 
substantially tangent to the lines of magnetic ?ux. In gen 
eral, the lines of magnetic ?ux may pass through the major 
plane of the secondary coil at near-right angles, and mag 
netic ?ux lines near the center of the secondary coil’s 
aperture may be substantially parallel to the secondary coil’s 
ax1s. 

[0014] When the planar circuitry is oriented With its plane 
substantially tangent to the lines of magnetic ?ux, eddy 
currents Within the conductors and semiconductors in the 
circuitry are reduced. In one aspect, the present invention 
generally provides a device for use in transcutaneous energy 
transfer, comprising a coil for subcutaneous placement, and 
substantially planar circuitry electrically connected to the 
coil, Wherein the plane of the circuitry is oriented substan 
tially tangent to the lines of magnetic ?ux. In preferred 
embodiments, the plane of the circuitry preferably is ori 
ented substantially perpendicular to the major plane of the 
coil to minimiZe creation of eddy currents Within the cir 
cuitry. 

[0015] To reduce the vertical pro?le of the circuitry rela 
tive to the major plane of the coil, the circuitry can be 
divided into sub-planes that are mounted adjacent one 
another in a stacked relationship. For example, the circuitry 
may include tWo or more circuit planes With surface 
mounted components that form a multi-plane circuit pack 
age, e.g., a “double-decker” or “triple-decker” arrangement. 
Alternatively, the circuit package may provide multiple 
interlocking circuit planes. 

[0016] In either case, the electrical components necessary 
for conditioning are distributed among tWo or more circuit 
planes, Which may be individual printed circuit board sec 
tions. As a further alternative, the circuitry may take on a 
curved shape. In this manner, the surface area and resulting 
height of each board section Within the coil aperture can be 
reduced to thereby reduce the pro?le of the coil for implan 
tation. 

[0017] In general, the present invention provides a device 
for use in transcutaneous energy transfer, comprising a coil 
for subcutaneous placement Within a human, and circuitry 
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that is electrically connected to the coil, con?gured to 
conduct current induced in the coil. A major plane of the 
circuitry is oriented substantially perpendicular to a major 
plane of the coil, thereby reducing the generation of eddy 
currents Within the circuitry While current is conducting in 
the coil. 

[0018] The circuitry may be located Within the aperture of 
the coil. The circuitry may include substantially planar 
subcircuits, the planes of the subcircuits substantially 
located perpendicular to the major plane of the coil. Where 
the lines of magnetic ?ux are principally generated by a 
primary coil external to the skin, the substantially planar 
circuitry may be oriented substantially tangent to the lines of 
magnetic ?ux. 

[0019] In another aspect, the invention provides a TET 
system. The system comprises a primary coil for placement 
external to the skin, the coil suitable for carrying a time 
varying current, and a current source arranged in series With 
the primary coil, comprising a poWer supply and poWer 
circuitry capable of delivering an electric current to the 
primary coil to produce magnetic ?ux. The system further 
comprises a secondary coil for subcutaneous placement, 
suitable for carrying a current induced by the magnetic ?ux. 

[0020] The system further comprises substantially planar 
conditioning circuitry that is electrically connected to the 
secondary coil and conducts current induced in the second 
ary coil, Wherein the plane of the conditioning circuitry is 
oriented substantially perpendicular to the a major plane of 
the secondary coil. The system may further include a sub 
cutaneous electrical device, connected to the conditioning 
circuitry by one or more leads. 

[0021] In a further aspect, the invention provides a TETS 
method. The method comprises placing a primary coil 
external to the skin, the primary coil being electrically 
coupled to a poWer supply capable of delivering time 
varying current to the primary coil. The method further 
comprises determining the orientation of magnetic ?ux lines 
principally caused by time-varying current circulating in the 
primary coil in proximity to a secondary coil that Will be 
placed beneath the skin. The method further includes con 
structing conditioning circuitry in substantially planar fash 
ion, and orienting the plane of the conditioning circuitry so 
it Will be substantially tangent to the lines of magnetic ?ux. 

[0022] The details of one or more embodiments of the 
invention are set forth in the accompanying draWings and 
the description beloW. Other features, objects, and advan 
tages of the invention Will be apparent from the description 
and draWings, and from the claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0023] FIG. 1 is a simpli?ed conceptual diagram of a coil 
and magnetic ?ux lines. 

[0024] FIG. 2 is a simpli?ed conceptual diagram of a 
tWo-coil con?guration illustrating transcutaneous energy 
transfer by mutual induction. 

[0025] FIG. 3A is a perspective diagram of a poWer 
conditioning circuit board. 

[0026] FIG. 3B is a cross-sectional vieW of tWo coils and 
an a poWer conditioning circuit board in accordance With an 
embodiment of the invention. 
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[0027] FIG. 4 is a perspective vieW of a substantially 
planar circuitry arrangement in accordance With an embodi 
ment of the invention. 

[0028] FIG. 5 is a perspective vieW of a substantially 
planar circuitry arrangement in accordance With an embodi 
ment of the invention. 

[0029] FIG. 6 is a perspective vieW of a substantially 
planar yet curved circuitry arrangement in accordance With 
an embodiment of the invention. 

DESCRIPTION 

[0030] FIG. 1 is a conceptual diagram depicting magnetic 
?ux lines 10 generated When a time-varying current i1 (12) 
circulates in a closely-Wound coil 14. Coil 14 comprises at 
least one turn of electrically conductive Wire. A closely 
Wound coil has multiple turns, and ordinarily has the turns 
closely-packed such that the magnetic ?ux through each turn 
is virtually the same. For ease of representation, coil 14 is 
not depicted in FIG. 1 as closely-Wound. FIG. 1 shoWs coil 
14 With a substantially circular perimeter. The turns of coil 
14 de?ne a center opening or aperture 17. Coil 14 also 
de?nes an aXis 15 through the center of aperture 17, per 
pendicularly intersecting major coil plane 13. The turns of 
coil 14 lie substantially in major coil plane 13. Other coils 
described beloW may have an aperture, aXis and major coil 
plane, Which may be de?ned in a similar manner. 

[0031] Time-varying current i1 (12) is generated by a 
current source 16. According to the Biot-Savart LaW, a 
magnetic ?eld is created by a current-carrying conductor. 
Time-varying current i1 (12) circulating in coil 14 causes 
coil 14 to behave like a magnetic dipole, With a correspond 
ing magnetic ?eld represented by magnetic ?uX lines 10. As 
current i1 (12) varies With time, magnetic ?uX lines 10 vary 
With time as Well. As shoWn in FIG. 1, Where the lines of 
magnetic ?ux 10 pass through the major coil plane 13, the 
lines of magnetic ?uX 10 are essentially perpendicular to the 
major coil plane 13. In addition, magnetic ?uX lines 10 near 
the center of aperture 17 are substantially parallel to the aXis 
15 of coil 14. 

[0032] Athin, planar conductor 18 is depicted in FIG. 1 as 
near coil 14, and some of the magnetic ?uX lines 10 pass 
through the surface of conductor 18. The time-varying 
magnetic ?ux 10 may induce time-varying electromotive 
forces and time-varying currents Within conductor 18, 
according to Faraday’s LaW and LenZ’s LaW. Such time 
varying currents may be referred to as “eddy currents.” In 
FIG. 1, current i2 (20) is one of theoretically many eddy 
currents circulating Within conductor 18. The shape and 
direction of the path of eddy current i2 (20) shoWn in FIG. 
1 are arbitrary. The actual shape and direction of the eddy 
currents may be affected by the local shape and strength of 
the magnetic ?uX, and by Whether the ?uX is locally increas 
ing or decreasing. 

[0033] In some circumstances, eddy currents may have a 
number of undesirable effects. For eXample, eddy currents 
produce their oWn time-varying magnetic ?elds, Which may 
interfere With the operation of other nearby electrical or 
electronic elements. Also, ordinary (non-superconducting) 
conductors have inherent resistance to currents ?oWing in 
the conductors, and convert some of the electrical energy of 
eddy currents into thermal energy, or heat. Generation of 
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eXcess heat may be especially detrimental in circumstances 
Where circuitry may burn out, or in circumstances Where the 
heat is suf?ciently intense to cause a burn or other trauma to 

a patient’s tissue. Furthermore, eddy currents generally 
represent an undesirable Waste of energy. 

[0034] Eddy currents generally eXist perpendicular to 
magnetic ?ux lines and depend upon the magnitude of 
magnetic ?uX ?oWing through the conductor. The magnetic 
?uX is represented by ?ux lines 10. Flux lines 10 passing 
through coil 14 are curved, but the ?uX lines intersect the 
coil’s major plane 13 at substantially right angles. Flux lines 
10 passing through conductor 18 can be broken doWn into 
tWo components: a tangent component parallel to the surface 
of conductor 18, and a normal component perpendicular to 
the surface of conductor 18. Eddy current i2 (20) is perpen 
dicular to the normal components of the ?ux lines. In 
general, the smaller the normal components of the ?uX lines 
passing through the conductor, the smaller the induced eddy 
currents Within the conductor. The tangent components of 
?uX lines 10 make no contribution to the creation of eddy 
currents. If the surface of the conductor 18 Were tangent to 
?uX lines 10, then only tangent components Would be 
present, and there Would be no normal component to the 
magnetic ?uX, and consequently no eddy currents Would be 
induced. 

[0035] FIG. 2 is a conceptual diagram depicting a tWo 
coil con?guration and block diagram illustrating transfer of 
poWer through a tissue barrier 30 by mutual induction. A 
time-varying current i3 (26) is generated in a primary 
closely-Wound coil 22 by a source 24, creating time-varying 
magnetic ?uX 28. Magnetic ?uX 28 may pass through tissue 
barrier 30 and may encounter a secondary, subcutaneous 
closely-Wound coil 32. For ease of representation, primary 
coil 22 and secondary coil 32 are not depicted in FIG. 2 as 
closely-Wound. Secondary coil 32 is implanted beneath 
tissue barrier 30. Magnetic ?uX 28 inductively couples 
primary coil 22 and secondary coil 32. As magnetic ?uX 28 
changes, a time-varying current i4 (34) is induced in sec 
ondary coil 32. 

[0036] The induced current i4 (34) represents a time 
varying or alternating current (ac) signal that may be con 
ditioned by conditioning circuitry 36. Conditioning circuitry 
36 is ordinarily electrically coupled to secondary coil 32. 
Conditioning may include, for eXample, recti?cation of the 
signal, ?ltering of the signal, and regulation of voltage or 
current levels. Currents and voltages conditioned by condi 
tioning circuitry 36 may then be used by subcutaneous 
electrical device 38, Which is electrically coupled to condi 
tioning circuitry 36 and is implanted beneath tissue barrier 
30. 

[0037] Although not shoWn in FIG. 2, conditioning cir 
cuitry 36 may be electrically coupled to a control module 
that drives the device. In FIG. 2, conditioning circuitry 36 
is depicted for ease of representation as a block outside the 
perimeter of secondary coil 32. To save space and to make 
conditioning circuitry 36 more easily implantable, it may be 
advantageous physically to place the conditioning circuitry 
inside the perimeter, Within the aperture of secondary coil 
32. Typically secondary coil 32 Will be encapsulated in a 
casing of biocompatible material such as silicone prior to 
implantation, and placing conditioning circuitry 36 Within 
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the aperture of secondary coil 32 Will allow the conditioning 
circuitry to be mounted Within the aperture and to be 
encapsulated as Well. 

[0038] Conditioning circuitry 36 may consist of electrical 
elements such as diodes, transistors, capacitors and resistors 
selected to convert the ac poWer from secondary coil 32 to 
dc poWer. Such circuitry can ordinarily be constructed in a 
substantially planar fashion, using conducting and semicon 
ducting materials. The circuitry may take the form of a 
contiguous circuit package that includes the various electri 
cal elements, and includes at least one terminal coupled to 
secondary coil 32 and at least one other terminal coupled to 
the control module of device 38. The dc poWer then is 
transmitted from conditioning circuitry 36 to a control 
module that drives implantable device 38. 

[0039] FIG. 2 illustrates one kind of transcutaneous 
energy transfer system. In FIG. 2, energy consumed by 
subcutaneous electrical device 38 is supplied from outside 
tissue barrier 30 by source 24. The energy is transferred 
through tissue barrier 30 by Way of inductive coupling 
betWeen primary coil 22 and secondary coil 32. It may also 
be said that the poWer, or energy per unit time, consumed by 
subcutaneous electrical device 38 is supplied from outside 
the skin by source 24. 

[0040] FIG. 3A is a perspective draWing of poWer con 
ditioning circuitry 50. As shoWn in FIG. 3A, circuitry 50 has 
been constructed in a substantially planar fashion, and 
de?nes a major circuit plane 51. Most of the conducting 
materials in conditioning circuitry 50 lie coincident With, 
tangent to or parallel to major circuit plane 51. FIG. 3B is 
a cross-sectional vieW of a primary coil 40 and a secondary 
coil 42. Secondary coil 42 is implanted beneath the tissue 
barrier 44. The siZes and shapes of primary coil 40 and 
secondary coil 42 may vary. 

[0041] As shoWn in FIG. 3B, the axes 43 of primary coil 
40 and secondary coil 42 coincide. A coil con?guration in 
Which the axes of the coils substantially coincide is called a 
“coaxial” con?guration. As shoWn in FIG. 3B, the major 
coil plane 53 of primary coil 40 is approximately parallel to 
tissue barrier 44, and is also approximately parallel to the 
major coil plane 49 of secondary coil 42. In addition, axes 
43 of both coils 40, 42 are approximately perpendicular to 
tissue barrier 44 and to major coil planes 53, 49. If secondary 
coil 42 is substantially circular, major circuit plane 51 may 
be approximately aligned With a diameter of secondary coil 
42, substantially perpendicular to major coil plane 49 of 
secondary coil 42. Furthermore, conditioning circuitry 50 
may be located near the center of the aperture of secondary 
coil 42. 

[0042] Conditioning circuitry 50 shoWn inside the aper 
ture of secondary coil 42 in FIG. 3B is the same as 
conditioning circuitry 50 shoWn in FIG. 3A. Conditioning 
circuitry 50 is electrically coupled to secondary coil 42 by 
leads 48. One or more leads (not shoWn in FIG. 3B) may 
electrically couple circuitry 50 to a subcutaneous electrical 
device (not shoWn in FIG. 3B). Conditioning circuitry 50 
holds a substantially ?xed position relative to secondary coil 
42, and may be mounted Within secondary coil 42 in many 
Ways, such as by encapsulation Within a casing of biocom 
patible material such as silicone. The magnetic ?ux lines 46 
generated by passing current through primary coil 40 are 
generally parallel to coil axes 43 and are generally perpen 
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dicular to major coil plane 49 of secondary coil 42, espe 
cially near the center of the aperture of secondary coil 42. 

[0043] In the example of FIG. 3B, major circuit plane 51 
of conditioning circuitry 50 has been oriented to be sub 
stantially parallel to coil axes 43 and perpendicular to the 
major coil plane 49 of secondary coil 42. Such orientation 
places major circuit plane 51 of conditioning circuitry 50 
substantially tangent to the magnetic ?ux lines 46 that 
conditioning circuitry 50 may encounter While current is 
passed through primary coil 40. By being oriented substan 
tially tangent to magnetic ?ux lines 46, eddy currents Within 
conditioning circuitry 50 are minimiZed. Consequently, 
undesirable heating and energy loss due to eddy currents 
Within conditioning circuitry 50 are minimiZed. 

[0044] It is understood that circuitry, in place of or in 
addition to that related to conditioning the ac signal, may be 
oriented Within the coil in a similar manner. It is also 
understood that conductive materials unrelated to circuitry 
may be so oriented so as to minimiZe eddy currents and 
attendant heat. 

[0045] In some circumstances, available space consider 
ations or other considerations may make it difficult to place 
all of the conditioning circuitry in a single plane. There are 
many possible arrangements by Which the circuitry may be 
oriented so as to minimiZe eddy currents. One such example 
appears in FIG. 4. FIG. 4 is a perspective vieW of condi 
tioning circuitry 52 in Which circuitry has been divided into 
tWo planar subcircuits 54, 56. Planar subcircuits 54, 56 may 
be stacked in a “double-decker” fashion and may be con 
nected by leads 58. When placed in a secondary coil such as 
secondary coil 42 shoWn in FIG. 3B, the plane of each 
subcircuit may be substantially tangent to the lines of 
magnetic ?ux. In a similar manner, an additional subcircuit 
could be added, With the subcircuits stacked in “triple 
decker” fashion. Any number of subcircuits may be coupled 
in this Way, each subcircuit substantially tangent to the lines 
of magnetic ?ux. 

[0046] Another example of arrangement of circuitry 
appears in FIG. 5, in Which circuitry 60 is distributed among 
a plurality of planar subcircuits, each of Which may be 
oriented Within a secondary coil substantially tangent to the 
lines of magnetic ?ux. As shoWn in FIG. 5, the subcircuits 
need not be stacked as shoWn in FIG. 4. Instead, the 
subcircuits may be arranged With interlocking circuit planes. 

[0047] A further example of arrangement of circuitry 
appears in FIG. 6, in Which the circuitry 62 is not strictly 
planar. As shoWn in FIGS. 1, 2 and 3B, lines of magnetic 
?ux are not necessarily straight. Therefore, circuitry may be 
applied to a curved surface that may still be substantially 
tangent to the lines of magnetic ?ux. Although the circuitry 
as a Whole may be curved, locally the circuitry is substan 
tially planar and substantially tangent to the lines of mag 
netic ?ux. 

[0048] The arrangements shoWn in FIGS. 4, 5 and 6 are 
merely exemplary. There are an in?nite number of Ways to 
arrange the circuitry to make it substantially tangent to the 
lines of magnetic ?ux. A circuit designer Wishing to reduce 
the pro?le of the circuitry may employ any number of Ways 
to distribute the electrical components necessary for condi 
tioning among tWo or more circuit planes. Each circuit plane 
may then be positioned to make the plane substantially 
tangent to the lines of magnetic ?ux. 
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[0049] Alternatively, the designer may distribute the elec 
trical components along one or more curved surfaces, With 
each surface positioned to make the circuitry locally sub 
stantially tangent to the lines of magnetic ?ux. The present 
invention has the advantage of ?exibility of circuit design, 
Whereby the circuit designer has a Wide range of options for 
arrangement of circuit elements to save space or to reduce 
the pro?le of the circuitry. The present invention has the 
further advantage of reducing the effects of eddy currents 
Within the circuitry, thereby helping avoid generation of 
excess heat. 

[0050] In FIGS. 2 and 3B, the primary and secondary 
coils are depicted as simple coaxial coils. The depiction is 
for illustration only, and the present invention may have a far 
Wider-ranging application. For example, the coils need not 
be comparably siZed, as depicted in FIG. 2. One coil may 
have a substantially larger radius than the other, and instead 
of placing the coils one atop the other, the coils may be 
placed one inside the other, assuming the tissue barrier is 
sufficiently deformable to permit such an arrangement. In 
this arrangement, the coils share substantially the same 
major plane and the same axis. 

[0051] Furthermore, the coils need not be in a coaxial 
con?guration, Which is only one of many con?gurations that 
may be used for transcutaneous energy transfer. In addition 
to the positions and siZes of the coils, other TETS con?gu 
rations may include cores Within the coils, or may have the 
coils Wound in a solenoid-like fashion, or may have coils 
composed of various kinds of Wire. There may also be a 
multitude of Ways for tuning the coils for maximum ef?cient 
energy transfer, or for applying particular current oscilla 
tions. 

[0052] Although there may be a Wide assortment of con 
?gurations used for TETS, many con?gurations for TETS 
involve magnetic ?ux, and may have the potential to create 
undesirable eddy currents. The present invention, relating to 
orientation of the conditioning circuitry to make the circuitry 
substantially tangent to the lines of magnetic ?ux, may be 
applied to these other TETS con?gurations. 

[0053] The foregoing detailed description has been pro 
vided for a better understanding of the invention and is for 
exemplary purposes only. Modi?cations may be apparent to 
those skilled in the art, hoWever, Without deviating from the 
spirit and scope of the appended claims. Other embodiments 
are Within the scope of the folloWing claims. 

What is claimed is: 
1. A device for use in transcutaneous energy transfer, 

comprising: 

a coil for subcutaneous placement Within a human, and 
circuitry that is electrically connected to the coil, and 
con?gured to conduct current induced in the coil, 

Wherein a major plane of the circuitry is oriented sub 
stantially perpendicular to a major plane of the coil, 
thereby reducing the generation of eddy currents Within 
the circuitry While current is conducting in the coil. 

2. The device of claim 1, further comprising a casing 
composed of biocompatible material encapsulating the coil 
and the circuitry. 

3. The device of claim 1, Wherein the circuitry is located 
Within the aperture of the coil. 
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4. The device of claim 1, further comprising leads per 
mitting attachment to a subcutaneous electrical device. 

5. The device of claim 1, Wherein the shape of the coil is 
substantially circular. 

6. The device of claim 1, Wherein the circuitry is located 
near the axis of the coil. 

7. The device of claim 1, Wherein the circuitry consists of 
substantially planar subcircuits, the planes of the subcircuits 
are substantially located perpendicular to the major plane of 
the coil. 

8. The device of claim 1, Wherein the circuitry consists of 
planar subcircuits, the subcircuits being electrically coupled 
by leads, and the major planes of the subcircuits being 
substantially parallel to each other. 

9. The device of claim 1, Wherein the coil is a secondary 
coil, and Wherein the lines of magnetic ?ux are principally 
generated by a primary coil external to the skin. 

10. The device of claim 9, Wherein the substantially planar 
circuitry is oriented substantially tangent to the lines of 
magnetic ?ux generated by the primary coil. 

11. The device of claim 9, Wherein the substantially planar 
circuitry is curved such that the local plane of the circuitry 
is oriented substantially tangent to the lines of magnetic ?ux 
generated by the primary coil. 

12. The device of claim 9, Wherein the primary coil and 
the secondary coil are arranged coaxially. 

13. A transcutaneous energy transfer system, comprising 

a primary coil for placement external to the skin, the coil 
suitable for carrying a time-varying current, 

a current source arranged in series With the primary coil, 
comprising a poWer supply and poWer circuitry capable 
of delivering an electric current to the primary coil to 
produce magnetic ?ux, 

a secondary coil for subcutaneous placement, the coil 
suitable for carrying a current induced by the magnetic 
?ux, and 

substantially planar conditioning circuitry that is electri 
cally coupled to the secondary coil and conducts cur 
rent induced in the secondary coil, 

Wherein the plane of the conditioning circuitry is oriented 
substantially perpendicular to the a major plane of the 
secondary coil. 

14. The system of claim 13, Wherein the conditioning 
circuitry performs at least one of the functions of recti?ca 
tion, ?ltering and regulation. 

15. The system of claim 13, further comprising: 

a subcutaneous electrical device, and 

leads permitting electrical coupling of the conditioning 
circuitry to the subcutaneous electrical device. 

16. The system of claim 15, Wherein the subcutaneous 
electrical device comprises an implantable blood pump. 

17. The system of claim 15, Wherein the subcutaneous 
electrical device comprises an electrical storage battery. 

18. The system of claim 13, Wherein the conditioning 
circuitry is located Within the aperture of the secondary coil. 

19. The system of claim 13, Wherein the primary and 
secondary coils are arranged coaxially. 

20. The system of claim 13, Wherein the shape of the 
primary coil is substantially circular and the shape of the 
secondary coil is substantially circular. 
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21. The system of claim 13, wherein the plane of the 
conditioning circuitry is located substantially perpendicular 
to the major plane of the primary coil. 

22. The system of claim 13, Wherein the conditioning 
circuitry is oriented to reduce eddy currents induced by the 
magnetic ?ux. 

23. The system of claim 13, Wherein the conditioning 
circuitry comprises tWo or more electrically coupled sub 
stantially planar subcircuits, the plane of the subcircuits 
being oriented substantially perpendicular to the a major 
plane of the secondary coil. 

24. The system of claim 13, Wherein the conditioning 
circuitry comprises tWo or more electrically coupled sub 
circuits, the subcircuits being oriented to reduce eddy cur 
rents induced by the magnetic ?ux. 

25. A method for delivering energy transcutaneously, the 
method comprising: 

placing a primary coil eXternal to the skin, the primary 
coil being electrically coupled to a poWer supply 
capable of delivering time-varying current to the pri 
mary coil, 

determining the orientation of magnetic ?ux lines princi 
pally caused by time-varying current circulating in the 
primary coil, 
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constructing conditioning circuitry in substantially planar 
fashion, and 

placing a secondary coil beneath the skin, the secondary 
coil being electrically connected to the conditioning 
circuitry and the conditioning circuitry oriented sub 
stantially tangent to the lines of magnetic ?ux. 

26. The method of claim 25, further comprising 

dividing the conditioning circuitry into subcircuits, each 
subcircuit being substantially planar; 

electrically coupling the subcircuits, and 

orienting the planes of the subcircuits Within the aperture 
of the secondary coil substantially parallel to the lines 
of magnetic ?ux. 

27. The method of claim 26, further comprising placing 
the planes of the subcircuits in a substantially parallel 
stacked con?guration. 

28. The method of 25, further comprising encapsulating 
the secondary coil and the conditioning circuitry Within a 
casing composed of biocompatible material. 


