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gap through the coil to a crosspiece portion connected to 
another portion of the armature attached to the casing, 
whereby the position of the armature leg in the working gap 
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MAGNETIC REED TYPE ACOUSTIC TRANSDUCER 
WI'I‘II IMPROVED ARMATURE 

This application is a continuation of Ser. No. 638,878 ?led 
May 16, I967, and now abandoned. 

BACKGROUND OF THE INVENTION 

Transducers of this invention are particularly useful in hear 
ing aids. The transducers, which are bilateral in operation, 
may be used as microphones to convert acoustic energy to an 
electrical signal or as receivers to convert electrical energy to 
acoustic energy. 
The present trend in this segment of the electroacoustic 

transducer ?eld is toward smaller units. In part, this trend has 
resulted from the development of components and methods 
for making electronic ampli?ers of ‘very small size. Thus it is 
desired that the transducers used with such amplifiers also be 
miniaturized, for example so that an entire hearing aid may be 
small enough to fit well within the pinna of the ear of the user 
and to extend into a substantial portion of the external audito 
ry meatus. 
As the size of the transducer is reduced the problems as 

sociated with transducer manufacture increase substantially, 
particularly in the structure of the armature. A portion of the 
armature must be free to vibrate in a working gap traversed by 
polarizing magnetic flux. When manufactured the structure 
must be such that the armature can be readily “balanced," 
i.e., adjusted to a position in the working gap such that under 
conditions of use the armature will carry negligible static flux. 
If the transducer is not well balanced, the sensitivity and 
frequency response of a microphone are degraded and the 
nonlinear distortion of a receiver, particularly the even order 
distortion, is greatly increased. 

Further, the armature, once ‘adjusted to the desired 
quiescent position must retain this position despite severe 
mechanical shock to the transducer, Thus the armature and its 
means of attachment must strongly resist permanent transla 
tion or rotation within the completed transducer. Finally, the 
armature must be of a construction which can be readily as 
sembled, even though the component size is quite small. 
To summarize, the armature for electromechanical transdu 

cers of the general class described above must be such that it 
can be readily assembled with other components to form a 
complete transducer in a very smallsize, can be relatively easi 
ly adjusted in production to a location in the working gap 
where the static flux conveyed along the armature can be 
neglected, and will maintain its adjusted position despite the 
severe external mechanical shock to which such transducers 
and in particular hearing aid transducers-are subjected in 
use. - 

The prior art has partially solved these problems in various 
ways. For example, in a parallel magnetic circuit con?guration 
of the type disclosed in U.S. Pat. No. 2,994,016 of Raymond 
W. Tibbetts et al., the straight armature of that invention can 
be adjusted mechanically to an approximate position of 
balance by inserting a tool through an aperture (FIGS. 1 and 
6) in each pole plate near the ?xed end of the armature and 
bending the armature up or down toward either pole plate, a 
?ne magnetic adjustment being made thereafter by bending 
tabs 19 or 20 (FIG. 7) toward either pole plate as more fully 
disclosed in the copending application of George C. Tibbetts, 
Ser. No. 680,753 ?led Aug. 28, I957. In a series magnetic cir 
cuit con?guration of the type disclosed in the copending appli 
cation of George C. Tibbetts, Ser. No. 168,183 ?led Jan. 23, 
1962 and now U.S. Pat. No. 3,515,818, the folded armature of 
that invention can be adjusted mechanically to an approxi 
mate position of balance by bending the armature to change 
its location in the working gap between the pole pieces, and 
then if necessary performing a fine magnetic adjustment by 
means of an adjustable piece of magnetic material as disclosed 
in U.S. Pat. No. 3, l 85,779 ofJoseph A. Sawyer or by means of 
an adjustable piece of permanent magnetic material as dis 
closed in U.S. Pat. No. 3,230,426 ofJoseph A. Sawyer et al. 
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2 
SUMMARY or THE INVENTION 

We have devised an improved armature for use in magnetic 
electromechanical transducers. While the invention will be 
described in connection with electroacoustic transducers used 
in hearing aids, it is to be emphasized that the armature of the 
invention is not of such limited application and may be equally 
useful in electromechanical transducers for other applica 
tions. 

Accordingly we provide an electromechanical transducer 
having a casing, magnets within the casing which provide 
polarizing ?ux across a working gap, an electrical signal coil, 
and an armature having at least two portions which contribute 
to the working compliance at one point thereof, namely a 
vibratable portion compliant in flexure and extending from 
the working gap through the coil to another vibratable portion 
of the armature compliant in torsion, said portion of the arma 
ture compliant in torsion connected to another portion of the 
armature attached to the casing, whereby the position of the 
armature in the working gap may be adjusted by twisting in 
elastically the portion of the armature which is compliant in 
torsion, the plastic deformation being substantially con?ned 
to that portion. 7 

In this invention the portion of the armature compliant in 
torsion may play an essential role in the shielding of the unit 
against response to or production of stray magnetic ?elds. 

Also in this invention in one embodiment thereof the por 
tion of the armature attached to the casing extends from the 
portion compliant in torsion back to a region adjacent and ex 
terior to the working gap and is attached to the casing in that 
region, thus providing greater stability of the quiescent posi 
tion of the portion of the armature in the working gap. 

In addition, the transducer of the invention may comprise a 
casing of high permeability magnetic material which encircles 
the annature, coil, and magnets, and interconnects the mag 
nets, the armature being attached to the casing by structural 
means such as spot welding and brazing. 
The configuration and mode of adjustment of the armature 

are such that the resistance of the armature to damage by 
mechanical shock is maximized. Furthermore, in this inven 
tion the armature may be composite to allow the various por 
tions of the armature to perform their respective functions in 
an optimum manner. The transducer of the type described is 
well adapted to fabrication in very small sizes and furthermore 
to fabrication in elongate shapes of very small cross section. 
For a fuller understanding of the nature and objects of the 

invention, reference should be had to the following detailed 
description taken in connection with the accompanying 
drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. I is a perspective view, with parts partially broken 
away to show construction of the electromechanical trans 
ducer portion of a particular embodiment of the invention; 

FIG. 2 is a plan view, partially in section of an elec 
troacoustic transducer shown as a particular embodiment of 
the invention, taken on the line 2-2 of FIG. 3; 

FIG. 3 is a side elevation in section of an electroacoustic 
transducer taken on the line 3--3 of FIG. 2; 

FIG. 4 is an end elevation of the left end of the elec 
troacoustic transducer as shown in FIGS. 2 and 3 with the 
acoustic closure and the bulkhead removed; 

FIG. 5 is an end elevation of the right end of the elec~ 
troacoustic transducer (as shown in FIGS. 2 and 3) with the 
terminal board and the underlying closure removed; 

FIG. 6 is a horizontal section, taken on the line 6-6 of FIG. 
3, which shows a plan view of the diaphragm of this embodi. 
ment. 
The assembly of the armature, which may comprise an ar 

mature leg and an armature yoke, may take various forms in 
addition to that illustrated in FIGS. 1-6. The following 
drawings illustrate alternative con?gurations of the armature 
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in the rear region where the armature leg joins the armature 
yoke. Thus: 

FIG. 7 is a vertical section showing the rear region of a 
modi?ed form of the armature wherein the armature leg is 
composite, taken along the line 7-7 of the plan view of FIG. 
8; 

FIG. 9 is a vertical section of a portion of another embodi 
ment of the rear region of the armature taken along the line 
9-9 of the plan view of FIG. 10, this embodiment showing an 
adjustment pad integral with the armature yoke; 

FIG. 11 is a bottom perspective view of the embodiment of 
FIGS. 9 and 10; 

FIG. 12 is a vertical section of still another embodiment of 
the rear portion of the armature where the armature leg at 
taches to the armature yoke, this section being taken long the 
line 12-- 12 ofthe plan view of FIG. 13; 

FIG. 14 is a rear perspective view of a portion of the rear re 
gion of the armature illustrated in FIGS. 12 and 13; 

FIG. 15 is a vertical section of another embodiment of the 
rear region of the armature taken along the line 15-15 of the 
plan view of FIG. 16; ~ 

FIG. 17 is a perspective view of the embodiment of FIGS. 
15 and 16 with parts removed for clarity; 
FIG. 18 is a vertical section of another embodiment of the 

rear portion of the armature where the armature leg joins the 
armature yoke, taken along line 18-18 of the plan view of 
FIG. 19; 

FIG. 20 is a vertical section of a different form of the same 
region of the armature taken along line 20-20 of the plan 
view ofFlG. 21; 

FIG. 22 is a bottom exploded perspective view of a portion 
of the rear region of the armature illustrated in FIGS. 20 and 
21; 

FIG. 23 is a vertical section of another embodiment of the 
rear region of the armature taken along the line 23~23 of the 
plan view of FIG. 24', 

FIG. 25 is a bottom exploded perspective View thereof; 
FIG. 26 is a vertical section of a further embodiment of the 

rear region of the armature where the armature leg joins the 
armature yoke, taken along the line 26-26 of the plan view of 
FIG. 27; 

FIG. 28 is an exploded perspective‘ view of a portion of the 
assembly illustrated in FIGS. 26 and 27. 
An even more compact transducer may be obtained by 

fabricating the annature yoke and the casing of the same 
material or of materials having closely similar thermal expan 
sion characteristics, so that it is permissible to have the arma 
ture yoke bridge directly across within the casing. Thus: 

FIG. 29 is a perspective view of such a preferred embodi 
ment, with parts shown exploded away for clarity; and 

FIG. 30 is a perspective detail view of the armature of FIG. 
29. As with the previous embodiment, the embodiment of 
FIGS. 29 and 30 may have variations of the configuration of 
the armature leg and armature yoke, and thus: 

FIG. 31 is a vertical section of the rear region of the arma 
ture taken-along line 31-31 of the plan view of FIG. 32; 

FIG. 33 is a bottom perspective view of the modi?cation of 
FIGS. 31 and 32; 

FIG. 34 is a vertical section of another embodiment of the 
rear region of the armature taken along line 34-34 of the 
plan view of FIG. 35; and 

FIG. 36 is a bottom exploded perspective view of the 
modi?cations shown in FIGS. 34 and 35. 

GENERAL DESCRIPTION 

Brie?y and in general terms, for example as shown in FIG. 
1, the improved electromechanical transducer of the inven 
tion includes a casing of magnetic material 7 which in this em 
bodiment is essentially a sleeve of substantially rectangular 
cross section. A pair of magnets 8 and 9 are secured to op 
posite interior faces of the sleeve 7 near one end thereof; each 
magnet is provided with a pole piece, the magnet 8 with the 
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a 
pole piece 10 and the magnet 9 with the pole piece 11. A 
working gap is formed between the pole pieces. A coil 12 is 
positioned in the sleeve endwise adjacent to the magnets. An 
armature leg 2 extends through the aperture of the coil and 
through the working gap between the pole pieces 10 and 11. 
The armature leg 2 is connected at one end (the left end as 
seen in FIG. 1) to a generally U-shaped armature yoke l. The 
arms 40 and 41 of the armature yoke include the portions 
identi?ed as 42 and 43. The arms are joined by an integral 
crosspiece having portions identi?ed as 33 and 39. The end of 
the armature leg 2 remote from the attachment to the arma 
ture yoke is vibratable in the working gap de?ned by the pole 
pieces 10 and 11. It will be observed that the armature yoke 
has its greatest cross-sectional dimension in a direction normal 
to the plane of the armature leg 2. As will be explained in 
detail below, this structure permits the armature to remain 
stably ?xed under the effects of severe mechanical shock and 
wide temperature changes, and yet permits ready adjustment 
of the quiescent position of the armature in the working gap. 
The basic structure permits a variety of armature construc 
tions and may readily be assembled even in very small sizes. 

SPECIFIC DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

More speci?callyI the particular embodiment of the inven 
tion shown in FIGS. 1-6 includes a generally U-shaped arma 
ture yoke 1 having an aperture, central in the crosspiece com 
prising portions 38 and 39, through which passes an armature 
leg 2 having a portion 37 formed at a right angle thereto and 
fastened to the armature yoke. A ?ller piece 3 (FIG. 3) of the 
same material and thickness as that of the armature leg per~ 
mits an adjusting pad 4, whose function will be hereinafter 
described, to be properly fastened to the armature assembly. 
The arms 40 and 41 of the armature yoke have terminal por~ 
tions 42 and 43 which are slightly widened and spaced slightly 
farther apart than the remaining portions of arms 40 and 41. 
The outer faces of the terminal portions are attached to the 
sleeve 7. The slight widening and slightly greater spacing pro 
vide clearance in all directions between the armature yoke 
and the sleeve except where attached. The sleeve 7 of high 
permeability magnetic material may be formed from flat strip 
and if so it has a longitudinal lap joint or seam 32 (FIGS. 1, 3, 
4 and 5). 
A magnet assembly to provide polarizing magnetic flux in 

cludes the magnets 8 and 9, the pole pieces 10 and I1, and 
nonmagnetic shims 44 and 45. The magnet assembly ?ts in the 
sleeve 7 in the direction shown as vertical in FIG. 5 and is 
bonded thereto by adhesive. The pole pieces 10 and 11 are 
coined so as to de?ne tapered gaps 33 and 34 (FIG. 3) 
between the armature leg and the facing portions of the pole 
pieces. 
An electrical signal coil 12, which surrounds a portion of 

the armature leg 2, is bonded at one end to the magnet as~ 
sembly; the pole pieces may be provided with notches 53 and 
54 to act as stops or catch pockets to prevent the ?ow of the 
bonding adhesive onto the coined surfaces of the pole pieces. 
At the other end the coil has a ?ange 13 which completes the 
support of the coil, the top and bottom of the ?ange being 
bonded by adhesive to the sleeve 7, and portions of the sides 
of the flange being a slip ?t between the arms 40 and 41 as 
shown in FIG. 2. As shown in FIG. 5, the remaining portions of 
the sides of the ?ange 13 are relieved to insure that adhesive 
will not flow by capillarity between the ?ange and the arms 40 
and 41. 
A flexural pivot 5 attached to the armature yoke and a con 

necting pin 6 attached to the otherwise free end of the arma 
ture leg extend through apertures in the sleeve 7. The sleeve is 
closed at one end (the right end of the transducer illustrated in 
FIGS. 1, 2 and 3) by a generally U-shaped closure 14 which 
preferably is fabrication from high permeability magnetic 
material to provide magnetic shielding in conjunction with 
sleeve 7. The U-shaped closure, which is a slip ?t in the sleeve 
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7 and is further located by abutment against the portions 42 
and 43, is covered on its outer face by a terminal board 15; 
both are secured in place by adhesive. The terminal board 
may conveniently be fabricated from a copper-epoxy-glass 
cloth laminate, chemically etched to provide copper terminals 
28 and 29. lntemal lead wires 60 (FIGS. 2 and 3) from the coil 
12 extend through apertures in the closure 14, in the terminal 
board, and in the terminals, and are secured and electrically 
connected to the latter by soft solder. Vernier magnetic ad 
justing means may be incorporated, for example such as dis 
closed in U.S. Pat. No. 3,185,779 of Joseph A. Sawyer or U.S. 
Pat. No. 3,230,426 of Joseph A. Sawyer et al. 
As described, the armature assembly is free of attachment 

to the sleeve except at the portions 42 and 43 adjacent the 
working gap comprising the gaps 33 and 34. Accordingly, the 
state of adjustment of the armature leg in the working gap is 
not greatly a?ected by incidental rotation of the joints 
between portions 42 and 43 and the sleeve about an axis nor 
mal to the planes of the joints, or by equivalent motions such 
as may result from slight damage to the sleeve 7 occurring sub 
sequent to the ?nal adjustment of the device. Preferably the 
joints are spot welded to provide initial location of the arma 
ture assembly and to insure close fits and low magnetic 
reluctances between the portions 42 and 43 and the sleeve. 
The entire assembly thus formed is then brazed in a hydrogen 
furnace, as described hereinaftento produce an essentially 
one-piece structure from the viewpointof mechanical strength 
and creep resistance. A point that must be considered is that, 
if distinct, the alloys being joined will in general having dif 
ferent thermal expansion coefficients. The consequent 
bimetallic effects preferably are minimized by making the por 
tions 42 and 43 relatively short. However, motions due to the 
bimetallic effect are in the plane of the armature leg 2, and 
thus the armature is effectively unmoved in the working gap 
by such motions. Furthermore, in this embodiment of the in 
vention the armature yoke does not bridge directly across 
within the sleeve, so that slight but not necessarily insignifi 
cant thermally induced differences in width (in the sense 
shown in FIG. 2) between the armature yoke and the sleeve 
are readily accommodated by flexure of the free portions of 
the arms 40 and 41. 

With reference to FIGS. 2 and 3, it is event that the arms 40 
and 41 are substantially rigid with vrespect to translation in a 
direction normal to the plane of FIG. 2 or with respect to rota 
tion about any axis normal to the plane of FIG. 3, since the 
arms are of substantial width in the direction shown as vertical 
in FIG. 3. The portions 38 and 39 of the crosspiece of the ar 
mature yoke, connected to the arms 40 and 41, are likewise 
substantially rigid with respect to‘ltranslation in a direction 
normal to the plane of FIG. 2. However the armature cross 
piece is compliant, indeed maximally so, with respect to rota 
tion about the axis normal to the plane of H6. 3 which passes 
through the center of the cross section of the armature yoke 
shown in FIG. 3. That is, the portions 38 and 39 are compliant 
in torsion so as to contribute to the working compliance of the 
armature assembly as measured at the pin 6. Because the arms 
40 and 41 are essentially rigid in the sense described, the por 
tion of the armature leg 2 in the working gap may readily be 
adjusted by engaging the projecting edges of the adjusting pad 
4 with closable jaws of an adjusting arm mounted in a fixture 
holding the sleeve, and by this or similar means twisting in 
elastically the portions 38 and 39 about an axis passing sub 
stantially through the center of the cross section of the cross 
piece as described above. In so doing the armature leg 2 is not 
significantly deformed at any point and thus is not disturbed 
metallurgically. In consequence the resistance of the armature 
leg 2 to damage by mechanical shock is not impaired by the 
foregoing mode of adjustment of the armature assembly. 
While the same is not true of the portions 38 and 39 of the 
crosspiece, the cross sectional dimensions of the armature 
yoke may be chosen so that the resistance to mechanical 
shock of the plastically deformed portions 38 and 39 approxi 
mates that ofthe armature leg 2. 
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6 
In order that the armature assembly have the utmost stabili 

ty and strength, it is preferred that the armature yoke 1, the ar 
mature leg 2 and its portion 37, the filler piece 3 and the ad 
justing pad 4 be brazed one to another subsequent to spot 
welding operations made to locate the parts and to insure a 
joint of low magnetic reluctance between the portion 37 and 
the armature yoke. Preferably the amount of brazing material 
is adjusted to provide a signi?cant ?llet of the braze onto the 
armature leg 2 beyond the aperture in the armature yoke. The 
result is an essentially one-piece structure. If the pad 4 must 
have sufficient strength in very thin sections to enable adjust 
ment of the armature assembly, it may be fabricated from a 
high strength material such as a precipitation hardenable mar 
tensitic steel. Since in general there may be three distinct 
materials joined in this region, there is such case a net “ 
bimetallic“ effect which nonetheless does not greatly affect 
the position of the armature 2 in the working gap if the sym 
metry of the armature assembly is preserved by fabricating the 
filler piece 3 from the same material as that of the armature 
leg. However, it is preferred that in this region the net -“ 
bimetallic" effect he made substantially nil by providing an 
additional symmetry in the armature assembly. This may be 
approximated by fabricating the adjusting pad 4 from the 
same material and in the same thickness as those of the arma 
ture yoke 1. 
As shown in FIGS. 1-5 the sleeve 7 has the lengthwise seam 

32, but nonetheless the sleeve is one piece and therefore is a 
highly effective portion of the magnetic shielding of the trans 
ducer. Furthermore, by making the inner edge of the seam 32 
substantially central on either magnet 8 or magnet 9, the seam 
carries negligible ?ux with the result that effectively none of 
the high permeability paths provided by the sleeve between 
the magnets (which include the paths in the sleeve between 
the portions 42 and 43 and the magnets) is interrupted by the 
seam 32. Moreover, the sleeve is relatively long and 
throughout its extent is effective in carrying the polarizing flux 
provided by the magnets. Accordingly the wall of the sleeve 
may be made relatively thin for a specified maximum flux den 
sity in the sleeve, and a considerable saving of space results. In 
the ?gures the seam 32 is shown adjacent the magnet 9 so that 
the apertures carrying the flexural pivot 5 and the pin 6 may 
be more easily blanked. Although a seam may be provided to 
allow the fabrication of the sleeve from strip, alternatively it 
may be fabricated from seamless round tubing by a forming 
operation or may be cut from tubing drawn to the desired 
shape of the sleeve cross section. These and other configura 
tions and advantages of the sleeve casing are disclosed more 
fully in copending application Ser. No. 638,892 of George C. 
Tibbetts et al., filed of even date herewith and now aban 
doned. Although the particular embodiment illustrated in 
FIGS. l-6 employs a sleeve of the type disclosed in said 
copending application of George C. Tibbetts et al., the present 
invention is not limited to the employment of such means. For 
example, a two-piece casing adapted from the prior art may be 
utilized, wherein preferably the portions 42 and 43 each ex 
tend between facing walls of the two pieces when assembled 
one within the other to form the casing. 

Preferably the present invention employs the tapered gap 
means disclosed in U.S. Pat. No. 3,l72,022 of George C. Tib 
betts. As previously noted, one object of the present invention 
is to provide transducers in elongate shapes of very small cross 
section, In many such applications the gaps 33 and 34 are rela» 
tively long, in which case the tapered gap means provides very 
much improved stability and linearity of operation. 
As shown in FIGS. 1-3 and 5, the magnet assembly which 

includes magnets 8 and 9, magnetic pole pieces 10 and 11, and 
nonmagnetic shims 44 and 45 is similar to that shown in U.S. 
Pat. No. 3,172,022 and thus needs no further elaboration, 
although the present invention is not limited to magnet assem 
blies of that general type. Preferably the pole pieces 10 and 11 
and shims 44 and 45 comprise a subassembly which may be 
spot welded and brazed. The magnets 8 and 9 are magnetized 
in a common direction normal to the plane of FIG. 2 with the 
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result that the polarizing magnetic ?elds in the gaps 33 and 34 
have essentially the same direction. 
A typical assembly of the foregoing embodiment may be 

made as follows. The armature leg 2 is inserted through the 
aperture in the armature yoke l, and the portion 37 and the 
properly located filler piece 3 are spot welded to the armature 
yoke. The adjusting pad 4 is located over the portion 37 and 
and ?ller piece 3, and is spot welded thereto. Brazing material 
in the form of cut lengths of wire is sprung between the arma 
ture yoke and the projecting edges of the adjusting pad 4. The 
partially completed armature assembly is inserted in the sleeve 
7 and after being located is spot welded to the sleeve at the 
portions 42 and 43. By light spot welding, segments of brazing 
wire are tacked in place adjacent the junctions between the 
sleeve and the abutting edges of the portions 42 and 43. The 
?exural pivot 5 is positioned through the corresponding aper 
ture in the sleeve and is spot welded to the armature yoke. The 
assembly is now brazed in a hydrogen atmosphere furnace, the 
hydrogen acting as flux during the brazing operation. The 
magnet assembly, comprising magnets 8 and 9 bonded by ad 
hesive to the subassembly of pole pieces 10 and 11 and shims 
44 and 45, is bonded by adhesive to the coil 12. The resulting 
coil-magnet assembly is pushed into the sleeve 7 and over the 
armature leg 2, and after being located, the appropriate por 
tions of ?ange I3 and magnets 8 and 9 are bonded to the 
sleeve by adhesive. The upper extremity of the pin 6 is ?tted 
up through the corresponding aperture in the sleeve and the 
base of the pin is positioned on the armature leg 2 and bonded 
thereto by adhesive. The U-shaped closure 14 is slipped into 
the sleeve after the internal lead wires from the coil 12 are 
threaded through the apertures in the closure. Adhesive is ap 
plied at the periphery between the closure 14 and the sleeve 7 
so as to flow by capillary action thoroughly between the sleeve 
and the arms of the closure and to serve as a source of adhe 
sive for bonding the tenninal board 15 to the closure and the 
sleeve. After threading the lead wires through its apertures, 
the terminal board with its terminals 28 and 29 is inserted in 
place, the adhesive is cured, and the lead wires are soldered to 
the terminals. The structure of the electromechanical trans 
ducing assembly is now substantially complete. Accordingly 
the magnets may be magnetized, and the armature adjusted by 
means of pad 4 while concurrently demagnetizing the magnets 
to the desired operating point. After such adjustment of the 
armature and magnets, the transducer is operative so that 
mechanical energy may be transferred via the connecting pin 
6 and electrical energy via the terminals 28 and 29, the flow of 
the two forms of energy being interdependent by transduction. 
The detailed operation of the electromechanical transducer 
will be evident to the artisan, but it should be noted that the 
present invention is concerned with transducers employing a 
magnetically balanced armature such that substantially the ar 
mature carries only signal ?ux under the intended operating 
conditions, and furthermore which employs a series magnetic 
circuit such that signal flux through the armature divides 
between the magnets and is conveyed by the magnets. 
The remainder of the electroacoustic transducer shown in 

FIGS. 2-6 as a particular embodiment of the invention com 
prises a frame 20 having an upturned peripheral rim, an aper 
ture indicated by the broken line 49 in FIG. 6, and a formed 
boundary 48 adjacent the aperture. Preferably the frame 20 is 
located and partially attached to the sleeve 7 by spot welding; 
in that case the spot welding operation may be performed 
prior to the insertion of the armature assembly in the sleeve. 
An aperture is provided in the frame to coincide approximate 
ly with the aperture 22. Preferably a diaphragm of the type 
disclosed in U.S. Pat. No. 3,166,148 of George C. Tibbetts is 
employed, and comprises a diaphragm portion 17, a 
diaphragm means surround 19, and a self-frame 18 having a 
peripheral rim which fits within the frame 20 in the sense 
shown in FIGS. 3 and 6. The self-frame 18 and frame 20 are 
bonded and sealed together by adhesive. The diaphragm por 
tion 17 has flats 50 and 51, the former being provided with 
apertures through which the flexural pivot 5 and connecting 
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8 
pin 6 extend slightly. Adhesive masses 30 and 31 connect the 
?exural pivot 5 and pin 6 to the diaphragm portion as shown in 
FIG. 3 but omitted in FIG. 6 for the sake of clarity. Between 
the ?ats 50 and 51 the diaphragm portion 17 is formed so as to 
increase greatly the ?exural stiffness of the diaphragm portion 
between the flexural pivot 5 and pin 6. For example the form 
may correspond to a continuous trough generated by a portion 
of a sphere the projection of whose center follows the contour 
indicated by the broken line 52 in FIG. 6. In part the foregoing 
structure is a particular embodiment of the diaphragm and 
translating member means disclosed in the copending applica 
tion of Joseph A. Sawyer et al. Ser. No. 638,926, filed of even 
date herewith, which may be consulted for a full description of 
the advantages and mode of operation of a pivoted diaphragm 
connected to the extremity of an armature or similar translat 
ing means. The diaphragm is protected and a confined space 
above the diaphragm is provided by a cover 21 which is 
located by the rim of the frame 20. After adhesive is applied 
about the junction of the rim of the frame 20 with the sleeve 7, 
the cover is ?tted in place, and the adhesive bonds the cover 
to the frame and to the sleeve and serves also to seal the frame 
to the sleeve. Adhesive ?ller masses 46 and 47 (FIGS. 4 and 5) 
may be provided by the cover bonding adhesive or may be ap 
plied in a subsequent operation. The frame 20 and cover 21 
may be fabricated from magnetic material to provide 
somewhat increased magnetic shielding against stray ?ux 
traversing the apertures containing the flexural pivot 5 and 
connecting pin 6. 
The bulkhead 16 which acoustically closes the sleeve near 

the end remote from the terminal board is generally U-shaped 
as shown in FIG. 2 and has a pierced hole which carries an ad 
hesive mass 35 having a fine aperture 36 therethrough. The 
aperture serves to equalize the static pressure on each side of 
the diaphragm. After the bulkhead is located within the sleeve 
7 the arms of the bulkhead may be spot welded to the sleeve. 
An acoustic end closure 24 which is also generally U-shaped 
as shown in FIG. 3, has a short tubular drawn portion which 
may carry an acoustic connector 25 and a sleeve 26 having an 
aperture 27 which defines an acoustic inertance and which 
may in addition contain a porous acoustic impedance means. 
The closure 24, which is narrowed beyond its face so that its 
arms may fit widthwise between the arms of the bulkhead, is 
provided with a notch 55 which leaves the aperture 22 unob 
structed when the closure is fitted in place. The assembly may 
now be completed by applying sufficient adhesive to the ac 
cessible junctions of the bulkhead 16 with the sleeve 7 and 
thereafter slipping the closure 24 into the sleeve until the in 
ward face of the closure abuts the end of the arms of the bulk 
head. The previously applied adhesive spreads by capillary ac 
tion throughout the face and edge joints of this portion of the 
assembly, and when cured seals the bulkhead and the closure 
to the sleeve and securely bonds the closure in place. 
As in the copending application of George C. Tibbetts, Ser. 

No. 168,183 ?led Jan. 23, 1962 and now Pat. No. 3,515,818, 
the armature of the present invention may play an essential 
role in the shielding of the inner components of the trans 
ducer, particularly the coil, the free end of the armature, and 
the magnets. The crosspiece of the armature yoke 1 substan 
tially closes the sleeve 7 near one end thereof to prevent exter 
nal stray magnetic flux from penetrating the assembly to in 
duce a spurious e.m.f. in the coil 12, as well as to prevent in 
ternal ?ux caused by current in the coil 12 from escaping the 
assembly to form an external stray magnetic field. Flux col 
lected by the crosspiece of the armature yoke 1 is returned to 
the sleeve 7 by low reluctance paths terminating at the at 
tachments of the portions 42 and 43. Thus the bulkhead l6 
and the closure 24 may be fabricated from nonmagnetic 
material. 

Additional acoustic compliances and inertances, intercon 
nected advantageously, may be desirable or necessary in the 
quantitative design of such a miniature transducer. Thus an 
acoustic compliance corresponding to the space 23 is pro 
vided between the bulkhead 16 and the closure 24, and an 
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acoustic inertance connecting the space 23 and the space 
above the diaphragm is provided by the aperture 22. Since this 
structure is accomplished within the sleeve 7, it may be con 
tinued further, as disclosed in copending application Ser. No. 
638,892 and now abandoned of George C. Tibbetts et al., 
referred to previously. The particular embodiment shown in 
FIGS. 2-6 may be employed either as a receiver or as a 
microphone. However, rather than the end connector 25 
shown, acoustic connection may be made to any of the availa 
ble sides of the space 23, or alternatively may be made to the 
space above the diaphragm. In the'latter case the bulkhead l6 
and closure 24 may be replaced by a single acoustic closure 
and the aperture 22 may be modi?ed to be similar to aperture 
36 for venting purposes. ' 

Although the particular embodiment illustrated in FIGS. 
1-6 employs the diaphragm and translating member means 
disclosed in copending application Ser. No. 638,926 of Joseph 
A. Sawyer et al., referred to previously, the present invention 
is not limited to the employment of such means. For example, 
notches corresponding to notches 53 and 54 may be provided 
in the magnets 8 and 9, and connecting pin attached to the ar 
mature leg 2 between the coil 12 and the pole pieces 10 and 
11 may extend within the notches on one side of the armature 
leg through an aperture in the sleeve 7 to connect to a conven 
tional nonpivoted diaphragm. 
A particular composite armature is illustrated in FIGS. 1-4. 

A composite armature may be desirable, for example to pro 
vide different thicknesses of the armature yoke 1 and arma 
ture leg 2, to provide different materials for these members, to 
provide ease of fabrication of the armature, or to provide a 
number of these features in combination. It is desirable that 
the armature leg 2 be fabricated from a material having high 
saturation induction and high yield strength, but it may hap 
pen that one or the other of these requirements narrows the 
choice to materials that can be formed only when hot or under 
other special circumstances. Thus a different magnetic materi 
al would be required for the armature yoke l in order that the 
portions 38 and 39 be sufficiently ductile in torsion to provide 
the armature adjustment described above. The particular 
structure illustrated in FIGS. 14 provides an armature leg of 
simple con?guration and an aperture in the armature yoke 
which not only provides self-location of these two members 
during assembly but also makes possible an assembly of par 
ticularly high strength when brazed. 
However, the armature need not be composite in the sense 

shown in FIGS. 1-4. For example the assembly of the arma 
ture leg to the armature yoke may di?'er, the armature yoke or 
the armature leg or both may be ‘composite, a portion of the 
armature yoke may be integral with a portion of the armature 
leg and so forth. Furthermore thearmature need not be com 
posite but may be substantially integral. 
Some of these variations are illustrated in FIGS. 7-28. To 

simplify the description, the same reference characters (1, 2, 3 
etc.) are used if the element is the same as shown in FIGS. 
1-6, and different reference characters beginning with the 
same number (1 becomes 100 or 101, etc.) are used if the ele 
ment is of di?’erent structure. In FIGS. 7 and 8 the armature 
leg is composite, having members 200 and 201 which have 
formed portions 370 and 371 respectively. In FIGS. 9-11 an 
adjusting pad 400 is integral with the armature yoke 100, the 
adjusting pad contributing to a joint to the portion 37 of the 
armature leg 2 which is of lower reluctance and of higher flux 
carrying capability. In FIGS. 12-14 an armature leg 202, its 
formed portion 372, an adjusting pad 401 and a filler piece 
300 are formed from one piece. In FIGS. 15-17 an armature 
leg 203 has portions 373 and 374 formed in opposite 
directions, whereby the‘ joint between the armature leg and 
the armature yoke I may have higher ?ux carrying capability; 
corresponding filler pieces 301 and 302 are placed between 
the adjusting pad 4 and the armature yoke. In FIGS. 18 and 19 
an armature leg 204 is wrapped entirely around the armature 
yoke 101‘ to provide a joint of minimal reluctance. ln FIGS. 
20-22 the reluctance of a joint is avoided by making the arma 
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10 
ture substantially integral, an armature leg 205, its portion 103 
and an armature yoke 102 being formed from one piece. A 
member 104 may be fitted about the portion 103 and may be 
laminated (as by brazing) to the cross arm of the armature 
yoke 102 with the result that that portion of the armature yoke 
effectively becomes composite. An adjusting pad 402 is 
formed to provide projecting edges. Similarly, in FIGS. 23-25 
an armature leg 206 is integral with an armature yoke 105. A 
rectangular washer 106 may be laminated to the armature 
yoke, becoming effectively a portion thereof. An adjusting 
pad 403 has an integral ?ller piece 303 which ?ts within the 
notch in the armature yoke 105. In FIGS. 26-28 a formed por 
tion 375 of an armature leg 207 is widened to provide prongs 
376 and 377, the prongs and the widened portion 375 provid 
ing a joint to the armature yoke 1 of reduced reluctance an in 
creased ?ux carrying capability. 

Further variations will be evident to the artisan. It should be 
recognized that joints need not be made by brazing since spot 
or other welding may suffice, and newer techniques such as 
detonative welding may be desirable, particularly when joints 
of very low magnetic reluctance must be obtained. The same 
variety of structure applies to the con?guration of the portions 
42 and 43 and their attachments to the sleeve. 

If the armature yoke and the casing have closely similar 
thermal expansion characteristics, or are made of the same 
material, the construction of the transducer can be simplified, 
examples of which are shown in FIGS. 29-36 in which the ar 
mature yoke bridges directly across within the casing. The 
omission of the free portions of the arms 40-41 extending to 
the region of the working gap will then have little or no effect 
on the temperature coefficients of the various characteristics 
of the transducer, but the unit will be of reduced stability if 
there is rotation (by creep or other mechanism) of the joints 
between the armature yoke and the casing or if there are 
equivalent motions such as caused by mechanical distortion of 
the casing. However, if such motions are sufficiently small to 
be negligible, such a construction permits a more compact 
transducer, or permits the use of a larger coil, or both, and the 
manufacturing process is simplified somewhat. 
A particular embodiment is indicated in FIG. 29, with parts 

exploded away, and in the detail of FIG. 30. Again to simplify 
the description, if the element is the same as shown in FIGS. 
l-6 it has been labeled with the same reference character, and 
if the element is of different structure it is given a different 
reference character. Thus the embodiment of the invention 
shown in FIGS. 29 and 30 comprises a generally U-shaped ar 
mature yoke 107 having a central aperture in its crosspiece 
through which passes an armature leg 2 having a portion 37 
formed at a right angle thereto and fastened to the armature 
yoke. A ?ller piece 3 of the same material and thickness as 
that of the armature leg is also fastened to the armature yoke 
adjacent portion 37, and an adjusting pad 4 is fastened to the 
filler piece 3 and portion 37. Arms 501 and 502 of the arma 
ture yoke extend in the same direction as armature leg 2 but in 
the reverse sense, and are attached to the inside wall of the 
sleeve 7. The sleeve and the armature yoke have closely 
similar thermal expansion characteristics or are made of the 
same material, as noted above. The arms 501 and S02 extend 
farther upward and downward, in the direction shown as verti~ 
cal in FIGS. 29 and 30, than the crosspiece of armature yoke 
107, to provide corresponding vertical clearances between the 
crosspiece and the sleeve. The outer ends of arms 501 and 502 
are spaced inwardly of the end of sleeve 7. A ?exural pivot 5 
and a connecting pin 6 attached to the otherwise free end of 
the armature leg 2 extend through apertures in the sleeve 7. A 
generally U-shaped closure 503 closes the end of the sleeve, 
with its upper and lower arms located between the arms 501 
and 502 at the upper and lower inside walls of the sleeve and 
with portions of the inner face of the closure abutting the 
outer ends of the arms 501 and 502. The remaining elements 
of the device may be of the form disclosed in FIGS. 1 to 5. 
The armature assembly, including the armature leg 2 and 

armature yoke 107 as well as portion 37, ?ller piece 3, and ad 
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justing pad 4, clears the sleeve except at the arms 501 and 
502. Thus, as with the previous embodiments, the position of 
the armature leg 2 in the working gap between the magnets 
may be adjusted by engaging the projecting edges of the pad 4 
with an adjusting tool and then twisting inelastically the cross 
piece of the armature yoke to move the free end of the arma 
ture leg 2 toward either magnet. Likewise, the crosspiece of 
the armature yoke R07 is compliant in torsion and contributes 
to the working compliance of the armature assembly. 
The various elements may be assembled and attached by 

spot welding, brazing, adhesive or the like as previously dis 
closed with reference to FIGS. l-5. The arms 50K and 502 ex 
tend from the crosspiece of the armature yoke on the side op 
posit: from armature leg 2, so that the coil may occupy the full 
width of the sleeve. There is no loss of space caused by such 
reversed arms, since the space is required between yoke 107 
and closure $03 for elements 3,4, and 37, and provides the 
acoustic compliance discussed above. The armature yoke 107 
substantially closes the sleeve near one end, and since it is of 
magnetic material, may provide an essential portion of the 
magnetic shielding of the transducer. Thus closure 503 may be 
of nonmagnetic material. The crosspiece of armature yoke 
107 may also function as an acoustic bulkhead; accordingly 
the clearance spaces between the sleeve and the upper and 
lower edges of the crosspiece may be ?lled with a very soft 
sealant. 
As with the embodiment of FIGS. i-?, the armature of the 

embodiment of FIGS. 29 and 50 may take other forms. FIGS. 
31 to 33 show a variation similar to that shown in FIGS. 9-11, 
and FIGS. 34 to 36 show a variation like that of FIGS. 23-25. 
in FlGS.3l-33 an adjusting pad 400 is integral with the arma 
ture yoke 108, the adjusting pad contributing to a joint to the 
portion 37 of the armature leg 2 which is of lower reluctance 
and of higher ?ux carrying capability. In FIGS. 34-36 an ar 
mature leg 206 is integral with an armature yoke 109. A 
rectangular washer 106 may be laminated to the armature 
yoke, becoming effectively a portion thereof. An adjusting 
pad 403 has an integral ?ller piece 303 which ?ts within the 
notch in the armature yoke 109. 
Many other con?gurations, choice of materials and the like 

will be obvious to the artisan. However, the invention is to be 
limited only by the scope of the following claims. 
We claim: 
1. A magnetic transducer comprising an armature; a pair of 

magnets having a working gap therebetween; a high magnetic 
permeability casing member interconnecting said pair of mag 
nets; said armature having a substantially planar ?rst portion 
compliant in ?exure and extending into the working gap, said 
?rst portion extending substantially perpendicularly from an 
intermediate substantially planar portion compliant in torsion, 
said intermediate portion being within said casing member 
and spaced therefrom along parallels to the plane of said ?rst 
portion, and further portions at each end of the intermediate 
portion and extending substantially perpendicularly from said 
intermediate portion in respective planes substantially at right 
angles to the plane of said ?rst portion; each of said further 
portions having joints of high mechanical rigidity and low 
magnetic reluctance with said casing member; said ?rst, inter 
mediate and further portions each being of high magnetic 
permeability material, the intermediate portion being limited 
substantially to magnetic signal ?ux paths which are not also 
polarizing ?ux paths, and the ?rst portion being limited sub 
stantially to said signal ?ux paths except within the working 
gap; said intermediate portion having sufficient ductility to 
enable permanent adjustment of the position of said ?rst por 
tion in said gap by torsional inelastic deformation of the inter 
mediate portion. 

2. A magnetic transducer as in claim 1 further comprising 
an electrical signal coil through which extends said ?rst por 
tion ofsaid armature. 

3. A magnetic transducer as in claim 2 wherein each of said 
joints is near the end of each further portion and remote from 
said intermediate portion. 
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4. A magnetic transducer as in claim 2 wherein said joints 
are adjacent the ends of said intermediate portion, whereby 
said intermediate portion essentially bridges directly across 
within said casing member. 

5. A transducer as in claim 2 wherein an L-shaped piece 
comprises said ?rst portion, with the leg of the L extending 
through said intermediate portion and the foot of the L facing 
and attached to said intermediate portion. 

6. A transducer as in claim 5 further comprising a ?ller 
piece attached to said intermediate portion complementary to 
said foot of said L-shaped piece, and an adjusting pad located 
on said foot and said ?ller piece, the position of said ?rst por 
tion in said gap being adjustable by way of said adjusting pad 
when engaged by a tool suitable to exert suf?cient torque on 
said intermediate portion. 

7. A transducer as in claim 2 wherein a T-shaped piece com 
prises said first portion, with the leg of the T extending from 
said intermediate portion and the head of the T extending con 
tiguous with and attached to said intermediate portion. 

8. A transducer as in claim 7 wherein said leg extends 
through the intermediate portion and said head is on the face 
of the intermediate portion opposite that from which the leg 
extends. 

9. A magnetic transducer as in claim I further comprising 
an adjusting pad adjacent the face of the intermediate portion 
opposite that from which said first portion extends, the posi 
tion of said ?rst portion in said gap being adjustable by in 
elastic twisting of said intermediate portion by way of said ad 
justing pad. 

10. A magnetic transducer comprising an electrical signal 
coil, means for establishing a magnetic ?eld across a working 
gap comprising a pair of magnets and a high magnetic permea 
bility casing member associated with said magnets, and an ar 
mature comprising a generally U-shaped armature yoke and 
an armature leg, said armature yoke comprising a pair of arms 
and a connecting crosspiece, said armature leg having a sub 
stantially planar portion which extends from said working gap 
through said coil to the crosspiece of said armature yoke, 
wherein said crosspiece lies in a plane perpendicular to the 
plane of said portion, and the arms of said armature yoke each 
lie in a plane perpendicular to the plane of the crosspiece as 
well as perpendicular to the plane of said portion, and extend 
parallel to the plane of said portion, said crosspiece and arma 
ture leg being supported within and spaced from said casing 
member by said arms. 

11. A magnetic transducer as in claim 10 wherein each of 
said arms is connected by a low reluctance joint with said cas 
ing member. 

12. A magnetic transducer comprising a pair of magnets 
having a working gap therebetween and providing magnetic 
polarizing ?ux thereto; an electrical signal coil; an armature 
extending from said gap through said coil and comprising a 
vibratable ?rst portion lying substantially in a ?rst plane, com 
pliant in flexure and extending transversely from a vibratable 
intermediate portion compliant in torsion, said intermediate 
portion lying substantially in a second plane perpendicular to 
said ?rst plane and extending to a juncture with a further por 
tion of said armature in a direction along the intersection of 
said ?rst and second planes; and a high magnetic permeability 
casing member forming a partial enclosure for said magnets, 
coil and ?rst portion and conducting at least a portion of said 
polarizing flux, said further portion extending to a connection 
with said casing member; said armature intermediate portion 
being spaced from but substantially partitioning said casing 
member and completing a portion of said enclosure, and being 
supported by said casing member to render said intermediate 
portion substantially rigid with respect to translation normal 
to the plane of said ?rst portion; and means for intercepting 
stray magnetic signal ‘flux of any origin which otherwise would 
traverse the interior of the casing member where partitioned, 
said means comprising said armature intermediate portion. 

13. An electromechanical transducer comprising, in com 
bination, 
means forming a housing for said transducer, 
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an armature yoke, said yoke being formed of material hav 
ing a substantially rectangular cross section and being of 
generally U-shaped con?guration comprising a pair of 
arms and a connecting crosspiece, each bend between the 
arms and the crosspiece of said U-shaped armature yoke 
being about an axis parallel to the longer dimension of 
said cross section, 

means securing said armature yoke to said housing at a face 
of each of said arms, 

an armature leg of substantially rectangular cross section, 
means securing one end of said armature leg to the cross 

piece of said armature yoke, said armature leg extending 
from said crosspiece in the general direction of the arms 
of said annature yoke, and said armature leg being posi 
tioned on said crosspiece such that the wider dimension 
of the cross section of said armature leg is along the 
direction of extent of said crosspiece of said armature 
yoke, , 

permanent magnets within said housing for providing 
polarizing ?ux across a working gap, a portion of said ar 
mature leg extending into said working gap, 

an electrical coil about a portion of said armature leg, and 
means connected to said armature leg for mechanical dis 
placement therewith. 

M. An electromechanical transducer as in claim 13 wherein 
said means connected to said armature leg comprises acoustic 
diaphragm means. ‘ 

15. A magnetic transducer comprising an electrical signal 
coil, means for establishing magnetic polarizing ?ux in a work 
ing gap comprising a pair of magnets and a high magnetic 
permeability casing member associated with said magnets, a 
high magnetic permeability armature extending through said 
coil and having a vibratable elongate substantially planar ?rst 
portion compliant in flexure and extending into said gap, said 
armature having two further portions extending to connec 
tions with said casing member in two regions adjacent the 
working gap on opposite sides thereof, said connections hav 
ing low reluctance to magnetic signal flux, said armature hav 
ing a vibratable intermediate portion within and spaced from 
said casing member, connected with said ?rst portion and ex 
tending between and having opposite ends joined with said 
further portions to render said intermediate portion substan 
tially rigid with respect to translation normal to the plane of 
said ?rst portion, said intermediate portion being compliant in 
torsion about an axis transverse to the direction of extent of 
said ?rst portion cooperatively with the ?exural compliance 
thereof. 
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16. A magnetic transducer comprising an electrical signal 
coil, means for establishing magnetic polarizing flux in a work 
ing gap comprising a pair of magnets and a high magnetic 
permeability casing member associated with said magnets, a 
high magnetic permeability armature extending through said 
coil and having a vibratable elongate substantially planar ?rst 
portion compliant in flexure and extending into said gap, said 
armature having a vibratable intermediate portion within and 
spaced from said casing member, said ?rst portion extending 
from and being connected with said intermediate portion in a 
region between opposite ends thereof, said armature having 
two further portions joined to said opposite ends of said inter 
mediate portion and extending directly to connections with 
the casing member at the vicinity of their junctures with the 
intermediate portion, the connections to said casing member 
having low reluctance to magnetic signal ?ux, said inter 
mediate portion being substantially rigid with respect to trans 
lation normal to the plane of said first portion and being com 
pliant in torsion about an axis transverse to the direction of ex 
tent of said ?rst portion cooperatively with the ?exural com 
pliance thereof. 

17. A magnetic transducer comprising an electrical signal 
coil, a high magnetic permeability armature extending 
through said coil and having a vibratable first portion com 
pliant in ?exure, said ?rst portion lying substantially in a ?rst 
plane and extending into a working gap, and means for 
establishing magnetic polarizing ?ux in said ga comprisin a 
pair of magnets and a high magnetic permeaqaility mem r 
conducting at least a portion of said polarizing flux; said arma 
ture having a vibratable intermediate portion connected with 
said ?rst portion, said intermediate portion lying substantially 
in a second plane perpendicular to said ?rst plane and extend 
ing to a juncture with a further portion of said armature in a 
direction along the intersection of said ?rst and second planes; 
said further portion extending to a connection with said 
member, said connection having low reluctance to magnetic 
signal ?ux, said further portion rendering said intermediate 
portion substantially rigid with respect to translation normal 
to the plane of said ?rst portion, said intennediate portion 
being compliant in torsion about an axis along said direction 
of extent cooperatively with the ?exural compliance of said 
?rst portion. 

18. A transducer as in claim 17 wherein said intermediate 
portion is su?iciently ductile to enable permanent adjustment 
of the position of'said ?rst portion in said gap by torsional in 
elastic deformation of the intermediate portion. 
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