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ABSTRACT OF THE DISCLOSURE 
Force-measuring apparatus having a composite strut 

with two bars which are to be maintained in transerse vi 
bration at a common resonance frequency by electrical 
feedback, the frequency of vibration indicating the force 
applied to the composite strut. 

e-awaii: "...some 

This invention relates to force-measuring apparatus. 
Force-measuring apparatus in which the distortion of a 

ring of resilient material is employed to alter the value of 
a passive characteristic of an electric component, for ex 
ample a capacitor, is known. Such apparatus is described 
in U.S. patent specification No. 3,142,981. Swiss patent 
specification No. 390,576 discloses the use of the deflec 
tion of resilient beam by a force to alter the value of a 
passive characteristic of an electric component in force 
measuring apparatus. s 
According to the present invention force-measuring ap 

paratus includes a composite strut-member embodying 
two end portions coupled to one another by each of a plu 
rality of resilient struts which are angularly disposed 
regularly about an axis, means for exciting transverse 
vibrations of the struts substantially at a common reso 
nance frequency, and means for providing a signal repre 
sentative of the frequency of the said vibrations. 
The invention will now be described by way of example 

with reference to the accompanying drawings in which: 
FIG. 1 is a simplified sectional view of a first embodi 

ment of the invention, 
FIG. 2 is a cross-sectional view of the first embodi 

ment taken in the line 2-2 in FIG. 1, 
FIG. 3 is a simplified sectional view of a second em 

bodiment of the invention, 
FIG, 4 is a simplified sectional view of a third embodi 

ment of the invention, 
FIG. 5 is a simplified sectional view of a fourth embodi 

ment of the invention, 
FIG. 6 shows part of another embodiment of the inven 

tion, 
FIG. 7 is a perspective view showing in longitudinal sec 

tion a modification of the embodiment shown in FIG. 5, 
FIG. 8 is a Sectional view of an alternative feature of 

the embodiment of FIG. 8, 
FIG. 9 illustrates a strut of an embodiment employing 

piezoelectric means for maintaining transverse vibrations, 
and 

FIG. 10 illustrates a strut of a further embodiment em 
ploying piezoelectric means for maintaining transverse 
vibrations. 

Corresponding respective parts of the embodiments 
shown are given the same reference numerals. 

Referring to FIG. 1, there is shown force-measuring 
apparatus including a composite strut-member compris 
ing two substantially identical bars 11 and 12 formed 
integrally with two connecting end pieces 13 and 14 which 
serve to couple the bars 11 and 12 to two aligned rods 
15 and 16 and effectively to clamp the ends of the bars 
11 and 12. Alternatively the two bars can be formed sepa 
rately and rigidly secured to the two end pieces. The rod 
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15 and a disc 17 which are rigidly secured to one another 
comprise a first force-transmitting member. The second 
force-transmitting member comprises the rod 16 and an 
end wall 18 of a cylindrical rigid container 19 to which 
the rod 16 is rigidly secured. 
The disc 17 and the rods 15 and 16 are coaxial with 

the cylindrical container 19, the bars 11 and 12 being 
parallel to the axis 20 of the container 19 and equally 
displaced therefrom, as can be seen in FIG. 2. Thus, 
in operation, forces can be so applied to the bars 11 and 
12 through the force-transmitting members as to act 
upon the bars 11 and 12 equally in compression or equal 
ly in tension. Also, the bars 11 and 12 are angularly dis 
posed regularly about the axis 20. 
A fluid-tight flexible annulus 21 is secured to the disc 

17 and to the rim 22 of the container 19, thereby com 
pleting a fluid-tight enclosure formed by the container 19, 
the disc 17 and the annulus 21, which is filled with a gas 
providing a reference pressure or is evacuated. Alter 
natively the disc and the annulus can be integrally formed. 

In operation the container 19 is so secured in the wall 
of a chamber, not shown, in which a fluid is contained 
that the pressure of the fluid is applied over the outer 
surfaces of the disc 17 and the annulus 21. A difference 
between the pressure of the fluid and the reference pres 
sure causes forces to be applied equally to the bars 11 
and 12. 
The bars 11 and 12 are of non-ferromagnetic metal and 

are connected in parallel across the output connections of 
maintaining amplifier 25. A pair of permanent bar mag 
nets 23 and 24 are so mounted within the container 19 as 
to apply steady magnetic fields transversely through the 
central regions of the bars 11 and 12, the magnetic field 
passing through the bar 11 being parallel but oppositely 
directed to the magnetic field passing through the bar 
12, and both magnetic fields being perpendicular to the 
plane containing the longitudinal axes of the bars 11 and 
12. Strain gauges 26 and 27 are attached to the bars 
11 and 12 respectively to sense transverse vibration of the 
bars 11 and 12 in a common plane and are coupled to 
the input connections of a preamplifier 28 which is cou 
pled to the input connections of the maintaining amplifier 
25 through a phase-shifting network 29. 

In operation, the bars 11 and 12 are maintained in 
transverse vibration at a common resonance frequency by 
feedback through the amplifiers 25 and 28 and the phase 
shifting network 29. Electric currents from the maintain 
ing amplifier 25 which pass through, the bars 11 and 12 
are alternating currents which are of the same frequency 
as the transverse vibration of the bars 11 and 12 and pass 
through their instantaneous Zero magnitudes as the bars 
pass through their unloaded resting, positions. Since the 
magnetic fields are oppositely directed, the bars 11 and 
12 vibrate in phase, relative to the axis 20, corresponding 
points along the lengths of the bars moving in opposite 
directions relative to one another, except at nodes. 
The bending of the bars 11 and 12 is sensed by the strain 

gauges which in response generate a signal which is am 
plified by the preamplifier 28. The signal from the strain 
gauges is employed to modulate the current flowing 
through the bars 11 and 12 both in amplitude and direc 
tion. Since this signal reaches its peak value when the 
bars 11 and 12 are most bent, the phase-shifting network 
29 is provided to couple the pre-amplifier 28 to the main 
taining amplifier 25 and so shifts the phase of the signal 
from the strain gauges that the electric current flowing 
through the bars 11 and 12 is at its peak value when the 
bars are straight. Thus a substantially sinusoidal electric 
current having the same frequency as the frequency of 
transverse vibration of the bars 11 and 12 but ar/2 radians 
out of phase therewith is generated whereby transverse 
vibration of the bars is maintained. Filters are included 
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in the maintaining amplifier 25 to restrict the range of 
frequencies propagated therein as required. The bars 11 
and 12 are set into vibration either by a slight mechanical 
vibration or by the occurrence of electrical noise in the 
amplifier 25 as a result of switching on the electrical ap 
paratus 25, 28 and 29. 
The frequency of the transverse vibration of the bars 

11 and 12 depends upon the forces applied thereto, and 
can be measured indirectly by measurement of the fre 
quency of the alternating currents which pass, in Opera 
tion, through the bars 11 and 12. A frequency meter 30 
is coupled to the output circuit of the maintaining ampli 
fier 25 to measure the frequency of the said alternating 
currents. A range of fluid pressures can therefore be meas 
ured by the force-transducer after calibration. 

In other embodiments, the transverse vibration of two 
bars can be maintained by means other than that used in 
the first embodiment, for example, the bars can be com 
positely formed of piezoelectric material and maintained 
in transverse vibration by feedback from piezoelectric 
sensors, or the bars can be of ferromagnetic metal and be 
maintained in vibration electromagnetically by feedback 
from detector coils to electromagnets. 
Where an embodiment is to be used to measure the pres 

sure of dangerous fluids such as radioactive fluids, it may 
be advantageous to provide means for maintaining vibra 
tion which are located outside the container or casing of 
the transducer, for example, the means including electro 
magnets, the bars being of magnetic material and the cas 
ing being of non-ferromagnetic stainless steel, thereby 
eliminating the need for electrical seals in the casing for 
leads to the means for maintaining vibration. Other means 
for maintaining vibration by including optical and electro 
static elements can be used. 

Referring to FIG. 3, a second embodiment is shown in 
which a first force-transmitting member comprises a rod 
15 and two discs 31 and 32 to which the rod 15 is rigidly 
secured. The two discs 31 and 32 are rigidly secured to 
and spaced apart by a rod 33 coaxial therewith. First 
bellows 34 are attached to the disc 31 and a rigid internal 
annular wall 35 of a container 19. Second bellows 36 are 
attached to the disc 32 and the rim 22 of the container 
19. An inlet 37 screw-threaded into the cylindrical wall 
of the container 19 allows the entry of a first fluid into a 
chamber bounded by the discs 31 and 32, the bellows 34 
and 36, the annular wall 35 and part of the cylindrical 
wall of the container 19. The container 19 is, in operation, 
So Secured in the wall of a further chamber, not shown, in 
which a second fluid is contained that the pressure of the 
Second fluid is applied over the outer surface of the disc 
32 and the bellows 36. The compartment formed within 
the container 19 between the end wall 18 and the disc 3 
is evacuated. 
Means for causing the two bars 11 and 12 to vibrate 

transversely in phase at a common resonance frequency 
are provided but not shown. 

In operation, forces are applied equally to the bars 11 
and 12 substantially as a result of a difference between 
the pressures of the first and second fluids acting on the 
disc 32. The common-mode response, that is the ratio of 
the response to the sum of the pressures to the response 
to the difference between the pressures, is substantially 
proportional to the ratio of the area of the disc 31 to the 
area of the disc 32, and can therefore be small in com 
parison with unity. 
A third embodiment shown in FIG. 4 differs from the 

second embodiment in that the second force-transmitting 
member does not include the end wall 18 of the container 
19. Instead, the second force-transmitting member com 
prises the rod 16 secured to two discs 41 and 42 which are 
rigidly secured to and spaced apart by a rod 43. The discs 
4 and 42 and the rod 43 are coaxial with the cylindrical 
container 19. Bellows 44 are attached to the disc 41 and 
to a rigid internal annular wall 45 of the container 19. 
Further bellows 46 are attached to the disc 42 and to a 
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4. 
further rigid internal annular wall 48 of the container 19. 
An inlet 47 screw-threaded into the cylindrical wall of the 
container 19 allows the entry of a first fluid into a cham 
ber bounded by the discs 41 and 42, the bellows 44 and 
46, and part of the container 19. The enclosure formed 
between the end wall 18 and the disc 42, and the compart 
ment formed between the discs 31 and 41 are evacuated. 
A second fluid can be applied to the outer surface of 

the disc 32, in operation, as described with reference to the 
second embodiment. 
The common-mode response of the third embodiment 

can be substantially annulled by making the area over 
which the first fluid is applied to the disc 42 larger than 
the area over which it is applied to the disc 41 by an 
amount equal to the area over which it is applied to the 
disc 31. 

In FIG. 5 a fourth embodiment is shown in which two 
elastic bars 11 and 12, provided with means for causing 
them to vibrate transversely in phase at a common res 
onance frequency (not shown), are each secured at one 
end by a rigid annulus 52 to a cylindrical casing 53, the 
annulus and the casing serving as a first force transmitting 
member. The other ends of the bars 11 and 12 are formed 
integrally with an end piece 51 which is secured to a sec 
ond force-transmitting member formed in two parts. One 
part of the second force-transmitting member comprises a 
rod 54 secured to a disc 55, and the other part of the 
second force-transmitting member comprises a further 
rod 54 secured to a further disc 56. The rods 54 and the 
discs 55 and 56 are coaxial. 
The discs 55 and 56 are the same size, and project 

beyond and are connected by respective bellows to the 
ends of the casing 53. The disc 55 forms one wall of a first 
chamber 57 which, in operation, is filled with a first fluid. 
The disc 56 forms one wall of a second chamber 58 which, 
in operation, is filled with a second fluid. The compartment 
between the discs 55 and 56 is evacuated. 
The embodiment is substantially symmetrical in any 

plane through the axis of the casing 53. 
In operation: a difference between the pressures of the 

first and Second fluids causes equal forces to be applied 
to the bars 11 and 12. 

Referring again to FIG. 1, it has been found that, in 
operation, the centres of the end pieces 13 and 14 vibrate, 
moving in opposite directions, at twice the frequency of 
vibration of the bars 11 and 12, but with comparatively 
Small amplitude provided that the bars 11 and 12 are 
sufficiently long in comparison with their separation. In 
order to reduce the vibration of the centres of the end 
pieces further the composite strut-member shown in FIG. 
6 can be employed in an embodiment of the present in 
vention. 

In FIG. 6, two elastic bars 61 and 62 are formed in 
tegrally with two end pieces 63 and 64. The mid-lines 65 
and 66 of the bars 61 and 62 respectively incline from 
their ends towards an axis 67 passing through the centres 
of the end pieces 63 and 64. 

In other embodiments, the composite strut-member 
comprises a circular or elliptical ring which, in operation, 
undergoes flexural vibrations in its plane. First and sec 
ond force-transmitting members are secured to the ring 
diametrically opposite one another, the positions of at 
tachment of the force-transmitting members thereby de 
fining the end portions of the composite strut-member and 
the opposite segments of the ring intermediate the posi 
tions of attachment of the force-transmitting members 
constituting the resilient struts which vibrate in phase at 
or substantially at a common resonance frequency. 

It has been found that variations in the frequency of the 
transverse vibration of the struts of an embodiment with 
variation in the forces applied to the struts is useful in 
a range close to the point of collapse of the composite 
Strut-member. A pre-loaded elastic structure such as a 
pre-loaded spring and stop can be included in a force 
transmitting member to serve, in operation, as a rigid 



3,529,470 
5 

link until, for example, a predetermined compressive 
stress is reached and thereafter to transmit a substantially 
constant stress during increasing strain. Rigid stops can 
be provided in a force-transducer to limit collapsing move 
ments of the composite strut-member as shown for exam 
ple at 70 in FIG. 1. 
Embodiments of the present invention can be used for 

purposes other than the measurement of fluid pressures. 
For example, an embodiment of the present invention 
can be used to measure inertial forces set up by accelera 
tions, or field forces such as gravitational forces. Force-measuring apparatus according to the present in 
vention can be constructed in which the resilient struts 
are in the form of tubes or hollow bars. In one embodi 
ment in which two tubes are used, the tubes are parallel 
to the axis of a cylindrical container and equally displaced 
therefrom. 

Furthermore, force-measuring apparatus according to 
the present invention having more than two resilient struts 
can be constructed. 
A further embodiment of the present invention includes 

as the composite strut-member a hollow cylinder of ferro 
magnetic metal in the cylindrical wall of which wide 
longitudinal slots of identical dimensions are formed to 
leave a plurality of resilient struts in the form of strips 
equally angularly spaced about and lying parallel to the 
axis of the cylinder. One end of the cylinder is closed by 
an end wall which serves as a first force-transmitting 
member. A fluid-tight annulus is secured to the end wall 
and to the rim of a cylindrical container housing the com 
posite strut-member. The second force-transmitting e 
ber comprises a flange and an externally screw-threaded 
skirt integral therewith which are formed at the other end 
of the composite strut-member. The composite strut-mem 
ber is screw-threadedly mounted in the housing by means 
of the said skirt. In operation, the pressure of a liquid 
filling a tank in the wall of which the container is secured 
acts over the outer surface of the end wall of the com" 
posite strut-member. The composite strut-member is com 
pressed parallel to its longitudinal axis by the force due 
to the differential pressure acting on the end wall and the 
reaction to that force, the pressure within the container 
being a low reference pressure. Such an embodiment may 
be provided with an odd or an even plurality of strips. A 
body of thermoset synthetic resin is mounted within but 
spaced from the composite strut-member. A drive coil 
and a pick-up coil are embedded in the body of synthetic 
resin and are electrically coupled through an amplifier 
to constitute a feedback loop for maintaining transverse 
vibrations of each of the strips. The drive and pick-up 
coils are provided with respective permanently magnetic 
cores, the axes of the coils intersecting the axis of the 
composite strut-member perpendicularly and lying per 
pendicular to one another to minimise direct coupling. An 
optimum orientation of the axis of the drive coil for main 
taining transverse vibrations of the strips can be found 
empirically. The strips in operation vibrate in phase with 
one another relative to the axis of the composite strut 
member, that is, the mid-points of all the strips reach 
their respective points of maximum displacement from 
the axis of the composite strut-member simultaneously. 
In similar embodiments employing suitable different 
means for existing transverse vibrations of the strips, 
other forms of phase relationships of the vibrations of the 
strips may be maintained. 

FIG. 7 illustrates a further embodiment of the present 
invention in which a composite strut-member having a 
pair of central strips 11 and 12 which are integral with 
its end pieces 14 and 15 is formed of the ferromagnetic 
stainless alloy Ni-Span-C 902. 

Ni-Span-C 902 is an iron-nickel-chromium alloy pro 
duced by the Huntington Alloy Products Division of the 
International Nickel Company, Incorporated, of Hunting 
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6 
ton, W. Va., and has the following limiting chemical come 
position: 

Percent 
Nickel (plus cobalt) ---------------- 41.0-43.50 
Chromium ------------------------- 4.90-5.75 
Titanium -------------------------- 2.2.0-2.75 
Aluminium ------------------------- 0.30-0.80 
Carbon --------------------------- 0.06 maximum 
Manganese ------------------------ 0.08 maximum 
Silicon --------- - - - m - - - -a or - - - - - - - - - 1.00 maximum 

Sulphur --------------------------- 0.04 maximum 
Phosphorus ------------------------ 0.04 maximum 
Iron ------------------------------ Remainder 

Further details of the properties of Ni-Span-C 902 are 
given in Technical Bulletin T-31 of the Huntington Alloy 
Products Division. 
The composite strut-member is so shaped that a face 

of strip 11 opposes a face of the strip 12, thereby afford 
ing a lower frequency of transverse vibration of the strips 
11 and 12 in the common plane passing through their 
axes than in respective planes perpendicular to the said 
common plane. In one embodiment constructed as shown 
in FIG. 7, each strip is approximately twenty thousandths 
of an inch thick, one-hundred-and-forty-four thousandths 
of an inch deep, and one and a half inches long. Each 
end piece, and hence the composite strut-member, is ap 
proximately four-hundred-and-forty thousandths of an 
inch wide. 
The end piece 14 is welded to the rod 54, which is of 

non-ferromagnetic metal, at a flat formed on the rod. A 
further flat formed on the rod 54 provides a clearance be 
tween the rod and the end piece 15. The end piece 15 is 
welded to a shoulder formed on the rigid annulus 52 
through which the rod 54 passes freely. The annulus 52 
is welded to one end of the non-ferromagnetic cylinderical 
metal casing 53. A metal end plate 81 welded to the an 
nulus 52 embodies the flexible annulus 21 and the disc 55, 
a like metal end plate 82 welded to the other end of the 
casing 53 embodying a further flexible annulus 21 and the 
disc 56. The ends of the rod 54 are located by and welded 
to the discs 55 and 56. 

In operation, the force-transmitting members, which 
comprise the annulus 52, and the rod 54 and the discs 
55 and 56 respectively, apply forces to the composite 
strut-member which act along a line which is inclined at 
a small angle to the longitudinal axis of the composite 
strut-member as a result of the balancing couple pro 
vided by those components of reaction which act per 
pendicular to the faces of the composite strut-member. 
The space within the embodiment between the end 

plates 81 and 82 is filled with air at atmospheric pres 
sure, the pressure of fluid filling this space having no ef 
fect on the transmission of force to the composite strut 
member. The end plates are internally screw-threadedly 
engaged with respective metal annular stops 70 to limit 
collapsing movements of the discs 55 and 56. An alter 
native all-welded construction of the end plates and stops 
is shown in FIG.8. 
The end plates 81 and 82 are provided with bolt holes 

to enable respective flanged pipes to be clamped to the 
end plates in order to bring the fluids of which the dif 
ference in pressure is to be measured into contact with the 
entire outer surfaces of the discs 55 and 56. 
An aluminium or non-ferromagnetic stainless steel 

saddle 83 is mounted on the rod 54, being clamped at a 
selected position by means of a pair of set screws. The 
saddle is symmetrical with respect to the plane of sec 
tion of FIG. 7 and a drive coil 84 and a pick-up coil (not 
shown) are located in respective apertures at opposite 
ends of the saddle. The position of the saddle 83 on 
the rod 54 is such that the axle of the drive and pick-up 
coils pass through the mid-points of the strips 11 and 12. 
The drive coil 84 is coupled to the output circuit and 

the pick-up coil is coupled to the input circuit of the main 
taining amplifier 25 which is encapsulated in thermoset 
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synthetic resin and located withirt, the casing 53 between 
an internal shoulder of the casing and a circlip located in 
an internal groove in the casing. The rod 54 and a cable 
86 which connects the drive and pick-up coils to the am 
plifier 25 pass through an aperture in the amplifier 25. 
A power supply 86 and the frequency meter 30 are cou 
pled to the amplifier 25 through a plug connector 87 
which is fitted into a socket connector 88 mounted in 
the wall of the container 19. 

In operation, a slight mechanical vibration or electri 
cal noise occurring on energisation of the amplifier 25 
serves to initiate transverse vibration of the strips 11 and 
12 at a common resonance frequency in the plane con 
taining their longitudinal axes. Feedback through the am 
plifier 25 from the pick-up coil to the drive coil 84 then 
serves to maintain such vibration, the amplifier having 
suitable gain and phase characteristics. The strips vibrate 
in phase with one another relative to the longitudinal 
axis of the composite strut-member as a natural conse 
quence of the form of the composite strut-member. 
The frequency meter 30 is coupled to the output cir 

cuit of the amplifier 25 and measures the frequency of 
the alternating current flowing in the drive coil 84. The 
drive and pick-up coils are provided with respective 
biassing windings which are fed from the power supply 
86 with direct current to establish steady magnetic fields. 
The steady field of the drive coil 84 serves to prevent the 
total magnetic field thereof from varying at twice the 
frequency of the transverse vibration of the strips 11 and 
12. 

In FIG. 9 there is shown a composite strut-member of 
the same form and material as that shown in FIG. 7 
but having piezo-electric means for exciting and sensing 
transverse vibration of the strips 11 and 12. 

Plates 101 to 104 of a piezo-electric material known as 
Brush Clevite FEZ4 are bonded to the composite strut 
member, the drive plates 101 and 102 being bonded to 
opposite ends of the strip 11 and the pick-up plates 103 
and 104 being bonded to opposite ends of the strip 12. 
Each of the plates 101 to 104 is provided with a metal 
electrode, the output of the maintaining amplifier 25 
being, in operation, applied between the electrodes of 
the drive plates 101 and 102, and the electric potential 
difference set up between the electrodes of the pick-up 
plates 103 and 104 as a result of the vibration of the strip 
12 being applied as the input to the maintaining ampli 
fiers. Transverse vibration of the strips 11 and 12 in the 
plane containing their longitudinal axes is maintained by 
feedback through the amplifier 25, which has suitable 
gain and phase characteristics, the frequency of the 
alternating voltage output of the amplifier being measured 
by the frequency meter 30. 
A quartz composite strut-member of an embodiment of 

the present invention is shown in FIG. 10 cut from a 
quartz plate having its faces parallel to the Y-Z plane of 
the piezo-electric crystal axes, the directions of the X, Y 
and Z piezo-electric crystal axes relative to the composite 
strut-member being shown at 111, 112 and 113 respec 
tively. 
The upper face of the composite strut-member has 

plated thereon four metal electrodes 114, 115, 116 and 
117. Four further electrodes, not shown, similarly shaped 
and arranged are plated on the under face of the com 
posite strut-member. The electrodes 114, 116, and the 
corresponding electrodes on the under face of the com 
posite strut-member are connected to the output circuit 
of the maintaining amplifier 25 in such a manner that 
the inner upper electrode 114 is connected directly to 
he outer lower electrode, and the outer upper electrode 
16 is connected directly to the inner lower electrode. 

The electrodes 115, 117, and the corresponding electrodes 
on the under face of the composite strut-member are 
connected to the input circuit of the amplifier 25 in like 
manner. Thus, in operation, the electrodes 114, 116, and 
the corresponding lower electrodes serve as drive elec 
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trodes and the electrodes 115, 117, and the correspond 
ing lower electrodes serve as pick-up electrodes. Trans 
verse vibration of the bars 11 and 12 are maintained by 
feedback through the amplifier 25, which has suitable 
gain and phase characteristics, the frequency of the alter 
nating output voltage of the amplifier being measured 
by the frequency meter 30. 

For the composite strut-members shown in FIGS. 7, 
9 and 10, the following equation gives the relationship 
between the frequency f of the transverse vibration of a 
Strip or bar of the composite strut-member and the load S 
applied to the strip or bar: 

f=f Wi 
where fo is a constant for a given strut, and 

where 

E is Young's modulus of elasticity of the material of the 
strip or bar, 

I is the moment of cross-sectional area of the strip or bar, 
l is the effective length of the strip or bar, and 
n is an integer. 
The value of l can be determined empirically. It will be 
realised that So is the Euler Buckling Load. 
Although embodiments in which in operation the struts 

vibrate at a common resonance frequency have been de 
Scribed hereinbefore, other embodiments can be con 
Structed in which the frequency at which the struts vi 
brate is close to a common resonance frequency. For 
example, vibration of the struts in an embodiment can be 
excited by impulse, the vibrations subsequently decay 
ing naturally, and the frequency of the decaying vibra 
tions being measured, The struts of such an embodiment 
are only lightly damped, so that the frequency of the 
vibrations, which is the natural frequency, is substan 
tially at a common resonance frequency. 
What is claimed is: 
1. Force-measuring apparatus comprising, a fluid-tight 

enclosure, a composite strut member in said enclosure in 
cluding a plurality of elongated, vibratory struts disposed 
Substantially symmetrically about a longitudinal axis and 
having at least two end portions, said struts coupling said 
end portions to one another, said enclosure including two 
rigid wall members movably coupled to one another and 
coupled to different ones of said end portions, whereby at 
least one of the movable wall members transmits forces 
received thereby to said strut member, means for exciting 
said struts to vibrate transversely at substantially the same 
resonant frequency, and means coupled to said strut mem 
ber for producing a signal representative of a force-caused 
change in the vibration frequency of said struts. 

2. Apparatus according to claim 1 wherein said means 
for exciting said struts comprises, means for applying an 
electrical current to said struts and means for applying a 
magnetic field to said struts in a direction substatnially 
perpendicular to a plane containing said longitudinal axis. 

3. Apparatus according to claim 2 wherein said struts 
are composed of a nonferromagnetic metal. 
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