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ELONGATE FORCE SENSOR ASSEMBLY WITH THROUGHGOING BORE

FIELD OF THE INVENTION

5 [0001] The present invention relates to beam transducers for measuring force.

BACKGROUND OF THE INVENTION

[0002] Various types of force sensors are known.
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SUMMARY OF THE INVENTION

[0003] The present invention seeks to provide an elongate force sensor assembly
for measuring a force applied in a force application direction, the force sensor
assembly including an elongate force responsive beam element extending along a
longitudinal axis which is generally perpendicular to the force application direction,
the elongate force responsive beam element being formed with a throughgoing
longitudinal bore along the longitudinal axis, at least one strain gauge affixed to the
elongate force responsive beam element, each of the at least one strain gauge
generating a strain gauge output in response to the force, and a plurality of circuit
elements operative to convert the strain gauge output into a force indication,
indicating a magnitude of the force.

[0004] In accordance with a preferred embodiment of the present invention, the
elongate force responsive beam element is also formed with a throughgoing transverse
bore extending along a transverse axis, generally perpendicular to both the force
application direction and to the longitudinal axis, the at least one strain gauge and the
throughgoing transverse bore at least partially overlying one another.

[0005] In accordance with a preferred embodiment of the present invention, the
elongate force responsive beam element is formed by an extrusion process.
Alternatively, in accordance with a preferred embodiment of the present invention,
the elongate force responsive beam element is formed by a rolling process.
Alternatively, in accordance with a preferred embodiment of the present invention,
the elongate force responsive beam element is formed by a tube forming process.

[0006] Preferably, the throughgoing longitudinal bore houses at least one of the
strain gauges. Preferably, the throughgoing longitudinal bore houses an electric cable,
the electric cable being electrically connected to the plurality of circuit elements.

[0007] In accordance with a preferred embodiment of the present invention, the
elongate force responsive beam element is formed with at least one recess including
a generally planar wall portion, the at least one strain gauge being affixed to the
generally planar wall portion.

[0008] There is also provided in accordance with another preferred embodiment

of the present invention a method of manufacture of a force sensor for measuring a
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force applied in a force application direction, the method including fabricating an
elongate force responsive beam element extending along a longitudinal axis which is
generally perpendicular to the force application direction, the elongate force
responsive beam element being formed with a throughgoing longitudinal bore along
the longitudinal axis, affixing at least one strain gauge to the elongate force responsive
beam element, each of the at least one the strain gauge being operative to generate a
strain gauge output in response to the force, and electrically connecting the at least
one strain gauge to a plurality of circuit elements operative to convert the strain gauge

output into a force indication, indicating a magnitude of the force.

[0009] In accordance with a preferred embodiment of the present invention, the

fabricating the elongate force responsive beam element includes an extrusion process.
Alternatively, in accordance with a preferred embodiment of the present invention,
the fabricating the elongate force responsive beam element includes a rolling process.
Alternatively, in accordance with a preferred embodiment of the present invention,
the fabricating the elongate force responsive beam element includes a three-
dimensional printing process. Alternatively, in accordance with a preferred
embodiment of the present invention, the fabricating the elongate force responsive
beam element includes a metal injection molding (MIM) process. Alternatively, in
accordance with a preferred embodiment of the present invention, the fabricating the
elongate force responsive beam element includes a tube forming process.
Alternatively, in accordance with a preferred embodiment of the present invention,
the fabricating the elongate force responsive beam element includes a machining

process.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0010] The present invention will be understood and appreciated more fully from
the following detailed description, taken in conjunction with the drawings in which:

[0011] Figs. 1A, 1B, 1C and 1D are simplified respective assembled, top-facing
partly exploded, bottom-facing partly exploded and top-facing fully exploded
illustrations of a bending elongate force sensor assembly constructed and operative in
accordance with a first embodiment of the present invention;

[0012] Figs. 2A and 2B and 2C are simplified respective top-facing perspective,
bottom-facing perspective and sectional illustrations of an elongate force responsive
beam element of the force sensor assembly of Figs. 1A — 1D, Fig. 2C being taken
along sectional line C — C in Fig. 2A;

[0013] Fig. 3 is a simplified illustration of a method for manufacturing the force
sensor assembly of Figs. 1A — 2C;

[0014] Figs. 4A, 4B, 4C and 4D are simplified respective assembled, top-facing
partly exploded, bottom-facing partly exploded and top-facing fully exploded
illustrations of an elongate force sensor assembly constructed and operative in
accordance with another embodiment of the present invention;

[0015] Figs. 5A, 5B and 5C are simplified respective top-facing perspective,
bottom-facing perspective and sectional illustrations of an elongate force responsive
beam element of the force sensor assembly of Figs. 4A — 4D, Fig. 5C being taken
along sectional line C — C in Fig. 5A;

[0016] Fig. 6 is a simplified illustration of a method for manufacturing the force
sensor assembly of Figs. 4A — 5C;

[0017] Figs. 7A, 7B, 7C, and 7D are simplified respective assembled, top-facing
partly exploded, bottom-facing partly exploded and top-facing fully exploded
illustrations of an elongate force sensor assembly constructed and operative in
accordance with yet another embodiment of the present invention;

[0018] Figs. 8A, 8B and 8C are simplified respective top-facing perspective,

bottom-facing perspective and sectional illustrations of an elongate force responsive



10

15

WO 2023/012783 PCT/IL2022/050820

beam element of the force sensor assembly of Figs. 7A — 7D, Fig. 8C being taken
along sectional line C — C in Fig. 8A;

[0019] Fig. 9 is a simplified illustration of a method for manufacturing the force
sensor assembly of Figs. 7A — 8C;

[0020] Figs. 10A, 10B, 10C and 10D are simplified respective assembled, top-
facing partly exploded, bottom-facing partly exploded and top-facing fully exploded
illustrations of an elongate force sensor assembly constructed and operative in
accordance with still another embodiment of the present invention;

[0021] Figs. 11A, 11B, 11C and 11D are simplified respective top-facing
perspective, bottom-facing perspective and first sectional and second sectional
illustrations of an elongate force responsive beam element of the force sensor
assembly of Figs. 10A — 10D, Figs. 11C and 11D being taken along respective
sectional lines C — C and D — D in Fig. 11A;

[0022] Fig. 12 is a simplified illustration of a method for manufacturing the force
sensor assembly of Figs. 10A — 11C; and

[0023] Fig. 13 is a simplified flowchart of a method for manufacturing a force

sensor assembly similar to the force sensor assemblies of Figs. 1A — 12.
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DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

[0024] Force transducers, often called load cells, are commonly used to measure
applied forces, and are integral components of many types of systems, such as
weighing and stability systems. One common type of force transducer is a strain gauge
force transducer. Strain gauge force transducers include an elastic element, and a
strain gauge force sensor is classed based on a shape and orientation of its elastic
element. It is noted that elastic elements are also referred to in the art, as, inter alia,
elastic bodies, spring elements and spring bodies.

[0025] For example, beam force sensors, such as bending beam force sensors,
particularly single-point force sensors, include a solid beam elastic element, typically
formed from a single block of material. The beam includes a mounting end, which is
fixedly mounted to a support, and a loading end, which is free to deflect in a direction
in which a force is to be measured. Thus, an applied force at the loading end causes
the beam to deform. Typically, the beam deformation is slight, and, while measurable,
is often not visible to the human eye.

[0026] As is well known in the art, the deformation, called strain, of an elongate
object, such as a beam, due to an applied force is proportional to a magnitude of the
applied force. Strain gauge beam force sensors measure strain using one or more strain
gauges which are fixedly mounted on the beam. As is known in the art, strain gauges
are electrical resistors whose resistance changes when the strain gauge is deformed.
Since every strain gauge deformed configuration depends in turn on the deformation
of the elastic element to which the strain gauge is mounted, for example a beam, the
resistance of the strain gauge provides information about the deformation of the beam.

[0027] Typically, multiple strain gauges are used to improve reliability and
strength of the output signal, though some strain gauge force sensors include only a
single strain gauge. The strain gauges are arranged in an electrical configuration, some
of the most common of which include full-bridge configurations, most typically
Wheatstone bridge configurations, half-bridge configurations and quarter-bridge
configurations.

[0028] During operation of the beam force sensor, a power source supplies an

excitation voltage to the strain gauges, which in turn provide an output resistance,
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which results in an output voltage. By applying Ohm’s law, shown in equation 1
below, to a circuit including the strain gauges, the output voltage can be related to the
resistance of the strain gauges:

V=IR (Eq. 1)

where V is voltage, I is current and R is resistance.

[0029] As described hereinabove, the resistance of the strain gauges is dependent

on the deformation of the beam of the beam force sensor. Since the deformation of
the beam depends on the applied force, additional circuit elements are typically used
in conjunction with the strain gauges to convert the output voltage, which is based on
the output resistance of the strain gauges, to an indication of the magnitude of the
applied force. In some cases, the additional circuit elements also perform signal
conditioning, improving at least one of the accuracy, precision and signal strength of

the indication of the magnitude of the applied force.

[0030] Other beam force sensors, such as shear beam force sensors, also typically

include a solid beam elastic element formed from a single block of material. The beam
includes a mounting end, which is fixedly mounted to a support, and a loading end,
which is free to deflect in a direction in which a force is to be measured. However,
unlike bending beam force sensors, which measure an axial bending strain deflection
caused by an applied force, shear beam force sensors measure a planar shear strain
resulting from an applied force. Therefore, unlike bending beam force sensors, which
typically include strain gauges placed at the top and/or bottom of the beam elastic
element, where deformation of the beam is the greatest, shear beam force sensors
typically include strain gauges placed near the middle of the beam elastic element,

where a shear stress of the beam is the greatest.

[0031] While beam force sensors are often useful in measuring applied forces,

conventional beam force sensors may be too expensive or too heavy for some
applications. Therefore, the present invention seeks to provide low-cost, low-mass
beam force sensors in which the solid beam is obviated and replaced with a hollow

beam.

[0032] Reference is now made to Figs. 1A — 1D, which are simplified illustrations

of an elongate force sensor assembly 100 constructed and operative in accordance

with a first embodiment of the present invention, and to Figs. 2A — 2C, which are
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illustrations of an elongate force responsive beam element 120 of force sensor
assembly 100 of Figs. 1A — 1D. It is appreciated that force sensor assembly 100 is
operative to measure a force applied in a force application direction 130 which is
parallel to a force application axis 132. It is appreciated that force application axis
132 is preferably perpendicular to a longitudinal axis 142 of elongate force beam
responsive element 120. In a case wherein force sensor assembly 100 measures
weight, force application axis 132 is generally parallel and/or antiparallel to a

direction in which a gravitational force acts.

[0033] As seen in Figs. 1A — 2C, force sensor assembly 100 includes elongate

force responsive beam element 120, which preferably extends along longitudinal axis
142. It is appreciated that elongate force responsive beam element 120 is an elastic

element.

[0034] It is appreciated that as used herein, the term “elastic element” refers to an

element of a transducer whose deflection in response to an applied force is sensed and
converted into an output. As mentioned hereinabove, such an element is also referred
to in the art as, inter alia, an elastic body, a spring element and a spring body. It is
appreciated that elongate force responsive beam element 120 is typically not formed
from an elastomer. Rather, as described hereinbelow, elongate force responsive beam
element 120 is preferably made from a material, such as a suitable metal or other
suitable solid material, which exhibits a linear relationship between the stress, namely
an applied force, and strain, namely deformation of elongate force responsive beam

element 120.

[0035] As seen particularly in Figs. 1B — 1D, force sensor assembly 100

preferably further includes at least one strain gauge 160, and more preferably a
plurality of strain gauges 160, which are fixedly mounted on elongate force responsive
beam element 120 and generate a strain gauge output in response to a force applied to

force sensor assembly 100 in application direction 130.

[0036] In a preferred embodiment of the present invention, force sensor assembly

100 includes an even number of strain gauges 160, such as, inter alia, 2 strain gauges
160, 4 strain gauges 160, 6 strain gauges 160 or 8 strain gauges 160. Depending on
the number of strain gauges 160 included in force sensor assembly 100, strain gauges

160 may be electrically connected to one another in, inter alia, a quarter-bridge
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configuration, a half-bridge configuration, a full bridge configuration, such as a
Wheatstone bridge configuration, or a double-bridge configuration. In another
embodiment of the present invention, force sensor assembly 100 includes an odd

number of strain gauges 160.

[0037] In one embodiment of the present invention, strain gauges 160 may be

affixed to elongate force responsive beam element 120 using any suitable mounting
material, most typically an adhesive, such as, inter alia, a strain gauge bonding
material, such as epoxy. In another embodiment of the present invention, strain gauges
160 may be deposited directly on elongate force responsive beam element 120, for

example by vapor deposition.

[0038] Each strain gauge 160 may be embodied as any suitable strain gauge,

including, inter alia, a foil strain gauge, a semiconductor strain gauge, a thin-film
strain gauge, a thick-film strain gauge and a wire strain gauge. Preferably, all strain
gauges 160 in force sensor assembly 100 are of the same class, and more preferably
of the same model. In a preferred embodiment of the present invention, each of strain
gauges 160 is embodied as a foil or wire strain gauge, such as an N2A-XX-S5105R-
350/ES strain gauge, commercially available from Vishay Precision Group, of

Wendell, NC, USA.

[0039] Preferably, a plurality of electrically conductive elements (ECEs) 170,

such as insulated copper conductors, electrically connect strain gauges 160 to a
plurality of circuit elements 180, at least some of which are preferably included in a
printed circuit board (PCB) 182, such as a flexible PCB. As described hereinabove,
strain gauge or gauges 160 preferably generate a strain gauge output, more
particularly, a resistance, in response to a deformation thereof, which deformation is
dependent on the applied force. Preferably, at least some of circuit elements 180
convert the strain gauge output of strain gauge or gauges 160 into a force indication,
indicating a magnitude of the applied force. As is well known in the art, the force
indication generated by circuit elements 180 may be displayed to a user and/or used
in calculations by an automated or semi-automated system. By way of example,
circuit elements 180 may be embodied as a readout instrument, such as a VT300

commercially available from VPG Transducers of Ontario, CA, USA.
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[0040] In a preferred embodiment of the present invention, force sensor assembly

100 further includes an electric cable 186, which electrically connects circuit elements
180 to external circuitry, including a power source (not shown). Preferably, a plurality
of cable fasteners 188, such as, inter alia, cable ties, clamps or cable glands, affix
electric cable 186 to elongate force responsive beam element 120, preferably to an
inner surface of a wall thereof. In a preferred embodiment of the present invention,
electric cable 186 includes multiple electrically conductive elements, for example,
multiple insulated copper conductors. In the embodiment of the present invention
illustrated in Figs. 1A — 1D, electric cable 186 is disposed within elongate force
responsive beam element 120. In another embodiment of the present invention,

electric cable 186 is disposed outside of elongate force responsive beam element 120.

[0041] In one embodiment of the present invention, PCB 182 may be affixed to

elongate force responsive beam element 120 using a suitable mounting material,
typically an adhesive, such as, inter alia, cyanoacrylate or acrylic, or using a protective
cover element 192. In another embodiment of the present invention, PCB 182 is
mounted on a support other than elongate force responsive beam element 120, for
example, on a support (not shown) to which elongate force responsive beam element

120 of force sensor assembly 100 is mounted.

[0042] In the embodiment of the present invention shown in Figs. 1A — 1D, force

sensor assembly 100 includes protective cover element 192 to protect and insulate
strain gauges 160 and at least some of, and more preferably all of, circuit elements
180. It is appreciated that strain gauges 160 and circuit elements 180 which are
protected by protective cover element 192 are disposed between elongate force

responsive beam element 120 and protective cover element 192.

[0043] Protective cover element 192 may be formed of any suitable material, such

as, inter alia, room-temperature-vulcanizing (RTV) silicone, vulcanized rubber or
polyurethane, and is preferably affixed to elongate force responsive beam element
120. In one embodiment of the present invention, protective cover element 192 also
serves to affix at least one of strain gauges 160 and circuit elements 180 to elongate
force responsive beam element 120. In another embodiment of the present invention,

force sensor assembly 100 may be hermetically sealed, over protective cover element

10
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192. Alternatively, protective cover element 192 may be obviated when force sensor
assembly 100 is hermetically sealed.

[0044] Turning now particularly to Figs. 2A — 2C, it is seen that elongate force
responsive beam element 120 is formed with a throughgoing longitudinal bore 200
along longitudinal axis 142. Thus, elongate force responsive beam element 120 is
hollow along longitudinal axis 142.

[0045] Longitudinal bore 200 is preferably generally enclosed by a generally
planar rectangular bottom wall portion 202 of elongate force responsive beam element
120, a first generally planar rectangular side wall portion 204 of elongate force
responsive beam element 120, a second generally planar rectangular side wall portion
206 of elongate force responsive beam element 120 and a generally planar rectangular
top wall portion 208 of elongate force responsive beam element 120. It is appreciated
that elongate force responsive beam element 120 is formed with an inner surface 212
and an outer surface 214, both of which preferably extend along all of wall portions
202, 204, 206 and 208.

[0046] Elongate force responsive beam element 120 is preferably characterized
by an elongate dimension L; along longitudinal axis 142. In a preferred embodiment
of the present invention, as seen in Figs. 1A —2C, throughgoing longitudinal bore 200
extends along the entirety of elongate dimension L.

[0047] In a preferred embodiment of the present invention, as seen particularly in
Figs. 1A — 1D, throughgoing longitudinal bore 200 may fully or partially house one
or more elements of force sensor assembly 100, such as electric cable 186.

[0048] Preferably, elongate force responsive beam element 120 includes a
mounting end 220, for fixedly mounting force sensor assembly 100 to a support (not
shown). In the embodiment of the present invention shown in Figs. 1A — 2C, mounting
end 220 includes, preferably formed in bottom and top wall portions 202 and 208, a
plurality of mounting apertures 222 to receive mounting fasteners (not shown) for
affixing elongate force responsive beam element 120 to the support. In another
embodiment of the present invention, mounting apertures 222 may be obviated, and
elongate force responsive beam element 120 is fixed to the support without using
apertures, for example, by clamping mounting end 220 of elongate force responsive

beam element 120 to the support.

11
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[0049] Elongate force responsive beam element 120 further includes a loading

end 230, being generally opposite mounting end 220 along longitudinal axis 142. In
the embodiment of the present invention shown in Figs. 1A — 2C, loading end 230
includes, preferably formed in bottom and top wall portions 202 and 208, a plurality
of fastener apertures 232 to receive platform fasteners (not shown) for affixing a
loading platform (not shown), such as a weighing platform, to elongate force
responsive beam element 120. In another embodiment of the present invention,
apertures 232 may be obviated, and either no loading platform is used with force
sensor assembly 100 or the loading platform is fastened to elongate force responsive
beam element 120 without using apertures, for example, by clamping the loading

platform to loading end 230 of elongate force responsive beam element 120.

[0050] Whether or not a loading platform is used in conjunction with force sensor

assembly 100, force sensor assembly 100 is typically used by applying an applied
force to loading end 230 of elongate force responsive beam element 120. Since
loading end 230 is free to deflect in direction 130 and mounting end 220 is fixed, an
applied force in direction 130 exerted upon loading end 230 causes a deformation of
elongate force responsive beam element 120. Particularly, the deformation of elongate
force responsive beam element 120 is typically characterized by an increase in a
magnitude of elongate dimension L;. As used herein, an undeformed state of elongate
force responsive beam element 120 refers to a configuration of elongate force
responsive beam element 120 when force sensor assembly 100 is not subject to an
applied force other than those forces which always act on force sensor assembly 100,

such as Earth’s gravitational force.

[0051] As seen particularly in sectional enlargements A and B of Fig. 2A, which

are taken along respective lines A — A and B — B of Fig. 2A, a cross-section 250 of
elongate force responsive beam element 120 generally perpendicular to longitudinal
axis 142 is hollow. It is appreciated that cross-section 250 is preferably hollow at both
mounting end 220 and loading end 230 of elongate force responsive beam element

120.

[0052] In the embodiment shown in Figs. 1A —2C, cross-section 250 is generally

symmetric, and more particularly is generally rectangular. In another embodiment of

the present invention, cross-section 250 may be any suitable shape, including, inter

12
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alia, square, circular, elliptic, triangular, hexagonal, and star-shaped, and the shape of
cross-section 250 may be symmetric or non-symmetric. In one embodiment of the
present invention, cross-section 250 is generally uniform at both mounting end 220
and loading end 230 of elongate force responsive beam element 120. In another
embodiment of the present invention, cross-section 250 is not uniform at both
mounting end 220 and loading end 230 of elongate force responsive beam element
120; for example, cross-section 250 may include additional, preferably threaded,

material surrounding one or more of apertures 222 and 232.

[0053] It is appreciated that a shape and size of cross-section 250 is determined

both by inner surface 212 and outer surface 214 of elongate force responsive beam
element 120. In the embodiment illustrated in Figs. 1A —2C, the shape of inner surface
212 at cross-section 250 is the same general shape as the shape of outer surface 214
at cross-section 250. In another embodiment of the present invention, the shape of
inner surface 212 at cross-section 250 is different than the shape of outer surface 214

at cross-section 250.

[0054] In the embodiment shown in Figs. 1A — 2C, in addition to throughgoing

longitudinal bore 200, elongate force responsive beam element 120 is also formed
with a transverse bore 260 along a transverse axis 262. As seen particularly in Fig.
2A, transverse axis 262 is generally perpendicular to both force application axis 132
and to longitudinal axis 142. In a preferred embodiment of the present invention, at
least one of strain gauges 160 and transverse bore 260 at least partially overlie one
another, and more preferably all of strain gauges 160 and transverse bore 260 at least
partially overlie one another. In the illustrated embodiment of the present invention,
transverse bore 260 is a throughgoing bore which fully pierces both first and second

side wall portions 204 and 206 of elongate force responsive beam element 120.

[0055] In the embodiment shown in Figs. 1A —2C, and as seen particularly in Fig.

2C, in addition to piercing first and second side wall portions 204 and 206 of elongate
force responsive beam element 120, transverse bore 260 defines a plurality of bottom
recesses 266 in inner surface 212 of bottom wall portion 202 of elongate force
responsive beam element 120. Similarly, in the embodiment shown in Figs. 1A - 2C,
and as seen particularly in Fig. 2C, transverse bore 260 defines a plurality of top

recesses 268 in inner surface 212 of top wall portion 208 of elongate force responsive

13



10

15

20

25

30

WO 2023/012783 PCT/IL2022/050820

beam element 120. In another embodiment of the present invention, some or all of
recesses 266 and 268 may be obviated.

[0056] It 1s appreciated that transverse bore 260 preferably acts as a binocular
strain engine and, together with elongate force responsive beam element 120, defines
an upper beam 272 and a lower beam 274. Thus, force sensor assembly 100 is
preferably a multi-beam force sensor, and in a preferred embodiment of the present
invention, is a single-point force sensor, such as a single-point load cell.

[0057] In the embodiment illustrated in Figs. 1A — 2C, upper beam 272 is formed
with markings 282, which are preferably formed on outer surface 214 of top wall
portion 208 of elongate force responsive beam element 120. Similarly, in the
embodiment illustrated in Figs. 1A — 2C, lower beam 274 is formed with markings
284, which are preferably formed on outer surface 214 of bottom wall portion 202 of
elongate force responsive beam element 120. In another embodiment of the present
invention, some or all of markings 282 and 284 may be obviated.

[0058] Markings 282 and 284 preferably indicate a plurality of strain positions
290 to which strain gauges 160 are to be affixed. In the embodiment shown in Figs.
1A —2C, each of strain positions 290 is aligned with one of recesses 266 and 268, and
the geometry of transverse bore 260 results in strains of generally equal magnitude
being present at each of strain positions 290 as a result of the applied force.

[0059] It is appreciated that in a preferred embodiment of the present invention,
transverse bore 260 is shaped to compensate for eccentricity, such that force sensor
assembly 100 provides a force indication output that is uniform within a
predetermined tolerance for off-center loading, wherein the applied force is incident
anywhere within a predetermined locus of loading end 230.

[0060] In a preferred embodiment of the present invention, elongate force
responsive beam element 120 is further formed with an electrical communication
aperture 292, preferably in side wall portion 204, to allow electrical communication
between electric cable 186 and PCB 182. Elongate force responsive beam element
120 is preferably further formed with a plurality of fastener apertures 298, preferably
in side wall portion 204, which are operative to receive cable fasteners 188 for the

affixation of electric cable 186 to elongate force responsive beam element 120.
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[0061] In one embodiment of the present invention, elongate force responsive
beam element 120 is formed of a metal, such as an aluminum alloy or a steel alloy. In
another embodiment of the present invention, elongate force responsive beam element
120 is formed of a composite material, which may be either a metal matrix composite
material or a non-metal matrix composite material, such as, inter alia, a carbon
composite or fiberglass.

[0062] As described hereinbelow with reference to Fig. 3, elongate force
responsive beam element 120 may be formed by any suitable process, including, inter
alia, an extrusion process, a drawing process, a rolling process, a tube forming
process, which may be either a seamed tube forming process or a seamless tube
forming process, a forging process, a three-dimensional (3D) printing process a metal
injection molding (MIM) process and a machining process.

[0063] Similarly, each of transverse bore 260 and apertures 222, 232, 292 and 298
may be formed by any suitable process, including, inter alia, machining, electrical
discharge machining (EDM), broaching, erosion and ablation.

[0064] Reference is now made to Fig. 3, which is a simplified illustration of a
method for manufacturing force sensor assembly 100 of Figs. 1A —2C. As seen at a
fabrication step 302, the method begins by fabricating elongate force responsive beam
element 120. As described hereinabove with particular reference to Figs. 2A — 2C,
elongate force responsive beam element 120 preferably extends along longitudinal
axis 142, which is generally perpendicular to force application axis 132, and elongate
force responsive beam element 120 is preferably formed with throughgoing
longitudinal bore 200 along longitudinal axis 142.

[0065] As noted above, fabrication step 302 may be any suitable process,
including, inter alia, an extrusion process, a drawing process, a rolling process, a tube
forming process, which may be either a seamed tube forming process or a seamless
tube forming process, a forging process, a three-dimensional (3D) printing process, a
metal injection molding (MIM) process and a machining process.

[0066] In a preferred embodiment of the present invention, bore 200 is formed
together with elongate force responsive beam element 120. For example, when using
an extrusion process for fabrication step 302, a hollow extrusion profile produced at

fabrication step 302 defines all of wall portions 202, 204, 206 and 208 as well as bore
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200 of elongate force responsive beam element 120. Thus, in such an embodiment,
preferably no subtractive processes are required to form bore 200.

[0067] In contrast, in embodiments wherein fabrication step 302 is a subtractive
process, bore 200 is preferably formed after an initial formation step of elongate force
responsive beam element 120. For example, at fabrication step 302, a solid bar may
first be produced, which may then be machined to form bore 200 therein, thereby
producing elongate force responsive beam element 120.

[0068] In one embodiment of the present invention, fabrication step 302 produces
beams each having an elongate dimension which is longer than elongate dimension
L:. In such an embodiment, fabrication step 302 includes cutting each beam into
lengths each having an elongate dimension equal to or nearly equal to L.

[0069] As seen at a detailing step 304, apertures in elongate force responsive beam
element 120, including apertures 222 and 232, transverse bore 260, electrical
communication aperture 292 and fastener apertures 298 are formed. In an
embodiment wherein markings, such as markings 282 and 284, are formed on
elongate force responsive beam element 120, the markings are also preferably formed
at detailing step 304. It is appreciated that the apertures in and markings on elongate
force responsive beam element 120 may be formed by any suitable process, including,
inter alia, machining, electrical discharge machining (EDM), broaching, erosion and
ablation.

[0070] As described hereinabove with reference to Figs. 2A — 2C, transverse bore
260 1s preferably a throughgoing transverse bore extending along transverse axis 262,
which is preferably generally perpendicular to both force application axis 132 and to
longitudinal axis 142. Additionally, as described hereinabove with reference to Figs.
2A - 2C, at least one, and more preferably all of, strain gauges 160 and transverse
bore 260 preferably at least partially overlie one another.

[0071] As seen at an assembly step 306, at least one strain gauge 160 is preferably
affixed to elongate force responsive beam element 120. As described hereinabove
with particular reference to Figs. 1A — 1D, strain gauge or gauges 160 preferably
generate a strain gauge output in response to a force applied in a force application
direction 130. Also at assembly step 306, strain gauge or gauges 160 are preferably

connected, using ECEs 170, to circuit elements 180, which in the embodiment shown
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in Figs. 1A — 3, are affixed to elongate force responsive beam element 120, but need
not be affixed to elongate force responsive beam element 120.

[0072] As described hereinabove with particular reference to Figs. 1A — 1D, at
least some of circuit elements 180 preferably convert the strain gauge output of strain
gauge or gauges 160 into a force indication, indicating a magnitude of the applied
force. As described hereinabove with particular reference to Figs. 1A — 1D, strain
gauge or gauges 160 and circuit elements 180 are preferably fixedly mounted to
elongate force responsive beam element 120 using any suitable mounting material,
most typically an adhesive, such as, inter alia, cyanoacrylate, acrylic or epoxy, or
using protective cover element 192. It is appreciated that the mounting material used
to affix circuit elements 180 to elongate force responsive beam element 120 may be
the same mounting material used to affix strain gauge or gauges 160 to elongate force
responsive beam element 120. Alternatively, the mounting material used to affix
circuit elements 180 to elongate force responsive beam element 120 may be a different
mounting material than that used to affix strain gauge or gauges 160 to elongate force
responsive beam element 120. Also at assembly step 306, electric cable 186 is
preferably electrically connected to circuit elements 180, and electric cable 186 is
preferably fixedly mounted to elongate force responsive beam element 120,
preferably using cable fasteners 188.

[0073] As seen in a sealing step 308, protective cover element 192 is preferably
affixed to elongate force responsive beam element 120. It is appreciated that in an
embodiment in which protective cover element 192 affixes at least one of strain
gauges 160 and circuit elements 180 to elongate force responsive beam element 120,
assembly step 306 and sealing step 308 are typically combined into a single step.

[0074] In another embodiment of the present invention, force sensor assembly 100
is hermetically sealed at sealing step 308, and protective cover element 192 may be
obviated. Alternatively, sealing step 308 hermetically seals force sensor assembly 100
following attachment of protective cover element 192.

[0075] Reference is now made to Figs. 4A — 4D, which are simplified illustrations
of an elongate force sensor assembly 400 constructed and operative in accordance
with an additional embodiment of the present invention, and to Figs. 5A — 5C, which

are illustrations of an elongate force responsive beam element 420 of force sensor
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assembly 400 of Figs. 4A — 4D. It is appreciated that force sensor assembly 400 is
operative to measure a force applied in a force application direction 430 which is
parallel to a force application axis 432. It is appreciated that force application axis
432 1s preferably perpendicular to a longitudinal axis 442 of elongate force responsive
beam element 420. In a case wherein force sensor assembly 400 measures weight,
force application axis 432 is generally parallel and/or antiparallel to a direction in

which a gravitational force acts.

[0076] As seen in Figs. 4A — 5C, force sensor assembly 400 includes elongate

force responsive beam element 420, which preferably extends along longitudinal axis
442. In a preferred embodiment of the present invention, longitudinal axis 442 is
generally perpendicular to force application axis 432. It is appreciated that elongate

force responsive beam element 420 is an elastic element.

[0077] It is appreciated that, as described hereinabove, the term “elastic element”

refers to an element of a transducer whose deflection in response to an applied force
is sensed and converted into an output. Such an element is also referred to in the art
as, inter alia, an elastic body, a spring element and a spring body. It is appreciated that
elongate force responsive beam element 420 is typically not formed from an
elastomer. Rather, as described hereinbelow, elongate force responsive beam element
420 1s preferably made from a material, such as a suitable metal or other suitable solid
material, which exhibits a linear relationship between the stress, namely an applied

force, and strain, namely deformation of elongate force responsive beam element 420.

[0078] As seen particularly in Figs. 4B — 4D, force sensor assembly 400

preferably further includes at least one strain gauge 460, and more preferably a
plurality of strain gauges 460, which are fixedly mounted on elongate force responsive
beam element 420 and generate a strain gauge output in response to a force applied to

force sensor assembly 400 in application direction 430.

[0079] In a preferred embodiment of the present invention, force sensor assembly

400 includes an even number of strain gauges 460, such as, inter alia, 2 strain gauges
460, 4 strain gauges 460, 6 strain gauges 460 or 8 strain gauges 460. Depending on
the number of strain gauges 460 included in force sensor assembly 400, strain gauges
460 may be electrically connected to one another in, inter alia, a quarter-bridge

configuration, a half-bridge configuration, a full bridge configuration, such as a
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Wheatstone bridge configuration, or a double-bridge configuration. In another
embodiment of the present invention, force sensor assembly 400 includes an odd

number of strain gauges 460.

[0080] In one embodiment of the present invention, strain gauges 460 may be

affixed to elongate force responsive beam element 420 using any suitable mounting
material, most typically an adhesive, such as, inter alia, a strain gauge bonding
material, such as epoxy. In another embodiment of the present invention, strain gauges
460 may be deposited directly on elongate force responsive beam element 420, for

example by vapor deposition.

[0081] Each strain gauge 460 may be embodied as any suitable strain gauge,

including, inter alia, a foil strain gauge, a semiconductor strain gauge, a thin-film
strain gauge, a thick-film strain gauge and a wire strain gauge. Preferably, all strain
gauges 460 in force sensor assembly 400 are of the same class, and more preferably
of the same model. In a preferred embodiment of the present invention, each of strain
gauges 460 is embodied as a foil or wire strain gauge, such as an N2A-XX-S5105R-
350/ES strain gauge, commercially available from Vishay Precision Group, of

Wendell, NC, USA.

[0082] Preferably, a plurality of electrically conductive elements (ECEs) 470,

such as insulated copper conductors, electrically connect strain gauges 460 to a
plurality of circuit elements 480, at least some of which are preferably included in a
printed circuit board (PCB) 482, such as a flexible PCB. As described hereinabove,
strain gauge or gauges 460 preferably generate a strain gauge output, more
particularly, a resistance, in response to a deformation thereof, which deformation is
dependent on the applied force. Preferably, at least some of circuit elements 480
convert the strain gauge output of strain gauge or gauges 460 into a force indication,
indicating a magnitude of the applied force. As is well known in the art, the force
indication generated by circuit elements 480 may be displayed to a user and/or used
in calculations by an automated or semi-automated system. By way of example,
circuit elements 480 may be embodied as a readout instrument, such as a VT300

commercially available from VPG Transducers of Ontario, CA, USA.

[0083] In a preferred embodiment of the present invention, force sensor assembly

400 further includes an electric cable 486, which electrically connects circuit elements
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480 to external circuitry, including a power source (not shown). Preferably, a plurality
of cable fasteners 488, such as, inter alia, cable ties, clamps or cable glands, affix
electric cable 486 to elongate force responsive beam element 420, preferably to an
inner surface of a wall portion thereof. In a preferred embodiment of the present
invention, electric cable 486 includes multiple electrically conductive elements, for
example, multiple insulated copper conductors. In the embodiment of the present
invention illustrated in Figs. 4A — 4D, electric cable 486 is disposed within elongate
force responsive beam element 420. In another embodiment of the present invention,
electric cable 486 is disposed outside of elongate force responsive beam element 420.

[0084] In one embodiment of the present invention, PCB 482 may be affixed to
elongate force responsive beam element 420 using a suitable mounting material,
typically an adhesive, such as, inter alia, cyanoacrylate or acrylic, or using at least one
protective cover element 492. In another embodiment of the present invention, PCB
482 is mounted on a support other than elongate force responsive beam element 420,
for example, on a support (not shown) to which elongate force responsive beam
element 420 of force sensor assembly 400 is mounted.

[0085] In the embodiment of the present invention shown in Figs. 4A — 4D, force
sensor assembly 400 includes protective cover elements 492 to protect and insulate
strain gauges 460 and at least some of circuit elements 480. It is appreciated that strain
gauges 460 and circuit elements 480 which are protected by protective cover elements
492 are disposed between elongate force responsive beam element 420 and one of
protective cover elements 492.

[0086] Protective cover elements 492 may be formed of any suitable material,
such as, inter alia, room-temperature-vulcanizing (RTV) silicone, vulcanized rubber
or polyurethane, and are preferably affixed to elongate force responsive beam element
420. In one embodiment of the present invention, protective cover elements 492 also
serve to affix at least one of strain gauges 460 and circuit elements 480 to elongate
force responsive beam element 420. In another embodiment of the present invention,
force sensor assembly 400 may be hermetically sealed, over protective cover elements
492. Alternatively, protective cover elements 492 may be obviated when force sensor

assembly 400 is hermetically sealed.
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[0087] Turning now particularly to Figs. 5A — 5C, it is seen that elongate force
responsive beam element 420 is formed with a throughgoing longitudinal bore 500
along longitudinal axis 442. Thus, elongate force responsive beam element 420 is
hollow along longitudinal axis 442.

[0088] Longitudinal bore 500 is preferably generally enclosed by a generally
cylindrical wall 502 of elongate force responsive beam element 420, cylindrical wall
502 having a bottom portion 504, a first side portion 506, a second side portion 508
and a top portion 510. It is appreciated that elongate force responsive beam element
420 is formed with an inner surface 512 and an outer surface 514, both of which
preferably extend along all of cylindrical wall 502.

[0089] Elongate force responsive beam element 420 is preferably characterized
by an elongate dimension L along longitudinal axis 442. In a preferred embodiment
of the present invention, as seen in Figs. 4A — 5C, throughgoing longitudinal bore 500
extends along the entirety of elongate dimension L.

[0090] In a preferred embodiment of the present invention, as seen particularly in
Figs. 4A — 4D, throughgoing longitudinal bore 500 may fully or partially house one
or more elements of force sensor assembly 400, such as electric cable 486.

[0091] Preferably, elongate force responsive beam element 420 includes a
mounting end 520, for fixedly mounting force sensor assembly 400 to a support (not
shown). In the embodiment of the present invention shown in Figs. 4A — 5C, at
mounting end 520, bottom portion 504 of cylindrical wall 502 includes a flattened
area 524 on outer surface 514, and top portion 510 of cylindrical wall 502 includes a
flattened area 526 on outer surface 514.

[0092] Preferably, formed in flattened areas 524 and 526 is a plurality of mounting
apertures 528 to receive mounting fasteners (not shown) for affixing elongate force
responsive beam element 420 to the support. In another embodiment of the present
invention, mounting apertures 528 may be obviated, and elongate force responsive
beam element 420 is fixed to the support without using apertures, for example, by
clamping mounting end 520 of elongate force responsive beam element 420 to the
support.

[0093] Elongate force responsive beam element 420 further includes a loading

end 530, being generally opposite mounting end 520 along longitudinal axis 442. In
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the embodiment of the present invention shown in Figs. 4A — 5C, at loading end 530,
bottom portion 504 of cylindrical wall 502 includes a flattened area 534 on outer
surface 514, and top portion 510 of cylindrical wall 502 includes a flattened area 536

on outer surface 514.

[0094] Preferably, formed in flattened areas 534 and 536 is a plurality of fastener

apertures 538 to receive platform fasteners (not shown) for affixing a loading platform
(not shown), such as a weighing platform, to elongate force responsive beam element
420. In another embodiment of the present invention, apertures 538 may be obviated,
and either no loading platform is used with force sensor assembly 400 or the loading
platform is fastened to elongate force responsive beam element 420 without using
apertures, for example, by clamping the loading platform to loading end 530 of

elongate force responsive beam element 420.

[0095] Whether or not a loading platform is used in conjunction with force sensor

assembly 400, force sensor assembly 400 is typically used by applying an applied
force to loading end 530 of elongate force responsive beam element 420. Since
loading end 530 is free to deflect in direction 430 and mounting end 520 is fixed, an
applied force in direction 430 exerted upon loading end 530 causes a deformation of
elongate force responsive beam element 420. Particularly, the deformation of elongate
force responsive beam element 420 is typically characterized by an increase in a
magnitude of elongate dimension L. As used herein, an undeformed state of elongate
force responsive beam element 420 refers to a configuration of elongate force
responsive beam element 420 when force sensor assembly 400 is not subject to an
applied force other than those forces which always act on force sensor assembly 400,

such as Earth’s gravitational force.

[0096] As seen particularly in sectional enlargements A and B of Fig. 5A, which

are taken along respective lines A — A and B — B of Fig. 5A, a cross-section 550 of
elongate force responsive beam element 420 generally perpendicular to longitudinal
axis 442 is hollow. It is appreciated that cross-section 550 is preferably hollow at both
mounting end 520 and loading end 530 of elongate force responsive beam element

420.

[0097] In the embodiment shown in Figs. 4A — 5C, cross-section 550 is generally

symmetric, and more particularly is generally circular. In another embodiment of the

22



10

15

20

25

30

WO 2023/012783 PCT/IL2022/050820

present invention, cross-section 550 may be any suitable shape, including, inter alia,
square, rectangular, elliptic, triangular, hexagonal, and star-shaped, and the shape of
cross-section 550 may be symmetric or non-symmetric. In one embodiment of the
present invention, cross-section 550 is generally uniform at both mounting end 520
and loading end 530 of elongate force responsive beam element 420. In another
embodiment of the present invention, cross-section 550 is not uniform at both
mounting end 520 and loading end 530 of elongate force responsive beam element
420; for example, cross-section 550 may include additional, preferably threaded,

material surrounding one or more of apertures 528 and 538.

[0098] It is appreciated that a shape and size of cross-section 550 is determined

both by inner surface 512 and outer surface 514 of elongate force responsive beam
element 420. In the embodiment illustrated in Figs. 4A — 5C, the shape of inner surface
512 at cross-section 550 is the same general shape as the shape of outer surface 514
at cross-section 550. In another embodiment of the present invention, the shape of
inner surface 512 at cross-section 550 is different than the shape of outer surface 514

at cross-section 550.

[0099] In the embodiment shown in Figs. 4A — 5C, in addition to throughgoing

longitudinal bore 500, elongate force responsive beam element 420 is also formed
with a transverse bore 560 along a transverse axis 562. As seen particularly in Fig.
SA, transverse axis 562 is generally perpendicular to both force application axis 432
and to longitudinal axis 442. In a preferred embodiment of the present invention, at
least one of strain gauges 460 and transverse bore 560 at least partially overlie one
another, and more preferably all of strain gauges 460 and transverse bore 560 at least
partially overlie one another. In the illustrated embodiment of the present invention,
transverse bore 560 is a throughgoing bore which fully pierces both first and second

side portions 506 and 508 of elongate force responsive beam element 420.

[00100] In the embodiment shown in Figs. 4A — 5C, in addition to piercing first

and second side portions 506 and 508 of elongate force responsive beam element 420,
transverse bore 560 defines a flattened area 566 in inner surface 512 of bottom portion
504 of cylindrical wall 502 of elongate force responsive beam element 420. Similarly,
in the embodiment shown in Figs. 4A — 5C, transverse bore 560 defines a flattened

area 568 in inner surface 512 of top portion 510 of cylindrical wall 502 of elongate
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force responsive beam element 420. In another embodiment of the present invention,
one or both of flattened areas 566 and 568 may be obviated.

[00101] It is appreciated that transverse bore 560 preferably acts as a dual guided
beam strain engine and, together with elongate force responsive beam element 420,
defines an upper beam 572 and a lower beam 574. Thus, force sensor assembly 400
is preferably a multi-beam force sensor, and in a preferred embodiment of the present
invention, is a single-point force sensor, such as a single-point load cell.

[00102] In the embodiment illustrated in Figs. 4A — 5C, upper beam 572 is formed
with a flattened area 582, which is preferably formed on outer surface 514 of top
portion 510 of cylindrical wall 502 of elongate force responsive beam element 420.
Similarly, in the embodiment illustrated in Figs. 4A — 5C, lower beam 574 is formed
with a flattened area 584, which is preferably formed on outer surface 514 of bottom
portion 504 of cylindrical wall 502 of elongate force responsive beam element 420.

[00103] Flattened areas 582 and 584 preferably provide a plurality of strain
positions 590 at which strain gauges 460 are affixed. In the embodiment shown in
Figs. 4A - 5C, the geometry of transverse bore 560 results in strains of generally equal
magnitude being present at each of strain positions 590 as a result of the applied force.

[00104] It is appreciated that in a preferred embodiment of the present invention,
transverse bore 560 is shaped to compensate for eccentricity, such that force sensor
assembly 400 provides a force indication output that is uniform within a
predetermined tolerance for off-center loading, wherein the applied force is incident
anywhere within a predetermined locus of loading end 530.

[00105] In a preferred embodiment of the present invention, elongate force
responsive beam element 420 is further formed with an electrical communication
aperture 592, preferably in side portion 506 of cylindrical wall 502, to allow electrical
communication between electric cable 486 and PCB 482. Elongate force responsive
beam element 420 is preferably further formed with a plurality of fastener apertures
598, preferably in side portion 506 of cylindrical wall 502, which are operative to
receive cable fasteners 488 for the affixation of electric cable 486 to elongate force
responsive beam element 420.

[00106] In one embodiment of the present invention, elongate force responsive

beam element 420 is formed of a metal, such as an aluminum alloy or a steel alloy. In
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another embodiment of the present invention, elongate force responsive beam element
420 1s formed of a composite material, which may be either a metal matrix composite
material or a non-metal matrix composite material, such as, inter alia, a carbon
composite or fiberglass.

[00107] As described hereinbelow with reference to Fig. 6, elongate force
responsive beam element 420 may be formed by any suitable process, including, inter
alia, an extrusion process, a drawing process, a rolling process, a tube forming
process, which may be either a seamed tube forming process or a seamless tube
forming process, a forging process, a three-dimensional (3D) printing process, a metal
injection molding (MIM) process and a machining process.

[00108] Similarly, each of transverse bore 560, apertures 528 and 538, electrical
communication aperture 592 and fastener apertures 598, as well as flattened areas
524, 526, 534, 536, 566, 568, 582 and 584 may be formed by any suitable process,
including, inter alia, machining, electrical discharge machining (EDM), broaching,
erosion and ablation.

[00109] Reference is now made to Fig. 6, which is a simplified illustration of a
method for manufacturing force sensor assembly 400 of Figs. 4A — 5C. As seen at a
fabrication step 602, the method begins by fabricating elongate force responsive beam
element 420. As described hereinabove with particular reference to Figs. SA — 5C,
elongate force responsive beam element 420 preferably extends along longitudinal
axis 442, which is generally perpendicular to force application axis 432, and elongate
force responsive beam element 420 is preferably formed with throughgoing
longitudinal bore 500 along longitudinal axis 442.

[00110] As noted above, fabrication step 602 may be any suitable process,
including, inter alia, an extrusion process, a drawing process, a rolling process, a tube
forming process, which may be either a seamed tube forming process or a seamless
tube forming process, a forging process, a three-dimensional (3D) printing process, a
metal injection molding (MIM) process and a machining process.

[00111] In a preferred embodiment of the present invention, bore 500 is formed
together with elongate force responsive beam element 420. For example, when using
an extrusion process for fabrication step 602, a hollow extrusion profile produced at

fabrication step 602 defines cylindrical wall 502 as well as bore 500 of elongate force
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responsive beam element 420. Thus, in such an embodiment, preferably no
subtractive processes are required to form bore 500.

[00112] In contrast, in embodiments wherein fabrication step 602 is a subtractive
process, bore 500 is preferably formed after an initial formation step of elongate force
responsive beam element 420. For example, at fabrication step 602, a solid bar or
cylinder may first be produced, which may then be machined to form bore 500 therein,
thereby producing elongate force responsive beam element 420.

[00113] In one embodiment of the present invention, fabrication step 602 produces
beams each having an elongate dimension which is longer than elongate dimension
L>. In such an embodiment, fabrication step 602 includes cutting each beam into
lengths each having an elongate dimension equal to or nearly equal to Lo.

[00114] As seen at a detailing step 604, flattened areas and apertures in elongate
force responsive beam element 420, including flattened areas 524, 526, 534, 536, 566,
568, 582 and 584, apertures 528 and 538, transverse bore 560, electrical
communication aperture 592 and fastener apertures 598, are formed. In an
embodiment wherein markings are formed on elongate force responsive beam
element 420, the markings are also preferably formed at detailing step 604. It is
appreciated that the apertures and flattened areas in elongate force responsive beam
element 420, as well as any markings on elongate force responsive beam element 420,
may be formed by any suitable process, including, inter alia, machining, electrical
discharge machining (EDM), broaching, erosion and ablation.

[00115] As described hereinabove with reference to Figs. 5SA — 5C, transverse bore
560 is preferably a throughgoing transverse bore extending along transverse axis 562,
which is preferably generally perpendicular to both force application axis 432 and to
longitudinal axis 442. Additionally, as described hereinabove with reference to Figs.
5A — 5C, at least one, and more preferably all of, strain gauges 460 and transverse
bore 560 preferably at least partially overlie one another.

[00116] As seen at an assembly step 606, at least one strain gauge 460 is preferably
affixed to elongate force responsive beam element 420. As described hereinabove
with particular reference to Figs. 4A — 4D, strain gauge or gauges 460 preferably
generate a strain gauge output in response to a force applied in a force application

direction 430. Also at assembly step 606, strain gauge or gauges 460 are preferably
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connected, using ECEs 470, to circuit elements 480, which in the embodiment shown
in Figs. 4A — 6, are affixed to elongate force responsive beam element 420, but need
not be affixed to elongate force responsive beam element 420.

[00117] As described hereinabove with particular reference to Figs. 4A — 4D, at
least some of circuit elements 480 preferably convert the strain gauge output of strain
gauge or gauges 460 into a force indication, indicating a magnitude of the applied
force. As described hereinabove with particular reference to Figs. 4A — 4D, strain
gauge or gauges 460 and circuit elements 480 are preferably fixedly mounted to
elongate force responsive beam element 420 using any suitable mounting material,
most typically an adhesive, such as, inter alia, cyanoacrylate, acrylic or epoxy, or
using protective cover elements 492. It is appreciated that the mounting material used
to affix circuit elements 480 to elongate force responsive beam element 420 may be
the same mounting material used to affix strain gauge or gauges 460 to elongate force
responsive beam element 420. Alternatively, the mounting material used to affix
circuit elements 480 to elongate force responsive beam element 420 may be a different
mounting material than that used to affix strain gauge or gauges 460 to elongate force
responsive beam element 420. Also at assembly step 606, electric cable 486 is
preferably electrically connected to circuit elements 480, and electric cable 486 is
preferably fixedly mounted to elongate force responsive beam element 420,
preferably using cable fasteners 488.

[00118] As seen in a sealing step 608, protective cover elements 492 are preferably
affixed to elongate force responsive beam element 420. It is appreciated that in an
embodiment in which protective cover elements 492 affix at least one of strain gauges
460 and circuit elements 480 to elongate force responsive beam element 420,
assembly step 606 and sealing step 608 are typically combined into a single step.

[00119] In another embodiment of the present invention, force sensor assembly 400
is hermetically sealed at sealing step 608, and protective cover elements 492 may be
obviated. Alternatively, sealing step 608 hermetically seals force sensor assembly 400
following attachment of protective cover elements 492.

[00120] Reference is now made to Figs. 7A — 7D, which are simplified illustrations
of an elongate force sensor assembly 700 constructed and operative in accordance

with yet an additional embodiment of the present invention, and to Figs. 8A — 8C,
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which are illustrations of an elongate force responsive beam element 720 of force
sensor assembly 700 of Figs. 7A — 7D. It is appreciated that force sensor assembly
700 is operative to measure a force applied in a force application direction 730 which
is parallel to a force application axis 732. It is appreciated that force application axis
732 1s preferably perpendicular to a longitudinal axis 742 of elongate force beam
responsive element 720. In a case wherein force sensor assembly 700 measures
weight, force application axis 732 is generally parallel and/or antiparallel to a

direction in which a gravitational force acts.

[00121] As seen in Figs. 7A — 8C, force sensor assembly 700 includes elongate

force responsive beam element 720, which preferably extends along longitudinal axis
742. In a preferred embodiment of the present invention, longitudinal axis 742 is
generally perpendicular to force application axis 732. It is appreciated that elongate

force responsive beam element 720 is an elastic element.

[00122] It is appreciated that, as described hereinabove, the term “elastic element”

refers to an element of a transducer whose deflection in response to an applied force
is sensed and converted into an output. Such an element is also referred to in the art
as, inter alia, an elastic body, a spring element and a spring body. It is appreciated that
elongate force responsive beam element 720 is typically not formed from an
elastomer. Rather, as described hereinbelow, elongate force responsive beam element
720 1s preferably made from a material, such as a suitable metal or other suitable solid
material, which exhibits a linear relationship between the stress, namely an applied

force, and strain, namely deformation of elongate force responsive beam element 720.

[00123] As seen particularly in Figs. 7B — 7D, force sensor assembly 700

preferably further includes at least one strain gauge 760, and more preferably a
plurality of strain gauges 760, which are fixedly mounted on elongate force responsive
beam element 720 and generate a strain gauge output in response to a force applied to

force sensor assembly 700 in application direction 730.

[00124] In a preferred embodiment of the present invention, force sensor assembly

700 includes an even number of strain gauges 760, such as, inter alia, 2 strain gauges
760, 4 strain gauges 760, 6 strain gauges 760 or 8 strain gauges 760. Depending on
the number of strain gauges 760 included in force sensor assembly 700, strain gauges

760 may be electrically connected to one another in, inter alia, a quarter-bridge
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configuration, a half-bridge configuration, a full bridge configuration, such as a
Wheatstone bridge configuration, or a double-bridge configuration. In another
embodiment of the present invention, force sensor assembly 700 includes an odd

number of strain gauges 760.

[00125] In one embodiment of the present invention, strain gauges 760 may be

affixed to elongate force responsive beam element 720 using any suitable mounting
material, most typically an adhesive, such as, inter alia, a strain gauge bonding
material, such as epoxy. In another embodiment of the present invention, strain gauges
760 may be deposited directly on elongate force responsive beam element 720, for

example by vapor deposition.

[00126] Each strain gauge 760 may be embodied as any suitable strain gauge,

including, inter alia, a foil strain gauge, a semiconductor strain gauge, a thin-film
strain gauge, a thick-film strain gauge and a wire strain gauge. Preferably, all strain
gauges 760 in force sensor assembly 700 are of the same class, and more preferably
of the same model. In a preferred embodiment of the present invention, each of strain
gauges 760 is embodied as a foil or wire strain gauge, such as an N2A-XX-S5105R-
350/ES strain gauge, commercially available from Vishay Precision Group, of

Wendell, NC, USA.

[00127] Preferably, a plurality of electrically conductive elements (ECEs) 770,

such as insulated copper conductors, electrically connect strain gauges 760 to a
plurality of circuit elements 780, at least some of which are preferably included in a
printed circuit board (PCB) 782, such as a flexible PCB. As described hereinabove,
strain gauge or gauges 760 preferably generate a strain gauge output, more
particularly, a resistance, in response to a deformation thereof, which deformation is
dependent on the applied force. Preferably, at least some of circuit elements 780
convert the strain gauge output of strain gauge or gauges 760 into a force indication,
indicating a magnitude of the applied force. As is well known in the art, the force
indication generated by circuit elements 780 may be displayed to a user and/or used
in calculations by an automated or semi-automated system. By way of example,
circuit elements 780 may be embodied as a readout instrument, such as a VT300

commercially available from VPG Transducers of Ontario, CA, USA.
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[00128] In a preferred embodiment of the present invention, force sensor assembly

700 further includes an electric cable 786, which electrically connects circuit elements
780 to external circuitry, including a power source (not shown). Preferably, a plurality
of cable fasteners 788, such as, inter alia, cable ties, clamps or cable glands, affix
electric cable 786 to elongate force responsive beam element 720, preferably to an
inner surface of a wall portion thereof. In a preferred embodiment of the present
invention, electric cable 786 includes multiple electrically conductive elements, for
example, multiple insulated copper conductors. In the embodiment of the present
invention illustrated in Figs. 7A — 7D, electric cable 786 is disposed within elongate
force responsive beam element 720. In another embodiment of the present invention,

electric cable 786 is disposed outside of elongate force responsive beam element 720.

[00129] In one embodiment of the present invention, PCB 782 may be affixed to

elongate force responsive beam element 720 using a suitable mounting material,
typically an adhesive, such as, inter alia, cyanoacrylate or acrylic, or using at least one
protective cover element 792. In another embodiment of the present invention, PCB
782 is mounted on a support other than elongate force responsive beam element 720,
for example, on a support (not shown) to which elongate force responsive beam

element 720 is mounted.

[00130] In the embodiment of the present invention shown in Figs. 7A — 7D, force

sensor assembly 700 includes protective cover elements 792 to protect and insulate
strain gauges 760 and at least some of, and more preferably all of, circuit elements
780. It is appreciated that strain gauges 760 and circuit elements 780 which are
protected by protective cover elements 792 are disposed between elongate force

responsive beam element 720 and one of protective cover elements 792.

[00131] Protective cover elements 792 may be formed of any suitable material,

such as, inter alia, room-temperature-vulcanizing (RTV) silicone, vulcanized rubber
or polyurethane, and are preferably affixed to elongate force responsive beam element
720. In one embodiment of the present invention, protective cover elements 792 also
serve to affix at least one of strain gauges 760 and circuit elements 780 to elongate
force responsive beam element 720. In another embodiment of the present invention,

force sensor assembly 700 may be hermetically sealed, over protective cover elements
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792. Alternatively, protective cover elements 792 may be obviated when force sensor
assembly 700 is hermetically sealed.

[00132] Turning now particularly to Figs. 8A — 8C, it is seen that elongate force
responsive beam element 720 is formed with a throughgoing longitudinal bore 800
along longitudinal axis 742. Thus, elongate force responsive beam element 720 is
hollow along longitudinal axis 742.

[00133] Longitudinal bore 800 is preferably generally enclosed by a generally
planar rectangular bottom wall portion 802 of elongate force responsive beam element
720, a first generally planar rectangular side wall portion 804 of elongate force
responsive beam element 720, a second generally planar rectangular side wall portion
806 of elongate force responsive beam element 720 and a generally planar rectangular
top wall portion 808 of elongate force responsive beam element 720. It is appreciated
that elongate force responsive beam element 720 is formed with an inner surface 812
and an outer surface 814, both of which preferably extend along all of wall portions
802, 804, 806 and 808.

[00134] Elongate force responsive beam element 720 is preferably characterized
by an elongate dimension L3 along longitudinal axis 742. In a preferred embodiment
of the present invention, as seen in Figs. 7A — 8C, throughgoing longitudinal bore 800
extends along the entirety of elongate dimension L.

[00135] In a preferred embodiment of the present invention, as seen particularly in
Figs. 7A — 7D, throughgoing longitudinal bore 800 may fully or partially house one
or more elements of force sensor assembly 700, such as electric cable 786.

[00136] Preferably, elongate force responsive beam element 720 includes a
mounting end 820, for fixedly mounting force sensor assembly 700 to a support (not
shown). In the embodiment of the present invention shown in Figs. 7A — 8C, mounting
end 820 includes, preferably formed in bottom and top wall portions 802 and 808, a
plurality of mounting apertures 822 to receive mounting fasteners (not shown) for
affixing elongate force responsive beam element 720 to the support. In another
embodiment of the present invention, mounting apertures 822 may be obviated, and
elongate force responsive beam element 720 is fixed to the support without using
apertures, for example, by clamping mounting end 820 of elongate force responsive

beam element 720 to the support.
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[00137] Elongate force responsive beam element 720 further includes a loading

end 830, being generally opposite mounting end 820 along longitudinal axis 742. In
the embodiment of the present invention shown in Figs. 7A — 8C, loading end 830
includes, preferably formed in bottom and top wall portions 802 and 808, a plurality
of fastener apertures 832 to receive platform fasteners (not shown) for affixing a
loading platform (not shown), such as a weighing platform, to elongate force
responsive beam element 720. In another embodiment of the present invention,
apertures 832 may be obviated, and either no loading platform is used with force
sensor assembly 700 or the loading platform is fastened to elongate force responsive
beam element 720 without using apertures, for example, by clamping the loading

platform to loading end 830 of elongate force responsive beam element 720.

[00138] Whether or not a loading platform is used in conjunction with force sensor

assembly 700, force sensor assembly 700 is typically used by applying an applied
force to loading end 830 of elongate force responsive beam element 720. Since
loading end 830 is free to deflect in direction 730 and mounting end 820 is fixed, an
applied force in direction 730 exerted upon loading end 830 causes a deformation of
elongate force responsive beam element 720. Particularly, the deformation of elongate
force responsive beam element 720 is typically characterized by an increase in a
magnitude of elongate dimension Ls. As used herein, an undeformed state of elongate
force responsive beam element 720 refers to a configuration of elongate force
responsive beam element 720 when force sensor assembly 700 is not subject to an
applied force other than those forces which always act on force sensor assembly 700,

such as Earth’s gravitational force.

[00139] As seen particularly in sectional enlargements A and B of Fig. 8A, which

are taken along respective lines A — A and B — B of Fig. 8A, a cross-section 850 of
elongate force responsive beam element 720 generally perpendicular to longitudinal
axis 742 is hollow. It is appreciated that cross-section 850 is preferably hollow at both
mounting end 820 and loading end 830 of elongate force responsive beam element

720.

[00140] In the embodiment shown in Figs. 7A — 8C, cross-section 850 is generally

symmetric, and more particularly is generally rectangular. In another embodiment of

the present invention, cross-section 850 may be any suitable shape, including, inter
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alia, square, circular, elliptic, triangular, hexagonal, and star-shaped, and the shape of
cross-section 850 may be symmetric or non-symmetric. In one embodiment of the
present invention, cross-section 850 is generally uniform at both mounting end 820
and loading end 830 of elongate force responsive beam element 720. In another
embodiment of the present invention, cross-section 850 is not uniform at both
mounting end 820 and loading end 830 of elongate force responsive beam element
720; for example, cross-section 850 may include additional, preferably threaded,

material surrounding one or more of apertures 822 and 832.

[00141] It is appreciated that a shape and size of cross-section 850 is determined

both by inner surface 812 and outer surface 814 of elongate force responsive beam
element 720. In the embodiment illustrated in Figs. 7A — 8C, the shape of inner surface
812 at cross-section 850 is the same general shape as the shape of outer surface 814
at cross-section 850. In another embodiment of the present invention, the shape of
inner surface 812 at cross-section 850 is different than the shape of outer surface 8§14

at cross-section 850.

[00142] In the embodiment shown in Figs. 7A — 8C, in addition to throughgoing

longitudinal bore 800, elongate force responsive beam element 720 is also formed
with a transverse bore 860 along a transverse axis 862. As seen particularly in Fig.
8A, transverse axis 862 is generally perpendicular to both force application axis 732
and to longitudinal axis 742. In a preferred embodiment of the present invention, at
least one of strain gauges 760 and transverse bore 860 at least partially overlie one
another, and more preferably all of strain gauges 760 and transverse bore 860 at least
partially overlie one another. In the illustrated embodiment of the present invention,
transverse bore 860 is a throughgoing bore which fully pierces both first and second

side wall portions 804 and 806 of elongate force responsive beam element 720.

[00143] In the embodiment shown in Figs. 7A — 8C, in addition to transverse bore

860, elongate force responsive beam element 720 is formed with a plurality of bottom
recesses 866 in outer surface 814 of bottom wall portion 802 of elongate force
responsive beam element 720. Similarly, in the embodiment shown in Figs. 7A — 8C,
elongate force responsive beam element 720 is preferably additionally formed with a

plurality of top recesses 868 in outer surface 814 of top wall portion 808 of elongate
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force responsive beam element 720. In another embodiment of the present invention,
some or all of recesses 866 and 868 may be obviated.

[00144] It is appreciated that transverse bore 860 and recesses 866 and 868
preferably together act as a binocular strain engine and, together with elongate force
responsive beam element 720, define an upper beam 872 and a lower beam 874. Thus,
force sensor assembly 700 is preferably a multi-beam force sensor, and in a preferred
embodiment of the present invention, is a single-point force sensor, such as a single-
point load cell.

[00145] In the embodiment illustrated in Figs. 7A — 8C, upper beam 872 is formed
with markings 882, which are preferably formed on inner surface 812 of top wall
portion 808 of elongate force responsive beam element 720. Similarly, in the
embodiment illustrated in Figs. 7A — 8C, lower beam 874 is formed with markings
884, which are preferably formed on inner surface 812 of bottom wall portion 802 of
elongate force responsive beam element 720. In another embodiment of the present
invention, some or all of markings 882 and 884 may be obviated.

[00146] Markings 882 and 884 preferably indicate a plurality of strain positions
890 to which strain gauges 760 are to be affixed. In the embodiment shown in Figs.
7A — 8C, each of strain positions 890 is aligned with one of recesses 866 and 868, and
the geometry of transverse bore 860 results in strains of generally equal magnitude
being present at each of strain positions 890 as a result of the applied force.

[00147] It is appreciated that in a preferred embodiment of the present invention,
transverse bore 860 and recesses 866 and 868 are shaped to compensate for
eccentricity, such that force sensor assembly 700 provides a force indication output
that is uniform within a predetermined tolerance for off-center loading, wherein the
applied force is incident anywhere within a predetermined locus of loading end 830.

[00148] In a preferred embodiment of the present invention, elongate force
responsive beam element 720 is further formed with an electrical communication
aperture 892, preferably in side wall portion 804, to allow electrical communication
between electric cable 786 and PCB 782. Elongate force responsive beam element
720 is preferably further formed with a plurality of fastener apertures 898, preferably
in side wall portion 804, which are operative to receive cable fasteners 788 for the

affixation of electric cable 786 to elongate force responsive beam element 720.
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[00149] In one embodiment of the present invention, elongate force responsive
beam element 720 is formed of a metal, such as an aluminum alloy or a steel alloy. In
another embodiment of the present invention, elongate force responsive beam element
720 1s formed of a composite material, which may be either a metal matrix composite
material or a non-metal matrix composite material, such as, inter alia, a carbon
composite or fiberglass.

[00150] As described hereinbelow with reference to Fig. 9, elongate force
responsive beam element 720 may be formed by any suitable process, including, inter
alia, an extrusion process, a drawing process, a rolling process, a tube forming
process, which may be either a seamed tube forming process or a seamless tube
forming process, a forging process, a three-dimensional (3D) printing process, a metal
injection molding (MIM) process and a machining process.

[00151] Similarly, each of transverse bore 860, apertures 822, 832, 8§92 and 898,
and recesses 866 and 868 may be formed by any suitable process, including, inter alia,
machining, electrical discharge machining (EDM), broaching, erosion and ablation.

[00152] Reference is now made to Fig. 9, which is a simplified illustration of a
method for manufacturing force sensor assembly 700 of Figs. 7A — 8C. As seen at a
fabrication step 902, the method begins by fabricating elongate force responsive beam
element 720. As described hereinabove with particular reference to Figs. 8A — 8C,
elongate force responsive beam element 720 preferably extends along longitudinal
axis 742, which is generally perpendicular to force application axis 732, and elongate
force responsive beam element 720 is preferably formed with throughgoing
longitudinal bore 800 along longitudinal axis 742.

[00153] As noted above, fabrication step 902 may be any suitable process,
including, inter alia, an extrusion process, a drawing process, a rolling process, a tube
forming process, which may be either a seamed tube forming process or a seamless
tube forming process, a forging process, a three-dimensional (3D) printing process, a
metal injection molding (MIM) process and a machining process.

[00154] In a preferred embodiment of the present invention, bore 800 is formed
together with elongate force responsive beam element 720. For example, when using
an extrusion process for fabrication step 902, a hollow extrusion profile produced at

fabrication step 902 defines all of wall portions 802, 804, 806 and 808 as well as bore
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800 of elongate force responsive beam element 720. Thus, in such an embodiment,
preferably no subtractive processes are required to form bore 800.

[00155] In contrast, in embodiments wherein fabrication step 902 is a subtractive
process, bore 800 is preferably formed after an initial formation step of elongate force
responsive beam element 720. For example, at fabrication step 902, a solid bar may
first be produced, which may then be machined to form bore 800 therein, thereby
producing elongate force responsive beam element 720.

[00156] In one embodiment of the present invention, fabrication step 902 produces
beams each having an elongate dimension which is longer than elongate dimension
L3. In such an embodiment, fabrication step 902 includes cutting each beam into
lengths each having an elongate dimension equal to or nearly equal to Ls.

[00157] As seen at a detailing step 904, apertures and recesses in elongate force
responsive beam element 720, including apertures 822, 832, 892 and 898, transverse
bore 860 and recesses 866 and 868 are formed. In an embodiment wherein markings,
such as markings 882 and 884, are formed on elongate force responsive beam element
720, the markings are also preferably formed at detailing step 904. It is appreciated
that the apertures and recesses in elongate force responsive beam element 720, as well
as any markings on elongate force responsive beam element 720, may be formed by
any suitable process, including, inter alia, machining, electrical discharge machining
(EDM), broaching, erosion and ablation.

[00158] As described hereinabove with reference to Figs. 8A — 8C, transverse bore
860 is preferably a throughgoing transverse bore extending along transverse axis 862,
which is preferably generally perpendicular to both force application axis 732 and to
longitudinal axis 742. Additionally, as described hereinabove with reference to Figs.
8A — 8C, at least one, and more preferably all of, strain gauges 760 and transverse
bore 860 preferably at least partially overlie one another.

[00159] As seen at an assembly step 906, at least one strain gauge 760 is preferably
affixed to elongate force responsive beam element 720. As described hereinabove
with particular reference to Figs. 7A — 7D, strain gauge or gauges 760 preferably
generate a strain gauge output in response to a force applied in a force application
direction 730. Also at assembly step 906, strain gauge or gauges 760 are preferably

connected, using ECEs 770, to circuit elements 780, which in the embodiment shown
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in Figs. 7A -9, are affixed to elongate force responsive beam element 720, but need
not be affixed to elongate force responsive beam element 720.

[00160] As described hereinabove with particular reference to Figs. 7A — 7D, at
least some of circuit elements 780 preferably convert the strain gauge output of strain
gauge or gauges 760 into a force indication, indicating a magnitude of the applied
force. As described hereinabove with particular reference to Figs. 7A — 7D, strain
gauge or gauges 760 and circuit elements 780 are preferably fixedly mounted to
elongate force responsive beam element 720 using any suitable mounting material,
most typically an adhesive, such as, inter alia, cyanoacrylate, acrylic or epoxy, or
using protective cover elements 792. It is appreciated that the mounting material used
to affix circuit elements 780 to elongate force responsive beam element 720 may be
the same mounting material used to affix strain gauge or gauges 760 to elongate force
responsive beam element 720. Alternatively, the mounting material used to affix
circuit elements 780 to elongate force responsive beam element 720 may be a different
mounting material than that used to affix strain gauge or gauges 760 to elongate force
responsive beam element 720. Also at assembly step 906, electric cable 786 is
preferably electrically connected to circuit elements 780, and electric cable 786 is
preferably fixedly mounted to elongate force responsive beam element 720,
preferably using cable fasteners 788.

[00161] As seen in a sealing step 908, protective cover elements 792 are preferably
affixed to elongate force responsive beam element 720. It is appreciated that in an
embodiment in which protective cover elements 792 affix at least one of strain gauges
760 and circuit elements 780 to elongate force responsive beam element 720,
assembly step 906 and sealing step 908 are typically combined into a single step.

[00162] In another embodiment of the present invention, force sensor assembly 700
is hermetically sealed at sealing step 908, and protective cover elements 792 may be
obviated. Alternatively, sealing step 908 hermetically seals force sensor assembly 700
following attachment of protective cover elements 792.

[00163] Reference is now made to Figs. 10A — 10D, which are simplified
illustrations of an elongate force sensor assembly 1000 constructed and operative in
accordance with still an additional embodiment of the present invention, and to Figs.

11A — 11D, which are illustrations of an elongate force responsive beam element 1020
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of force sensor assembly 1000 of Figs. 10A — 10D. It is appreciated that force sensor
assembly 1000 is operative to measure a force applied in a force application direction
1030 which is parallel to a force application axis 1032. It is appreciated that force
application axis 1032 is preferably perpendicular to a longitudinal axis 1042 of
elongate force beam responsive element 1020. In a case wherein force sensor
assembly 1000 measures weight, force application axis 1032 is generally parallel
and/or antiparallel to a direction in which a gravitational force acts. It is further
appreciated that elongate force sensor assembly 1000 is preferably a shear force

sensor.

[00164] As seen in Figs. 10A — 11D, force sensor assembly 1000 includes elongate

force responsive beam element 1020, which preferably extends along longitudinal
axis 1042. In a preferred embodiment of the present invention, longitudinal axis 1042
is generally perpendicular to force application axis 1032. It is appreciated that

elongate force responsive beam element 1020 is an elastic element.

[00165] It is appreciated that, as described hereinabove, the term “elastic element”

refers to an element of a transducer whose deflection in response to an applied force
is sensed and converted into an output. Such an element is also referred to in the art
as, inter alia, an elastic body, a spring element and a spring body. It is appreciated that
elongate force responsive beam element 1020 is typically not formed from an
elastomer. Rather, as described hereinbelow, elongate force responsive beam element
1020 is preferably made from a material, such as a suitable metal or other suitable
solid material, which exhibits a linear relationship between the stress, namely an
applied force, and strain, namely deformation of elongate force responsive beam

element 1020.

[00166] As seen particularly in Figs. 10B — 10D, force sensor assembly 1000

preferably further includes at least one strain gauge 1060, and more preferably a
plurality of strain gauges 1060, which are fixedly mounted on elongate force
responsive beam element 1020 and generate a strain gauge output in response to a

force applied to force sensor assembly 1000 in application direction 1030.

[00167] In a preferred embodiment of the present invention, force sensor assembly

1000 includes an even number of strain gauges 1060, such as, inter alia, 2 strain

gauges 1060, 4 strain gauges 1060, 6 strain gauges 1060 or 8 strain gauges 1060.
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Depending on the number of strain gauges 1060 included in force sensor assembly
1000, strain gauges 1060 may be electrically connected to one another in, inter alia, a
quarter-bridge configuration, a half-bridge configuration, a full bridge configuration,
such as a Wheatstone bridge configuration, or a double-bridge configuration. In
another embodiment of the present invention, for example if force sensor assembly
1000 includes a quarter-bridge configuration, force sensor assembly 1000 includes an

odd number of strain gauges 1060.

[00168] In one embodiment of the present invention, strain gauges 1060 may be

affixed to elongate force responsive beam element 1020 using any suitable mounting
material, most typically an adhesive, such as, inter alia, a strain gauge bonding
material, such as epoxy. In another embodiment of the present invention, strain gauges
1060 may be deposited directly on elongate force responsive beam element 1020 for

example by vapor deposition.

[00169] Each strain gauge 1060 may be embodied as any suitable strain gauge,

including, inter alia, a foil strain gauge, a semiconductor strain gauge, a thin-film
strain gauge, a thick-film strain gauge and a wire strain gauge. Preferably, all strain
gauges 1060 in force sensor assembly 1000 are of the same class, and more preferably
of the same model. In a preferred embodiment of the present invention, each of strain
gauges 1060 is embodied as a foil or wire strain gauge rosette, where each rosette
includes multiple strain gauges, such as N2A-XX-S5095R-350/ES strain gauges,
commercially available from Vishay Precision Group, of Wendell, NC, USA.

[00170] Preferably, a plurality of electrically conductive elements (ECEs) 1070,

such as insulated copper conductors, electrically connect strain gauges 1060 to a
plurality of circuit elements 1080, at least some of which are preferably included in a
printed circuit board (PCB) 1082, such as a flexible PCB. As described hereinabove,
strain gauge or gauges 1060 preferably generate a strain gauge output, more
particularly, a resistance, in response to a deformation thereof, which deformation is
dependent on the applied force. Preferably, at least some of circuit elements 1080
convert the strain gauge output of strain gauge or gauges 1060 into a force indication,
indicating a magnitude of the applied force. As is well known in the art, the force
indication generated by circuit elements 1080 may be displayed to a user and/or used

in calculations by an automated or semi-automated system. By way of example,
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circuit elements 1080 may be embodied as a readout instrument, such as a VT300

commercially available from VPG Transducers of Ontario, CA, USA.

[00171] In a preferred embodiment of the present invention, force sensor assembly

1000 further includes an electric cable 1086, which electrically connects circuit
elements 1080 to external circuitry, including a power source (not shown). Preferably,
a plurality of cable fasteners 1088, such as, inter alia, cable ties, clamps or cable
glands, affix electric cable 1086 to elongate force responsive beam element 1020,
preferably to an inner surface of a wall portion thereof. In a preferred embodiment of
the present invention, electric cable 1086 includes multiple electrically conductive
elements, for example, a plurality of insulated copper conductors. In the embodiment
of the present invention illustrated in Figs. 10A — 10D, electric cable 1086 is disposed
within elongate force responsive beam element 1020. In another embodiment of the
present invention, electric cable 1086 is disposed outside of elongate force responsive

beam element 1020.

[00172] In one embodiment of the present invention, PCB 1082 may be affixed to

elongate force responsive beam element 1020 using a suitable mounting material,
typically an adhesive, such as, inter alia, cyanoacrylate or acrylic, or using at least one
protective cover element 1092. In another embodiment of the present invention, PCB
1082 is mounted on a support other than elongate force responsive beam element
1020, for example, on a support (not shown) to which elongate force responsive beam

element 1020 of force sensor assembly 1000 is mounted.

[00173] In the embodiment of the present invention shown in Figs. 10A — 11D,

force sensor assembly 1000 includes protective cover elements 1092 to protect and
insulate strain gauges 1060 and at least some of, and more preferably all of, circuit
elements 1080. It is appreciated that strain gauges 1060 and circuit elements 1080
which are protected by protective cover elements 1092 are disposed between elongate

force responsive beam element 1020 and one of protective cover elements 1092.

[00174] Protective cover elements 1092 may be formed of any suitable material,

such as, inter alia, room-temperature-vulcanizing (RTV) silicone, vulcanized rubber
or polyurethane, and are preferably affixed to elongate force responsive beam element
1020. In one embodiment of the present invention, protective cover elements 1092

also serve to affix at least one of strain gauges 1060 and circuit elements 1080 to

40



10

15

20

25

30

WO 2023/012783 PCT/IL2022/050820

elongate force responsive beam element 1020. In another embodiment of the present
invention, force sensor assembly 1000 may be hermetically sealed, over protective
cover elements 1092. Alternatively, protective cover elements 1092 may be obviated
when force sensor assembly 1000 is hermetically sealed.

[00175] Turning now particularly to Figs. 11A — 11D, it is seen that elongate force
responsive beam element 1020 is formed with a throughgoing longitudinal bore 1100
along longitudinal axis 1042. Thus, elongate force responsive beam element 1020 is
hollow along longitudinal axis 1042.

[00176] Longitudinal bore 1100 is preferably generally enclosed by a generally
planar rectangular bottom wall portion 1102 of elongate force responsive beam
element 1020, a first generally planar rectangular side wall portion 1104 of elongate
force responsive beam element 1020, a second generally planar rectangular side wall
portion 1106 of elongate force responsive beam element 1020 and a generally planar
rectangular top wall portion 1108 of elongate force responsive beam element 1020. It
is appreciated that elongate force responsive beam element 1020 is formed with an
inner surface 1112 and an outer surface 1114, both of which preferably extend along
all of wall portions 1102, 1104, 1106 and 1108.

[00177] Elongate force responsive beam element 1020 is preferably characterized
by an elongate dimension L4 along longitudinal axis 1042. In a preferred embodiment
of the present invention, as seen in Figs. 10A — 11D, throughgoing longitudinal bore
1100 extends along the entirety of elongate dimension L.

[00178] In a preferred embodiment of the present invention, as seen particularly in
Figs. 10A — 10D, throughgoing longitudinal bore 1100 may fully or partially house
one or more elements of force sensor assembly 1000, such as electric cable 1086.

[00179] Preferably, elongate force responsive beam element 1020 includes a
mounting end 1120, for fixedly mounting force sensor assembly 1000 to a support
(not shown). In the embodiment of the present invention shown in Figs. 10A — 11D0,
mounting end 1120 includes, preferably formed in bottom and top wall portions 1102
and 1108, a plurality of mounting apertures 1122 to receive mounting fasteners (not
shown) for affixing elongate force responsive beam element 1020 to the support. In
another embodiment of the present invention, mounting apertures 1122 may be

obviated, and elongate force responsive beam element 1020 is fixed to the support
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without using apertures, for example, by clamping mounting end 1120 of elongate

force responsive beam element 1020 to the support.

[00180] Elongate force responsive beam element 1020 further includes a loading

end 1130, being generally opposite mounting end 1120 along longitudinal axis 1042.
In the embodiment of the present invention shown in Figs. 10A — 11D, loading end
1130 includes, preferably formed in bottom and top wall portions 1102 and 1108, a
plurality of fastener apertures 1132 to receive at least one platform fastener (not
shown) for affixing a loading platform (not shown), such as a weighing platform, to
elongate force responsive beam element 1020. In another embodiment of the present
invention, apertures 1132 may be obviated, and either no loading platform is used
with force sensor assembly 1000 or the loading platform is fastened to elongate force
responsive beam element 1020 without using apertures, for example, by clamping the
loading platform to loading end 1130 of elongate force responsive beam element

1020.

[00181] Whether or not a loading platform is used in conjunction with force sensor

assembly 1000, force sensor assembly 1000 is typically used by applying an applied
force to loading end 1130 of elongate force responsive beam element 1020. Since
loading end 1130 is free to deflect in direction 1030 and mounting end 1120 is fixed,
an applied force in direction 1030 exerted upon loading end 1130 causes a
deformation of elongate force responsive beam element 1020. Particularly, the
deformation of elongate force responsive beam element 1020 is typically
characterized by an increase in a magnitude of elongate dimension L4. As used herein,
an undeformed state of elongate force responsive beam element 1020 refers to a
configuration of elongate force responsive beam element 1020 when force sensor
assembly 1000 is not subject to an applied force other than those forces which always

act on force sensor assembly 1000, such as Earth’s gravitational force.

[00182] As seen particularly in sectional enlargements A and B of Fig. 11A, which

are taken along respective lines A — A and B — B of Fig. 11A, a cross-section 1150 of
elongate force responsive beam element 1020 generally perpendicular to longitudinal
axis 1042 is hollow. It is appreciated that cross-section 1150 is preferably hollow at
both mounting end 1120 and loading end 1130 of elongate force responsive beam

element 1020.
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[00183] In the embodiment shown in Figs. 10A — 11D, cross-section 1150 is
generally symmetric, and more particularly is generally square. In another
embodiment of the present invention, cross-section 1150 may be any suitable shape,
including, inter alia, rectangular, circular, elliptic, triangular, hexagonal, and star-

5 shaped, and the shape of cross-section 1150 may be symmetric or non-symmetric. In
one embodiment of the present invention, cross-section 1150 is generally uniform at
both mounting end 1120 and loading end 1130 of elongate force responsive beam
element 1020. In another embodiment of the present invention, cross-section 1150 is
not uniform at both mounting end 1120 and loading end 1130 of elongate force

10 responsive beam element 1020; for example, cross-section 1150 may include
additional, preferably threaded, material surrounding one or more of apertures 1122
and 1132.
[00184] It is appreciated that a shape and size of cross-section 1150 is determined
both by inner surface 1112 and outer surface 1114 of elongate force responsive beam
15 element 1020. In the embodiment illustrated in Figs. 10A — 11D, the shape of inner
surface 1112 at cross-section 1150 is the same general shape as the shape of outer
surface 1114 at cross-section 1150. In another embodiment of the present invention,
the shape of inner surface 1112 at cross-section 1150 is different than the shape of
outer surface 1114 at cross-section 1150.
20 [00185] As seen in the embodiment shown in Figs. 10A — 11D, elongate force
responsive beam element 1020 is preferably additionally formed with a first recess
1154, including a generally planar wall portion 1155, in first side wall portion 1104
and a second recess 1156, including a generally planar wall portion 1157, in second
side wall portion 1106. It is appreciated that in the illustrated embodiment, first and
25 second recesses 1154 and 1156 are formed in outer surface 1114 of elongate force
responsive beam element 1020. Alternatively, first and second recesses 1154 and
1156, including respective generally planar wall portions 1155 and 1157, may be
formed in inner surface 1112 of elongate force responsive beam element 1020.
[00186] In a preferred embodiment of the present invention, at least one of strain
30 gauges 1060 is affixed to wall portion 1155 of first recess 1154 or wall portion 1157
of second recess 1156 in outer surface 1114 of elongate force responsive beam

element 1020. More preferably, all of strain gauges 1060 are affixed to wall portion
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1155 of first recess 1154 or wall portion 1157 of second recess 1156 in outer surface
1114 of elongate force responsive beam element 1020.

[00187] In the alternative embodiment, in which first and second recesses 1154 and
1156 are formed in inner surface 1112 of elongate force responsive beam element
1020, at least one of strain gauges 1060 is affixed to wall portion 1155 of first recess
1154 or wall portion 1157 of second recess 1156 in inner surface 1112 of elongate
force responsive beam element 1020. More preferably, all of strain gauges 1060 are
affixed to wall portion 1155 of first recess 1154 or wall portion 1157 of second recess
1156 in inner surface 1112 of elongate force responsive beam element 1020.

[00188] In a preferred embodiment of the present invention, elongate force
responsive beam element 1020 is further formed with an electrical communication
aperture 1192, preferably in side wall portion 1104, to allow electrical communication
between electric cable 1086 and PCB 1082. Elongate force responsive beam element
1020 is preferably further formed with a plurality of fastener apertures 1198,
preferably in side wall portion 1104, which are operative to receive cable fasteners
1088 for the affixation of electric cable 1086 to elongate force responsive beam
element 1020.

[00189] In one embodiment of the present invention, elongate force responsive
beam element 1020 is formed of a metal, such as an aluminum alloy or a steel alloy.
In another embodiment of the present invention, elongate force responsive beam
element 1020 is formed of a composite material, which may be either a metal matrix
composite material or a non-metal matrix composite material, such as, inter alia, a
carbon composite or fiberglass.

[00190] As described hereinbelow with reference to Fig. 12, elongate force
responsive beam element 1020 may be formed by any suitable process, including,
inter alia, an extrusion process, a drawing process, a rolling process, a tube forming
process, which may be either a seamed tube forming process or a seamless tube
forming process, a forging process, a three-dimensional (3D) printing process, a metal
injection molding (MIM) process and a machining process.

[00191] Similarly, each of recesses 1154 and 1156 and apertures 1122, 1132, 1192
and 1198 may be formed by any suitable process, including, inter alia, machining,

electrical discharge machining (EDM), erosion and ablation.
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[00192] Reference is now made to Fig. 12, which is a simplified illustration of a
method for manufacturing force sensor assembly 1000 of Figs. 10A — 11D. As seen
at a fabrication step 1202, the method begins by fabricating elongate force responsive
beam element 1020. As described hereinabove with particular reference to Figs. 10A
— 11D, elongate force responsive beam element 1020 preferably extends along
longitudinal axis 1042, which is generally perpendicular to force application axis
1032, and elongate force responsive beam element 1020 is preferably formed with
throughgoing longitudinal bore 1100 along longitudinal axis 1042.

[00193] As noted above, fabrication step 1202 may be any suitable process,
including, inter alia, an extrusion process, a drawing process, a rolling process, a tube
forming process, which may be either a seamed tube forming process or a seamless
tube forming process, a forging process, a three-dimensional (3D) printing process, a
metal injection molding (MIM) process and a machining process.

[00194] In a preferred embodiment of the present invention, bore 1100 is formed
together with elongate force responsive beam element 1020. For example, when using
an extrusion process for fabrication step 1202, a hollow extrusion profile produced at
fabrication step 1202 defines all of wall portions 1102, 1104, 1106 and 1108 as well
as bore 1100 of elongate force responsive beam element 1020. Thus, in such an
embodiment, preferably no subtractive processes are required to form bore 1100.

[00195] In contrast, in embodiments wherein fabrication step 1202 is a subtractive
process, bore 1100 is preferably formed after an initial formation step of elongate
force responsive beam element 1020. For example, at fabrication step 1202, a solid
bar may first be produced, which may then be machined to form bore 1100 therein,
thereby producing elongate force responsive beam element 1020.

[00196] In one embodiment of the present invention, fabrication step 1202
produces beams each having an elongate dimension which is longer than elongate
dimension Ls4. In such an embodiment, fabrication step 1202 includes cutting each
beam into lengths each having an elongate dimension equal to or nearly equal to L.

[00197] As seen at a detailing step 1204, apertures and recesses in elongate force
responsive beam element 1020, including apertures 1122 and 1132, recesses 1154 and
1156, including respective generally planar wall portions 1155 and 1157, electrical

communication aperture 1192 and fastener apertures 1198, are formed. In an
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embodiment wherein markings are formed on elongate force responsive beam
element 1020, the markings are also preferably formed at detailing step 1204. It is
appreciated that the apertures and recesses in elongate force responsive beam element
1020, as well as any markings on elongate force responsive beam element 1020, may
be formed by any suitable process, including, inter alia, machining, electrical

discharge machining (EDM), erosion and ablation.

[00198] As seen at an assembly step 1206, at least one strain gauge 1060 is

preferably affixed to elongate force responsive beam element 1020. In a preferred
embodiment of the present invention, at least one of strain gauges 1060 is affixed to
wall portion 1155 of first recess 1154 or wall portion 1157 of second recess 1156 in
outer surface 1114 of elongate force responsive beam element 1020. More preferably,
all of strain gauges 1060 are affixed to wall portion 1155 of first recess 1154 or wall
portion 1157 of second recess 1156 in outer surface 1114 of elongate force responsive

beam element 1020.

[00199] As described hereinabove with particular reference to Figs. 10A — 11D,

strain gauge or gauges 1060 preferably generate a strain gauge output in response to
a force applied in a force application direction 1030. Also at assembly step 1206,
strain gauge or gauges 1060 are preferably connected, using ECEs 1070, to circuit
elements 1080, which in the embodiment shown in Figs. 10A — 12, are affixed to
elongate force responsive beam element 1020, but need not be affixed to elongate

force responsive beam element 1020.

[00200] As described hereinabove with particular reference to Figs. 10A — 11D, at

least some of circuit elements 1080 preferably convert the strain gauge output of strain
gauge or gauges 1060 into a force indication, indicating a magnitude of the applied
force. As described hereinabove with particular reference to Figs. 10A — 11D, strain
gauge or gauges 1060 and circuit elements 1080 are preferably fixedly mounted to
elongate force responsive beam element 1020 using any suitable mounting material,
most typically an adhesive, such as, inter alia, cyanoacrylate, acrylic or epoxy, or
using protective cover elements 1092. It is appreciated that the mounting material
used to affix circuit elements 1080 to elongate force responsive beam element 1020
may be the same mounting material used to affix strain gauge or gauges 1060 to

elongate force responsive beam element 1020. Alternatively, the mounting material
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used to affix circuit elements 1080 to elongate force responsive beam element 1020
may be a different mounting material than that used to affix strain gauge or gauges
1060 to elongate force responsive beam element 1020. Also at assembly step 1206,
electric cable 1086 is preferably electrically connected to circuit elements 1080, and
electric cable 1086 is preferably fixedly mounted to elongate force responsive beam
element 1020, preferably using cable fasteners 1088.

[00201] As seen in a sealing step 1208, protective cover elements 1092 are
preferably affixed to elongate force responsive beam element 1020. It is appreciated
that in an embodiment in which protective cover elements 1092 affix at least one of
strain gauges 1060 and circuit elements 1080 to elongate force responsive beam
element 1020, assembly step 1206 and sealing step 1208 are typically combined into
a single step.

[00202] In another embodiment of the present invention, force sensor assembly
1000 is hermetically sealed at sealing step 1208, and protective cover elements 1092
may be obviated. Alternatively, sealing step 1208 hermetically seals force sensor
assembly 1000 following attachment of protective cover elements 1092.

[00203] Reference is now made to Fig. 13, which is a is a simplified flowchart of
a method for manufacturing a force sensor assembly, such as, inter alia, any of force
sensor assemblies 100, 400, 700 and 1000 of Figs. 1A — 12.

[00204] As seen in Fig. 13, the method begins at a fabrication step 1302, by
fabricating an elongate force responsive beam element (EFRBE), such as elongate
force responsive beam element 120, 420, 720 or 1020. As described hereinabove with
reference to Figs. 1A — 12, the EFRBE preferably extends along a longitudinal axis,
which is generally perpendicular to a force application direction, and the EFRBE is
preferably formed with a throughgoing longitudinal bore, such as bore 200, 500, 800
or 1100, along the longitudinal axis.

[00205] As noted above, fabrication step 1302 may be any suitable process,
including, inter alia, an extrusion process, a drawing process, a rolling process, a tube
forming process, which may be either a seamed tube forming process or a seamless
tube forming process, a forging process, a three-dimensional (3D) printing process, a

metal injection molding (MIM) process and a machining process.
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[00206] In a preferred embodiment of the present invention, the throughgoing
longitudinal bore is formed together with the EFRBE at fabrication step 1302. For
example, when using an extrusion process for fabrication step 1302, a hollow
extrusion profile produced at fabrication step 1302 preferably defines both the bore
of the EFRBE and all wall portions of the EFRBE which surround the bore. Thus, in
such an embodiment, preferably no subtractive processes are required to form the bore
of the EFRBE.

[00207] In contrast, in embodiments wherein fabrication step 1302 is a subtractive
process, the bore going through the EFRBE is preferably formed after an initial
formation step of the EFRBE. For example, at fabrication step 1302, a solid bar may
first be produced, and the bar may then be machined to form the throughgoing
longitudinal bore therein, thereby producing the EFRBE.

[00208] In one embodiment of the present invention, fabrication step 1302
produces beams each having an elongate dimension which is longer than a desired
elongate dimension of the EFRBE. In such an embodiment, fabrication step 1302
includes cutting each beam into lengths each having an elongate dimension which is
the desired elongate dimension of the EFRBE.

[00209] As seen at a detailing step 1304, a plurality of apertures and recesses are
preferably formed in the EFRBE formed at fabrication step 1302. Such apertures and
recesses may be operative to enable components to be fastened to the force sensor
assembly being fabricated and/or allow electrical communication between various
elements of the force sensor assembly being fabricated.

[00210] Additionally, a strain engine, typically a transverse bore, such as transverse
bore 260, transverse bore 560 or transverse bore 860, or one or more recesses, such
as recesses 1154 and 1156, may be formed at detailing step 1304. The strain engine
is preferably embodied as either a transverse bore extending along a transverse axis
of the EFRBE, or as at least one recess formed in at least one wall portion of the
EFRBE, the recess extending into the at least one wall portion along a transverse axis
of the EFRBE. The strain engine preferably has a geometry that provides a plurality
of strain positions on the EFRBE. When a force is applied in a loading direction to a
loading end of the EFRBE, each of the strain positions preferably experiences a strain

generally equal in magnitude to a magnitude of the strains experienced by each of the
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other strain positions. The loading direction is preferably perpendicular to both the
longitudinal axis of the EFRBE and the transverse axis of the EFRBE.

[00211] In a preferred embodiment of the present invention, the strain engine
formed at detailing step 1304 is a binocular strain engine, and together with the
EFRBE, defines an upper beam and a lower beam. Thus, the force sensor assembly
manufactured by the method of the flowchart of Fig. 13 is preferably a multi-beam
force sensor, and in a preferred embodiment of the present invention, is a single-point
force sensor, such as a single-point load cell.

[00212] In an embodiment wherein markings are formed on the EFRBE, the
markings are also preferably formed at detailing step 1304. It is appreciated that any
of the apertures, recesses and markings formed at detailing step 1304 may be formed
by any suitable process, including, inter alia, machining, electrical discharge
machining (EDM), erosion and ablation.

[00213] It is appreciated, as indicated by dashed lines in Figs. 13, that detailing step
1304 is optional. If no details, such as apertures, recesses or markings, are to be added
to the EFRBE fabricated at fabrication step 1302, then the method proceeds directly
from fabrication step 1302 to an assembly step 1306. In one embodiment, detailing
step 1304 may be combined with fabrication step 1302. For example, in an
embodiment wherein the EFRBE is formed by a 3D printing process, the EFRBE is
formed together with some, and more preferably all, of the details thereof, such as
apertures, recesses and/or markings.

[00214] As seen in Fig. 13, at assembly step 1306, electronics are preferably
affixed to the EFRBE. The electronics preferably include at least one strain gauge,
and more preferably, a plurality of strain gauges, such as, inter alia, 2 strain gauges, 3
strain gauges, 4 strain gauges, 5 strain gauges, 6 strain gauges, 7 strain gauges or 8
strain gauges. Depending on the number of strain gauges included in the force sensor
assembly, the strain gauges may be electrically connected to one another in, inter alia,
a quarter-bridge configuration, a half-bridge configuration, a full bridge
configuration, such as a Wheatstone bridge configuration, or a double-bridge
configuration. As described hereinabove, the strain gauge or gauges affixed to the
EFRBE at assembly step 1306 preferably generate a strain gauge output, typically an

electrical resistance, in response to a force applied in the force application direction.
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[00215] Also at assembly step 1306, the strain gauge or gauges are preferably
connected to a plurality of circuit elements. The circuit elements may be embodied as
a flexible printed circuit board, but need not be. In a preferred embodiment of the
present invention, the circuit elements are affixed to the EFRBE. In another
embodiment of the present invention, the circuit elements are not affixed to the
EFRBE. As described hereinabove, at least some of the circuit elements are preferably
operative to convert the strain gauge output of the strain gauge or gauges into a force
indication, indicating a magnitude of the applied force.

[00216] The strain gauge or gauges and the circuit elements are preferably fixedly
mounted to the EFRBE using any suitable mounting material, most typically an
adhesive, such as, inter alia, cyanoacrylate or epoxy, or using protective cover
elements. It is appreciated that the mounting material used to affix the circuit elements
to the EFRBE may be the same mounting material used to affix the strain gauge or
gauges to the EFRBE. Alternatively, the mounting material used to affix the circuit
elements to the EFRBE may be a different mounting material than that used to affix
the strain gauge or gauges to the EFRBE.

[00217] Also at assembly step 1306, an electric cable is preferably electrically
connected to the circuit elements, and the electric cable is preferably fixedly mounted
to the EFRBE, preferably using a plurality of cable fasteners. The electric cable
preferably electrically connects the circuit elements forming part of the force sensor
assembly manufactured using method Fig. 13 to external circuitry, including a power
source.

[00218] As seen in Fig. 13, the method continues with a sealing step 1308, in which
one or more protective cover elements are preferably affixed to the EFRBE. It is
appreciated that in an embodiment in which the protective cover elements are used to
affix at least one of the strain gauges and circuit elements to the EFRBE, assembly
step 1306 and sealing step 1308 are typically combined into a single step.

[00219] In another embodiment of the present invention, the force sensor assembly
is hermetically sealed at sealing step 1308, and the protective cover elements may be
obviated. Alternatively, sealing step 1308 hermetically seals the force sensor

assembly following the attachment of protective cover elements.
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[00220] It is additionally appreciated, as indicated by dashed lines in Fig. 13, that
sealing step 1308 is optional. If the force sensor assembly is not to be sealed, then the
method terminates following assembly step 1306.

[00221] It will be appreciated by persons skilled in the art that the present invention
is not limited to what has been particularly shown and described hereinabove. The
scope of the present invention includes both combinations and subcombinations of
various features described hereinabove as well as modifications thereof, all of which

are not in the prior art.
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CLAIMS

1. An elongate force sensor assembly for measuring a force applied in a force
application direction, the force sensor assembly comprising:

an elongate force responsive beam element extending along a longitudinal
axis which is generally perpendicular to said force application direction, said elongate
force responsive beam element being formed with a throughgoing longitudinal bore along
said longitudinal axis;

at least one strain gauge affixed to said elongate force responsive beam
element, each of said at least one strain gauge generating a strain gauge output in response
to said force; and

a plurality of circuit elements operative to convert said strain gauge output

into a force indication, indicating a magnitude of said force.

2. A force sensor according to claim 1 and wherein said elongate force
responsive beam element is also formed with a throughgoing transverse bore extending
along a transverse axis, generally perpendicular to both said force application direction
and to said longitudinal axis, said at least one strain gauge and said throughgoing

transverse bore at least partially overlying one another.

3. A force sensor according to claim 2 and wherein said elongate force

responsive beam element is formed by an extrusion process.

4. A force sensor according to claim 2 and wherein said elongate force

responsive beam element is formed by a rolling process.

5. A force sensor according to claim 2 and wherein said elongate force

responsive beam element is formed by a tube forming process.

6. A force sensor according to claim 2 and wherein said throughgoing

longitudinal bore houses at least one of said strain gauges.

52



10

15

20

25

30

WO 2023/012783 PCT/IL2022/050820

7. A force sensor according to claim 2 and wherein said throughgoing
longitudinal bore houses an electric cable, said electric cable being electrically connected

to said plurality of circuit elements.

8. A force sensor according to claim 1 and wherein said elongate force
responsive beam element is formed with at least one recess including a generally planar
wall portion, said at least one strain gauge being affixed to said generally planar wall

portion.

9. A force sensor according to claim 8 and wherein said elongate force

responsive beam element is formed by an extrusion process.

10. A force sensor according to claim 8 and wherein said elongate force

responsive beam element is formed by a rolling process.

11. A force sensor according to claim 8 and wherein said elongate force

responsive beam element is formed by a tube forming process.

12. A method of manufacture of a force sensor for measuring a force applied
in a force application direction, the method comprising:

fabricating an elongate force responsive beam element extending along a
longitudinal axis which is generally perpendicular to said force application direction, said
elongate force responsive beam element being formed with a throughgoing longitudinal
bore along said longitudinal axis;

affixing at least one strain gauge to said elongate force responsive beam
element, each of said at least one said strain gauge being operative to generate a strain
gauge output in response to said force; and

electrically connecting said at least one strain gauge to a plurality of circuit
elements operative to convert said strain gauge output into a force indication, indicating

a magnitude of said force.
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13. A method according to claim 12 and wherein said fabricating said elongate

force responsive beam element comprises an extrusion process.

14. A method according to claim 12 and wherein said fabricating said elongate

force responsive beam element comprises a rolling process.

15. A method according to claim 12 and wherein said fabricating said elongate

force responsive beam element comprises a three-dimensional printing process.

16. A method according to claim 12 and wherein said fabricating said elongate

force responsive beam element comprises a metal injection molding (MIM) process.

17. A method according to claim 12 and wherein said fabricating said elongate

force responsive beam element comprises a tube forming process.

18. A method according to claim 12 and wherein said fabricating said elongate

force responsive beam element comprises a machining process.

19. A method according to claim 12 and wherein:

said fabricating said elongate force responsive beam element also
comprises forming a throughgoing transverse bore extending along a transverse axis,
generally perpendicular to both said force application direction and to said longitudinal
axis; and

said affixing at least one strain gauge comprises affixing said strain gauge
such that said at least one strain gauge and said throughgoing transverse bore at least

partially overlying one another.

20. A method according to claim 12 and wherein:
said fabricating said elongate force responsive beam element also
comprises forming at least one recess, including a generally planar wall portion, in said

elongate force responsive beam element; and
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said affixing at least one strain gauge to said elongate force responsive
beam element comprises affixing said at least one strain gauge to said generally planar

wall portion.
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AMENDED CLAIMS
received by the International Bureau on 24 Jan 2023 (24.01.2023)

[Claim 1] An elongate force sensor assembly for measuring a force applied in a
force application direction, the force sensor assembly comprising:
an elongate force responsive beam element extending along a lon-
gitudinal axis which is generally perpendicular to said force application
direction, said elongate force responsive beam element being formed
with:

a throughgoing longitudinal bore along said longitudinal axis; and

a strain engine extending along a transverse axis, generally per-
pendicular both to said force application direction and to said lon-
gitudinal axis; and

at least one strain gauge affixed to said elongate force responsive beam
element, each of said at least one strain gauge generating a strain gauge
output in response to said force; and

a plurality of circuit elements operative to convert said strain gauge
output into a force indication, indicating a magnitude of said force.

[Claim 2] A force sensor according to claim 1 and wherein:
said strain engine comprises a throughgoing transverse bore; and
said at least one strain gauge and said throughgoing transverse bore at
least partially overlie one another.

[Claim 3] A force sensor according to claim 2 and wherein said elongate force re-
sponsive beam element is formed by an extrusion process.

[Claim 4] A force sensor according to claim 2 and wherein said elongate force re-
sponsive beam element is formed by a rolling process.

[Claim 5] A force sensor according to claim 2 and wherein said elongate force re-
sponsive beam element is formed by a tube forming process.

[Claim 6] A force sensor according to claim 2 and wherein said throughgoing lon-
gitudinal bore houses at least one of said strain gauges.

[Claim 7] A force sensor according to claim 2 and wherein said throughgoing lon-
gitudinal bore houses an electric cable, said electric cable being elec-
trically connected to said plurality of circuit elements.

[Claim 8] A force sensor according to claim 1 and wherein:
said strain engine comprises at least one transverse recess, including a
generally planar wall portion, in said elongate force responsive beam
element; and
said at least one strai~ ~~7e is affixed to said generally planar wall

portion.
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A force sensor according to claim 8 and wherein said elongate force re-
sponsive beam element is formed by an extrusion process.

A force sensor according to claim 8 and wherein said elongate force re-
sponsive beam element is formed by a rolling process.

A force sensor according to claim 8 and wherein said elongate force re-
sponsive beam element is formed by a tube forming process.

A method of manufacture of a force sensor for measuring a force
applied in a force application direction, the method comprising:
fabricating an elongate force responsive beam element extending along
a longitudinal axis which is generally perpendicular to said force ap-
plication direction, said elongate force responsive beam element being
formed with a strain engine extending along a transverse axis, generally
perpendicular both to said force application direction and to said lon-
gitudinal axis;

affixing at least one strain gauge to said elongate force responsive beam
element, each of said at least one said strain gauge being operative to
generate a strain gauge output in response to said force; and

electrically connecting said at least one strain gauge to a plurality of
circuit elements operative to convert said strain gauge output into a
force indication, indicating a magnitude of said force.

A method according to claim 12 and wherein said fabricating said
elongate force responsive beam element comprises an extrusion
process.

A method according to claim 12 and wherein said fabricating said
elongate force responsive beam element comprises a rolling process.

A method according to claim 12 and wherein said fabricating said
elongate force responsive beam element comprises a three-dimensional
printing process.

A method according to claim 12 and wherein said fabricating said
elongate force responsive beam element comprises a metal injection
molding (MIM) process.

A method according to claim 12 and wherein said fabricating said
elongate force responsive beam element comprises a tube forming
process.

A method according to claim 12 and wherein said fabricating said
elongate force responsive beam element comprises a machining
process.

A method according to claim 12 and wherein:
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said strain engine comprises a throughgoing transverse bore; and

said affixing at least one strain gauge comprises affixing said strain
gauge such that said at least one strain gauge and said throughgoing
transverse bore at least partially overlying one another.

A method according to claim 12 and wherein:

said strain engine comprises at least one transverse recess, including a
generally planar wall portion, in said elongate force responsive beam
element; and

said affixing at least one strain gauge to said elongate force responsive
beam element comprises affixing said at least one strain gauge to said

generally planar wall portion.
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