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(57) ABSTRACT

A bearing assembly which couples a road wheel to a
suspension system component on an automotive vehicle
includes a hub to which the wheel 1s attached and a housing
which 1s attached to the suspension system component. The
housing has two tapered raceways which surround raceways
on cones that are fitted on the hub. Organized 1n two rows
between the raceways of the housing and cones are tapered
rollers which roll along the raceways when the wheel
rotates. The rollers as they pass over the outer raceway
impart minute flexures to the housing and these tlexures are
monitored by multiple strain sensors on the housing. The
strains—and the signals produced by the sensors—retlect
conditions at the region of contact between a tire on the road
wheel and the road surface over which the tire rolls. When
the bearing assembly 1s used in 1ndustrial applications, such
as rolling mills or machine tools, the electrical signals
generated by the sensors provide indications usable by
clectronic processors and controllers which analyze these
signals to determine the loads placed upon various compo-
nents within a system which incorporates the bearing assem-

bly.

27 Claims, 4 Drawing Sheets
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BEARING ASSEMBLY WITH SENSORS FOR
MONITORING LOADS

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifi-
cation; matter printed in italics indicates the additions
made by reissue.

CROSS-REFERENCE TO RELATED
APPLICATIONS

This 1s a Continuation-In-Part of application Ser. No.
09/547,129 filed Apr. 10, 2000 now abandoned.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

Not applicable.

BACKGROUND OF THE INVENTION

This mvention relates 1 general to bearings and, more
particularly, to a bearing assembly which monitors forces
and torques transmitted through it to provide electrical
signals for use by devices which monitor and control vehicu-
lar dynamics based upon calculated tire patch loading or to
determine the general stresses, strains, and loads placed
upon a bearing.

There are a number of applications where the loads and
types of loads placed on a bearing 1n operation can provide
significant information about the bearing and the objects
attached to the bearing. One such application 1s 1 the
automotive ndustry where such loading information, 1n
clectrical signal form, 1s vital for the proper application of
Vehicular Dynamic Control (*VDC”) systems. Another
application 1s 1n the steel rolling mill industry where elec-
tronic processing and control 1s used to manipulate the speed
and torque of rollers during the rolling process. Yet another
application 1s the machine tool industry where program-
mable controllers and processors monitor and control the
speed of spindles 1n milling, cutting, and drilling machines.

In the automotive industry, many vehicles of current
manufacture come equipped with antilock braking systems.
A system of this type monitors the rotation of the wheels on
a vehicle and, when the brakes of the vehicle are applied,
relaxes the breaking force at any wheel which locks up and
skids. This reduces the tendency of the vehicle to veer off
course when the traction at the wheels differs and makes the
vehicle easier to steer under such circumstances. A few
vehicles have traction control systems. This type of system
monitors the rotation of driven wheels and distributes the
tractive eflort between those wheels, so that one does not
break loose and spin. While both systems enable the driver
of a vehicle to maintain better control over the vehicle, other
tactors influence the operation of the vehicle and, notwith-
standing the successiul operation of an antilock braking
system and a traction control system, those other factors may
still cause a vehicle to go out of control.

Significant among those other factors are the centrifugal
forces encountered by a vehicle when 1t negotiates a turn—
forces which act laterally on the vehicle. The {friction
between the vehicle tires and the road surface, that 1s at the
so-called ““tire contact patches™, resists these forces, but
sometimes the friction may not be enough and the vehicle
will slide, and perhaps go out of control, particularly if
operated by one having poor driving skills. Then again, the
frictional forces at the tire contact patches may prevent
sliding, but the centrifugal force generated by the turn,
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inasmuch as 1t acts at the center of gravity, which 1s above
the tire contact patches, may be suflicient to topple the
vehicle.

Automobile manufactures have turned to VDC systems to
prevent automobiles from going out of control in turns. The
typical VDC system relies on a yaw sensor which measures
the rate of change in yaw (rotation of the vehicle about its
vertical axis) and a lateral acceleration sensor to, 1n effect,
measure the centrifugal force imposed on the vehicle as a
consequence ol negotiating the turn. A VDC system also
takes into account the angular velocity of the road wheels,
the position of the steering wheel, and the power delivered
by the engine. The typical VDC system analyzes the infor-
mation and modulates the operation of the engine, as well as
the brakes, to better maintain control of the vehicle 1n the
turn.

i

T'he more sophisticated VDC systems also factor into the
real time analysis estimated loads at the individual wheels
and thus seek to evaluate conditions at the tire contact
patches. But when negotiating a turn, each tire contact patch
experiences forces and torques that do not comport with
simle analytical procedures. Thus, measuring the displace-
ment of a shock absorber piston, for example, does not give
a very reliable indication of conditions that exist at the tire
contact patch below that shock absorber. Certainly, 1t pro-
vides no indication of the torque at the tire contact patch,
much less of the location at which the resultant of the force
at the tire contact patch 1s acting.

Bearing assemblies exist which incorporate the use of
strain gages to provide certain information regarding various
bearing loads. For example, an antifriction rolling bearing
disclosed 1mn U.S. Pat. No. 5,140,849 i1ssued Aug. 25, 1992,
uses two strain gages to monitor the general loads applied to
a bearing. This bearing, however, 1s unable to provided the
multi-faceted data needed by high level VDC electronic
systems or by the processor controlled systems in the rolling
mills industry or the machine tool industry.

U.S. Pat. No. 4,748,844 discloses a load detection device
more related to the automotive industry. That device consists
of a multi-component load cell structure fixed to a hub on
which a road wheel 1s mounted, the load cell structure being
attached so as to rotate with the tire of the wheel. While that
device provides some signal benefits, this device cannot
provide signals imndicating all loads and all torques required
to enable a high level VDC electronic device to function
properly. In particular, that device mounts all of 1ts strain
gages 1n only one plane which 1s perpendicular to the axis
about which the wheel rotates. As a result, the signals from
the strain gages on that device are unable to detect the forces
tending to cause a vehicle to skid sideways or to roll the
vehicle over.

Therefore, while the automotive industry 1s continuing to
develop electronic devices which assist the driver to main-
tain control of his vehicle through various combinations of
brake application and continuous suspension adjustment, the
more sophisticated of these systems require reliable input
signals indicating the full spectrum of loading which are
indicative of the loads exerted at the tire contact patch.

Similarly, the rolling mill and machine tool industry
utilize various forms of process controls which require
monitoring of the loads placed on bearings. Specifically,
rolling mills need bearing feedback regarding indications of
belt slipping on rollers or indications that a particular set of
rollers 1s experiencing higher loads and torques. Computer
controlled machine tools need to monitor the amount of
torque being experienced by a bearing supporting a spindle
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in order to assess whether cutting and drilling tools have
becomes dull or whether the cutting or drilling speeds
exceed the limits established for proper machiming opera-
tions.

SUMMARY OF THE INVENTION

The present invention resides in a bearing assembly that
couples a road wheel to a suspension system component on
an automotive vehicle. The bearing assembly includes a hub
to which the road wheel 1s attached and a housing which 1s
attached to the suspension system component. The hub
rotates in the housing on rolling elements which are
arranged 1n two rows, with each row being between opposed
raceways on the but and housing. The rolling elements
impart minute flexures to the housing, and the flexures are
detected by strain sensors attached to the housing. In one
embodiment the sensors are located at 90° intervals around
cach raceway of the housing. In another they are on a flange
at which the housing 1s attached to the suspension system
component. In still another they are located along an inter-
vening surface that lies between the two raceways of the
housing. The invention also resides in the bearing assem-
blies of the several embodiments apart from a wheel and
suspension system component. Additionally, the present
invention resides 1n a bearing assembly equipped with strain
sensors used to generate electrical signals of a type and
mode which are usable by various types of electronic
processing and controlling devices which require such elec-
trical signals to calculate loads within the mechanical system
in which the bearing 1s incorporated.

The 1invention also resides in the method of using strain
sensors to generate electrical signals of a type and mode
which are usable by other automotive devices which func-
tion to provide dynamic control of a vehicle under various
loading conditions, or by other electronic devices 1n the
rolling mill industry or the machine tool industry.

DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a perspective view of a road wheel showing the
several forces and torques that act on it;

FIG. 2 1s a sectional view of a bearing assembly con-
structed 1n accordance with and embodying the present
imnvention;

FIG. 3 1s a plan view of one of the sensor modules for the
bearing assembly;

FI1G. 4 1s a plan view of a sensor for the sensor module of
FIG. 3;

FIG. 5 1s a perspective view of the housing for the bearing
assembly;

FIG. 6 1s an end view of a housing for a modified bearing
assembly;

FIG. 7 1s an expanded view showing the sensor modules
of the modified bearing assembly 1n a single plane; and

FIG. 8 1s an end view of a housing for another modified
bearing assembly;

DETAILED DESCRIPTION

Referring now to the drawings, a road wheel W (FIG. 1),
which supports an automotive vehicle on a road surface,
experiences several forces F and torques T when the wheel
W rolls along the road surface. First there i1s the vertical
force I, which generally represents the weight of the vehicle
and any 1nertial forces generated by irregularities 1n the road
surface and by braking. The wheel W also experiences
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horizontal forces F, which act generally 1in the direction the
wheel 1s headed. Also, there are thrust loads F,, which are
forces directed axially, that 1s 1n the direction on the axis X
of rotation. Then there 1s the vertical torque T, that 1s to say,
torque about an axis passing vertically through the wheel W
and sometimes referred to as the steering torque. Finally,
horizontal torque T,, sometimes referred to as the overturn-
ing moment, which acts about an axis passing horizontally
through the wheel W in the direction of advance for the
wheel W. Altogether the current immvention measures the
loads for five degrees of freedom which include three forces,
F.,F,, and F, and two moments, T, and T,

-

The wheel W has a rim 2 and a tire 4 mounted on the rim
2. The tire 4 contacts the road surface along a tire contact
patch 6, where the tire 4 experiences the forces F and torques
T. The magnitude of the forces and torques indicate condi-
tions at the tire contact patch 6 and, when evaluated with
other conditions 1n real time, provide a good representation
of the capacity of the vehicle to remain under control, or, on
the other hand, go out of control.

The wheel W 1s coupled to a component C (FIG. 2) of the
suspension system for the vehicle at a bearing assembly A
which enables the wheel W to rotate about the axis X while
transferring loads between the wheel W and suspension
system component C. Typically, the suspension system
component C 1s a steering knuckle. The bearing assembly A
includes a hub 12 to which the wheel W 1s attached, a
housing 14 which i1s secured to the suspension system
component C, and a bearing 16 which is located between the
hub 12 and housing 14 and enables the hub 12 to rotate on
the housing 14 with mimimal friction. To accommodate the
housing 14, the suspension system component C 1s provided
with a through bore 18 and a machined end face 20. For the
most part, the housing 14 fits partially into the bore 18 and
against the end face 20. The bearing 16 1s contained within
the housing 14. The hub 12 extends into the bearing 16
where 1s 1s confined both axially and radially.

More specifically, the hub 12 includes a flange 26 and a
hollow spindle 28 which projects from the flange 26 at a
shoulder 30 located on the back face of the flange 26.
Outwardly from the shoulder 30, the flange 26 1s fitted with
lug bolts 32 which project axially from 1ts other face and
pass through the rnm 2 of the road wheel W. Beyond the
wheel W, lug nuts 34 are threaded over the bolts 32 to secure
the wheel W to the hub 12.

At 1ts end remote from the flange 26, the spindle 28 1s
upset, that 1s, deformed outwardly in the provision of a
formed end 36 having an abutment face 38 that lies perpen-
dicular to the axis X and 1s presented toward the shoulder 30.
The bearing 16 1s captured between the shoulder 30 on the

flange 26 and the face 38 of the formed end 36.

The bearing 16 includes an 1nner race in the form of two
cones 40 which fit around the spindle 28, there being an
interference fit between each cone 40 and the spindle 28.
Each cone 40 has a tapered raceway 42 that i1s presented
outwardly away from the axis X, a thrust nb 44 at the large
end of 1ts raceway 42, and a back face 46, which 1s squared
ofl with respect to the axis X on the end of the thrust rib 44.
The inboard cone 40 1s somewhat longer than the outboard
cone 40 by reason of a cylindrical cone extension 48 which
projects beyond the small end of 1ts raceway 42. The cone
extension 48 may serve as a seat for a target wheel that 1s
monitored by a speed sensor in the housing 14. The inboard
cone 40 at its cone extension 48 abuts the small end of the
outboard cone 40 along the spindle 28, that is to say, the two
cones 40 abut at their front faces. The back face 46 of the
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outboard cone 40 abuts the shoulder 30 that lies along the
flange 16, whereas the back face 46 of the inboard cone 40
abuts the end face 38 on the formed end 36.

In addition to the cones 40, the bearing 16 includes
tapered rollers 54 arranged in two rows, there being a
separate row around each cone 40. Actually, the rollers 54
extend around the raceways 42 for the cones 40, there being
essentially line contact between the tapered side faces of the
rollers 54 and the raceways 42. The large end faces of the
rollers 54 bear against the thrust ribs 46. The rollers 54 of
cach row are essentially on apex, which means that the
envelopes 1n which their tapered side faces lie have their
apices located at a common point along the axis X. Each row
of rollers 54 has a cage 56 to maintain the proper spacing
between the rollers 54 in that row.

The housing 14 surrounds the spindle 28 as well as the
two cones 40 and the two rows of rollers 54. It forms part
of the bearing 16 1n that 1s has tapered raceways 38 which
are presented inwardly toward the axis X. In that sense, the
housing 14 constitutes the outer race of the bearing 16. The
raceways 58 on the housing 14 tape downwardly toward a
cylindrical intervening surface 39 which separates them.
The rollers 34 likewise lie along the raceways 58 of the
housing 14, there being essentially line contact between the
raceways 38 and the tapered side faces of the rollers 54. At
their large ends, the raceways 58 open 1nto short end bores
60 1n which the thrust ribs 44 of the two cones 40 are
located. Thus, each end of the bearing 16 has an annular
space, with that space being between the thrust rib 44 at that
end and the surrounding surface of the end bore 60.

The housing 14 has an exterior surface 62 that 1s generally
cylindrical and also a triangular or rectangular flange 64 that
projects from the surface 62 generally midway between its
ends. In the region behind the flanged 64, the diameter of the
surface 62 1s slightly less than the diameter of the through
bore 18 1n the suspension system component C. This portion
of the housing 14 fits into the bore 18 with some clearance,
while the back face of the flange 64 bears against the end
tace 20 on the component C. The housing 14 1s secured
firmly to the component C with bolts 66 that pass through
the latter and tread into the flange 64 on the former.

The annular spaces at the ends of the bearing 16 are closed
with seals 68 which {it into the end bores 60 of the housing
14 and around the thrust ribs 44 of the cones 40. U.S. Pat.
No. 5,022,659 discloses suitable seals for both locations.

The formed end 36 unitizes the assembly A. But the hub
12 does not always have the formed end 36. Initially, the
spindle 28 of the hub 12 extends from the shoulder 30 all the
way to its free end as a cylindrical surface. The two cones
40, with their complements of rollers 54 and with the
housing 14 captured between the rollers 54 of the two rows,
are 1nstalled over the cylindrical surface of the spindle 28
and advanced until the back face 46 of the outboard cone 40
comes against the shoulder 30 at the other end of the spindle
28. When the cones 40 are so positioned, a portion of the
spindle 28 projects beyond the back face 46 of the inboard
cone 40. This portion 1s deformed into the formed end 36.
PCT application GB 98/01823 (International Publication
No. WO98/58762) discloses a rotary forming process for
upsetting the mitially extended end of the spindle 28 and

converting that end into the integral formed end 36 which 1n
cllect unitizes the entire assembly A.

Other means may secure the two cones 40 on the spindle
28 as well. For example, the end of the spindle 28 may have
threads and a nut engaged with those threads and turned
down against the back face 46 of the imnboard cone 40.
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When the assembly A 1s so unitized, 1ts bearing 16 exists
in a condition of slight preload. Actually the spacing
between the inner raceways 42 on the cones 40 determines
the setting of the bearing 16, and that spacing depends on the
length of the cone extension 48 for the mmboard cone 40,
inasmuch as the rotary forming procedure which produces
the formed end 46 drives the mboard cone 40 toward the
outboard cone 40 with enough force to cause the cone
extension 48 on the former to abut the small end of the latter.
A nut threaded over the spindle 28 and turned down snugly
against the back face 46 of the inboard cone 40 will have the

same eftlect.

The forces F , F, and F, and the torques T, and T, which
act upon the wheel W retlect conditions at the tire contact
patch 6. For example, a balanced thrust load F, will reflect
travel 1n a straight line and will represent somewhat more
than the preload i the bearing 16. On the other hand, a
larger unbalanced thrust F , that 1s more 1n one direction than
the other, will indicate a turn or perhaps a significant
inclination of the vehicle to one side or the other. An increase

in the vertical force F  will reflect a turn or the application
of brakes 1f the wheel W 1s at the front of the vehicle.

The forces F , F,, F, and the torques T and T, which the
wheel W experiences are transierred to the suspension
system component C through the bearing assembly A, so the
bearing assembly A experiences those forces F and torques
T as well. The forces F and torque T manifest themselves 1n
minute expansions and contractions of the housing 14, and
these minute expansions and contractions are detected at
sensor modules M (FIG. §5) which are attached to the exterior
surface 62 of the housing 14 immediately outwardly from
both 1ts raceways 58. Actually, the tapered rollers 54 transier
the forces F and torques T from the cones 40 to the housing
14 and as they roll along the raceways 58, impart the
expansions and contractions in the baring 16. Those expan-
sions and contractions transfer to the exterior surface 62 and
to the locations of the sensors M along that surface 62.

In one embodiment, each sensor module M includes
(FIGS. 3 & 4) a strain gage 70 that basically consists of a
carrier matrix 72 and two foil resistance elements 74 and 76.
It should be noted that while the description of this embodi-
ment describes the use of bonded resistance strain gauge
sensors which operate by changing resistance values, other
types of strain sensors such as mechanical sensors, photo-
clectric sensors, optical sensors, capacitance sensors, mduc-
tance sensors, and semiconductor sensors are also equally
suitable. In this embodiment, however, the carrier matrix 72
1s formed from a suitable polymer, such as polyimide, that
itsell 1s capable of expanding and contracting with the
housing 14. It 1s bonded to the exterior surface of the
housing 14 with a suitable adhesive. Each foil resistance
element 74 and 76 1s formed from a suitable metal foil, such
as constantan foil, which i1s bonded to the carrier matrix 72
such that 1s experiences the same expansions and contrac-
tions as the matrix 72. Each resistance element 74 and 76 has
several parallel legs 78 and end loops 80 connecting the ends
of the adjacent legs 78. The outermost legs 78 terminate at
tabs 82. The elements 74 and 76, while both being on the
matrix 72, are electrically 1solated from each other.
Moreover, the legs 78 of the element 74 are oriented at 90°
with respect to the legs 78 of the element 76. The resistance
of each leg 78 varies when 1t undergoes the expansion and
contractions experienced by the carrier matrix 72, and the
resistance of each element 74 and 76 undergoes an even
greater change in resistance, inasmuch as 1t consists of
multiple legs 78 connected in series. The matrix 72 electri-
cally 1solates the elements 74 and 76 from the metal housing
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14, yet transmits the minute expansions and contractions of
the housing 14 to the legs 78 of the elements 74 and 76.

In addition to 1ts sensor 70, each sensor module M
includes a temperature compensator 84 and a terminal block
86. The temperature compensator 84 should operate at the
same temperature as the sensor 70, and to this end, should
be located on the housing 14 adjacent to the sensor 70, even

on the carrier matrix 72 of the sensor 70. In this regard, the
resistances of the resistance elements 74 and 76 not only
vary will expansions and contractions of the matrix 72, but
also with temperature. The temperature compensator 84 1s
connected to the resistance elements 74 and 76, either
through a bridge circuit or through a processor, such that 1t
compensates or oflsets changes 1 the resistances of the
clements 74 and 76 attributable to temperature variations.
Thus, the signals derived from the resistance elements 74
and 76 retlect only varniations 1n strain. The terminal block 86
contains terminals 88 to which the tabs 82 on the resistance
clements 74 and 76 are connected and to which the tem-
perature compensator 84 1s likewise connected, all through
leads. The terminals 88 are in turn connected to a processor
for evaluating and processing the signals produced by the
resistance elements 74 and 76 and the temperature compen-
sator 84.

Four sensor modules M are attached to the exterior
surface 62 of the housing 14 radially outwardly from the
outboard raceway 58 and they are arranged at 90° intervals,
(FIG. 5) one being with its sensor 70 at the top of the surface
62, another with 1ts sensor 70 at the bottom of the surface 62
and the other two with their sensors 70 at the sides of the
surface 62. The remaining four sensor modules M are also
attached to the exterior surface 62, but they are located
radially outwardly from iboard raceway 58. They too are
located at 90° intervals, with their sensors 70 being at the
top, bottom and sides of the surface 62. In other words, the
sensors 70 are arranged 1n two rows, with the sensors in each
row being located 0°, 90°, 180°, and 270°, 0° being top
center. In each of the sensors 70 of the eight modules M, the
legs 78 of the resistance element 74 for that sensor 70 extend
circumierentially, whereas the legs 78 of the clement 76
extend axially with respect to the bearing housing 14.

When the road wheel W rolls over a road surface and
carries the suspension system component C with 1t—as well
as the entire vehicle of which the component C 1s a part—the
spindle 28 of the hub 12 rotates 1n the housing 14. The cones
40 of the bearing 16, being fitted to the spindle 28 with an
interference fit, likewise rotate. The tapered rollers 34 of the
outboard row roll along the raceway 42 of the outboard cone
40 and the outboard raceway 38 of the housing 14. The
tapered rollers 54 of the inboard row roll along the raceway
42 of the mnboard cone 40 and the inboard raceway 38 of the
housing 16. As the rollers 54 roll between their respective
raceways 42 and 358 they transier radial loads between the
cones 40 and the housing 14. The radial load exerted by any
roller 54 against the outer raceway 58 along which it rolls
causes the housing 14 to flex minutely, and this flexure,
while existing at the raceway 58, transifers through the
housing 14 to the exterior surface 62 and manifests 1tself as
a slight circumiferential, and somewhat smaller, axial elon-
gation of the surface 62 radially outwardly from the line of
contact between the roller 534 and the raceway 58. Thus, each
time a loaded roller 58 passes between a sensor 70 and the
axis X, the flexure that occurs along its raceway 38 1is
transmitted to the exterior surface 62 at the sensor 70 where
it elongates the parallel legs 78 of the resistance element 74
for sensor 70 and increases the resistance of the resistance
clement 76. The magmtude of the change in resistance
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depends on the load, for a roller which bears against its
raceway 38 with a heavy force will impart a greater tlexure
than one which bears with a lesser force. By comparing the
flexure—and thus the roller loads—reflected 1n the signals
from the sensors 70, one can ascertain conditions at the tire
patch 6 in real time.

A modified bearing assembly B (FIG. 6) 1s the same as
bearing assembly A 1n all respects, except the location and
orientation of the sensors 70 for the eight sensor modules M.
The bearing assembly B has 1ts sensor modules M located

along and attached to the outside flange surface 635 of the
flange 64 of the housing 14. FIG. 7 shows an unfolded view
ol the positions and orientations of the sensors 70 along the
outside flange surface 65. Four of the sensor modules M
have their sensors 70 located at 0°, 90°, 180°, and 270°
around the outside flange surface 635, with the very top of the
outside flange surface 65 being 0°. These sensors 70 have
the legs 78 of their resistance elements 74 extended circum-
terentially and the legs 78 of their resistance elements 76
extended axially with respect to the housing. The remaining
four sensor modules M have their sensors 70 located at 25°,
65°, 155°, and 295° from top center, measuring forwardly
and then around. The legs 78 of the resistance elements 74
and 76 1n the remaining sensors 70 are oriented at 45° with
respect to the circumierential direction and likewise 435°
with respect to the axial direction.

Another modified bearing assembly D (FIG. 8) also
resembles the bearing assembly A 1n every respect except
the location of the sensors 70 for the eight sensor modules
M. The bearing assembly D has 1ts sensor modules M
located along and attached to the intervening surface 59 that
lies between the two raceways 38 of the housing 14. FIG. 7
shows an unfolded view of the positions and orientations of
the sensors 70 along the source 59. Four of the sensor
modules M have their sensors 70 located at 0°, 90°, 180°,
and 270° around the surface 59, with the very top of the
surface 59 being 0°. These sensors 70 have the legs 78 of
their resistance elements 74 extended circumierentially and
the legs 78 of their resistance elements 76 extended axially
with respect to the housing. The remaining four sensor
modules M have their sensors 70 located at 25°, 65°, 155°
and 295° from top center, measuring forwardly and then
around. The legs 78 of the resistance elements 74 and 76 1n
the remaining sensors 70 are oriented at 45° with respect to
the circumierential direction and likewise 45° with respect
to the axial direction. In short, the location of the sensors 70
along the intervening surface 59 corresponds to the location
of the sensors 70 along the tflange surface 65 of the bearing
assembly B, and basically, the same holds true with respect
to the orientation of the resistance elements 74 and 76 of the

sensors 70 (FI1G. 7).

Another embodiment resembles the bearing assembly A 1n
every respect except there 1s not road wheel W, rim 2, or hub
12. Instead, the bearing assembly A 1s mounted to any
rotating shait mstallation and the bearing sensors are there-
after used to provide electrical signals indicative of the
circumierential, circumierential-axial, axial torque, and
shear strains on the bearing generally. Examples of appli-
cations which would need such information are process
controls for rolling mills and process controls for machine
tools. It will be obvious to one skilled 1n the art of bearing
design and bearing use that there are many other applica-
tions wherein the loading sustained by a bearing would
require the use of a bearing capable of providing electrical
signals for monitoring those bearing loads.
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What 1s claimed 1s:

[1. In combination with an automotive road wheel and an
automotive suspension system component, a bearing assems-
bly for coupling the road wheel to the suspension system
component so that the road wheel can rotate relative to the
suspension system component about an axis of rotation
while providing monitoring capabilities for bearing loading,
said bearing assembly comprising:

a hub including a flange and a spindle projecting from the
flange, with 1ts axis being the axis of rotation, the
spindle having first and second inner raceways on fit,
with the raceways being presented outwardly away
from the axis;

a housing surrounding the spindle of the inner race and
having first and second outer raceways presented
inwardly toward and surrounding the first and second
raceways, respectively;

rolling elements arranged 1n first and second rows
between the first and second raceways, respectively,
and contacting the raceways to transter both radial and
axial loads between the housing and spindle; and

at least four first strain sensors located on the housing to
measure circumierential strains and circumierential
strains less axial strains, the at least four sensors being
located on the housing such as to provide a series of
signals, the signals being capable of providing infor-
mation allowing the calculating of loads for at least
four degrees of freedom.]

[2. The combination according to claim 1 wherein one of
the sensors being at the top of the housing, another at the
bottom of the housing and others at the sides of the housing;
the wheel being attached to the flange of the hub and the
housing being attached to the suspension system component,
whereby the bearing assembly couples the road wheel to the
suspension system component and monitors forces trans-
terred between the wheel and suspension system compo-
nent.]

[3. The combination according to claim 2 wherein the first
sensors located at the top, bottom and sides of the housing
are oriented to detect strains in the circumierential direction
in the housing.]

[4. The combination according to claim 3 wherein the first
sensors are located on the housing around one of the outer
raceways; and wherein the combination further comprises
four second strain sensors located on the housing around the
second outer raceway, with one of the second sensors being
at the top of the housing, another at the bottom of the
housing and the others at the sides of the housing.]

[S. The combination according to claim 4 wherein the
raceways are tapered and the rolling elements are tapered
rollers.]

[6. The combination according to claim 2 wherein the
housing has a flange which projects outwardly, wherein the
bearing assembly 1s attached to the suspension system
component at the flange, and wherein the first sensors are
located on the flange.]

[7. The combination according to claim 6 wherein the first
sensors are oriented to detect stain i1n the circumierential
direction; and additional sensors attached to the flange and
being oflset circumierentially from the first sensors, the
additional sensors being oriented to detect strains oblique to
the circumferential direction.]

[8. The combination according to claim 7 wherein the
additional sensors are oriented at a 45 degree angle with
respect to the circumferential direction of the housing.]

[9. The combination according to claim 7 wherein one of
the additional sensors 1s located between the top first sensor
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and one of the side first sensors, another of the additional
sensors 15 located between the top first sensor and the other
side first sensor; and still another of the additional sensors 1s
located between one of the side sensors and the bottom
sensor. ]

[10. The combination according to claim 9 where yet
another additional sensor 1s located between the top first
sensor and one of the side first sensors so that two additional
sensors are located between the top sensor and said one side
sensor. |

[11. The combination according to claim 2 wherein the
housing has an intervening surface located between the outer
raceways, and the first sensors are located on the intervening
surface.]

[12. The combination according to claim 11 wherein the
first sensors are oriented to detect strains 1n the circumfier-
ential direction; and wherein the combination further com-
prises additional sensors attached to the intervening surface
and being offset circumstantially from the first sensors, the
additional sensors being oriented to detect strains oblique to
the circumferential direction.]

[13. The combination according to claim 12 wherein the
additional sensors are oriented at a 45 degree angle with
respect to the circumferential direction of the housing.]

[14. The combination according to claim 12 wherein one
of the additional sensors 1s located between the top first
sensor and one ol the side first sensors, another of the
additional sensors 1s located between the top first sensor and
the other side first sensor; and still another of the additional
sensors 15 located between one of the side sensors and the
bottom sensor.}

[15. The combination according to claim 14 wherein yet
another additional sensor 1s located between the top first
sensor and one of the side first sensors, so that two additional
sensors are located between the top sensor and side one side
sensor. |

[16. A bearing assembly for facilitating rotation about an
axis and the monitoring of bearing loads, said bearing
assembly comprising:

an mner race having first and second inner raceways

presented outwardly away from the axis;

a housing surrounding the mner race and having first and
second raceways presented mmwardly toward and sur-
rounding the first and second 1nner raceways, respec-
tively; first rolling elements arranged 1n a row between
and contacting the first raceways and second rolling
clements arranged in a row between and contacting the
second raceways, whereby the mner race will rotate
with minimal friction 1n the outer races and the rolling
clements will roll along the raceways;

first sensors located around the housing radially out-
wardly from the first outer raceway to detect strains in
the housing outwardly from the first outer raceways;

second sensors located around the housing radially out-
wardly from the second outer raceway to detect strains
on the housing outwardly from the second outer race-
way; and

the at least four sensors being located on the housing such

as to provide a series of signals, the series of signals
being capable of providing information allowing the
calculating of loads for at least four degrees of free-
dom.]

[17. A bearing assembly according to claim 16 wherein
first and second sensors are attached to the housing at the top
of the housing, more first and second sensors are attached to
the housing at the bottom of the housing, and still more first
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and second sensors are attached to the housing at the sides
of the housing.]

[18. A bearing assembly according to claim 17 wherein
the sensors are oriented to detect strains in the circumier-
ential direction.}

[19. A bearing assembly according to claim 17 wherein
the sensors are oriented to detect oblique strains.}

[20. A bearing assembly according to claim 17 wherein
the sensors are oriented to detect circumierential strains less
axial strains.}

[21. A bearing assembly for facilitating rotation about an
axis and the monitoring of loads; said bearing assembly
comprising:

an ner race having first and second inner raceways

presented outwardly away from the axis;

a housing surrounding the inner race and having first and
second raceways presented mwardly toward the sur-
rounding the first and second 1nner raceways, respec-
tively;

first rolling elements arranged 1 a row between and
contacting the first raceways and second rolling ele-
ments arranged 1n another row between and contacting
the second raceways, whereby the inner race will rotate

with minimal friction in the outer race and the rolling
clements will roll along the raceways; and

sensors attached to the housing outwardly from the outer
raceways to detect strains 1n the housing, each sensor
having an axis along which it 1s sensitive to dimen-
stonal changes, some of the sensors being oriented with
their axes extended in the circumierential direction to
detect strains 1n that direction, and others of the sensors
being oriented with their axis oblique to the circum-
ferential direction to detect oblique strains, the sensors
being located on the housing such as to provide a series
of signals, the series of signals being capable of pro-
viding information allowing the calculating of loads for

at least four degrees of freedom.}

[22. A bearing assembly according to claim 21 wherein
the sensors are arranged in a circumierentially extending
row.}

[23. A bearing assembly according to claim 22 wherein
the housing has a flange which ends outwardly, and the
sensors are on the flange.}

[24. A bearing assembly according to claim 23 wherein
the housing has an intervening surface between the outer
raceways, and the sensors are on the intervening surface.}

[25. A method of evaluating the conditions that exist at a
tire contact patch between a tire of a road wheel and a road
surface, comprising the following steps:

a. attaching a road wheel to a hub having a spindle that
rotates about an axis and in a housing that i1s attached
to a suspension system component of an automotive
vehicle, the spindle having first and second inner race-
ways on 1t, with the raceways being presented out-
wardly away from the axis and inclined 1n opposite
directions with respect to the axis, the housing having
first and second outer raceways that surround the first
and second inner raceways, respectively, there being
first rolling elements located in a row between the
second raceways, so that when rotation 1s imparted to
the wheel, the first and second rolling elements will roll
along the first and second raceways, respectively;

b. monitoring the stains 1n the housing at multiple loca-
tions;

c. measuring stains i the housing at multiple locations;

d. emitting signals related to the strains measured; and
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¢. calculating the loads for five degrees of freedom, said

calculations being made based on the stains measured.}

[26. The method according to claim 25 further comprising
the step of monitoring the strains which are in the
circumferential, axial, and oblique direction from the axis.}

[27. The method according to claim 26 further comprising
the step of monitoring the stains 1n the circumierential, axial,
and oblique direction from the axis by detecting signals from
at least four sensors located at a top of the housing, at a
bottom of the housing, and at each side of the housing.]

[28. The method according to claim 26 further comprising
the step of monitoring the strains in the circumierential,
axial, and oblique direction from the axis by detecting
signals from at least four sensors located on a flange surface
of the housing at a top of the flange surface, at a bottom of
the flange surface, and at each side of the flange surface.}

[29. The method according to claim 26 further comprising
the step of monitoring the stains 1n the circumierential, axial,
and oblique direction from the axis by detecting signals from
at least four sensors located at a top edge of a flange of the
housing, at a bottom edge of the flange of the housing, and
at each side edge of the flange of the housing.}

[30. The method according to claim 25 further comprising
the step of monitoring the strains in the circumierential,
axial, and oblique direction from the axis by detecting
signals a series of sensors located 1n a single row around the
housing.]

[31. The method according to claim 25 further comprising
the step of momitoring the strains from a series of sensors
located along an intervening surface that lies between the
first and second outer raceways.]

[32. The method according to claim 25 further comprising
the step of momtoring the strains from a series of sensors
located on the housing, said series of sensors being oriented
at a 45 degree angle with respect to the circumierential
direction of the housing.]

33. In combination with a component for the suspension
system of an automotive vehicle and a road wheel for the
vehicle, with the road wheel being located adjacent to the
suspension component, a bearing assembly for coupling the
road wheel to the suspension component to enable the road
wheel to rotate about an axis and to transfer loads between
the voad wheel and suspension component, all while detect-
ing forces that veflect conditions wheve the wheel contacts a

road, the bearing assembly comprising:

a hub to which the road wheel is secured, the hub having
a spindle located along the axis;

first and second inner vaceways carvied by the spindle of
the hub, the inner raceways being presented outwardly
away from the axis;

a housing located arvound the inner vaceways and having
circumferentially and generally axially dirvected exte-
rior and intervior surfaces that ave presented outwardly
away from and inwardly toward the axis and a flange
which projects outwardly away from the civcumferen-
tially and axially directed exterior surface, the housing
being secured to the suspension component at its
flange, the circumferentially and axially divected exte-
vior and interior surfaces and the flange together
providing a sensing surface on the housing;

first and second outer raceways carried by the housing
and presented inwardly toward the axis and the inner
raceways, with the first outer raceway being presented
toward as the first inner raceway and the second outer
raceway being presented toward the same divection as
the second inner raceway;,

first rolling elements arranged in a rvow between and
contacting the first raceways and second rolling ele-
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ments arranged in a row between and contacting the
second raceways, whereby the hub will rotate with
minimal friction in the housing and the individual
rolling elements will voll along the raceways to transfer
between the housing and hub rvadial loads and thrust
loads in both axial directions and impart to the housing
strains that are reflected in flexures along the sensing
surface; and

strain sensors located at multiple locations along the

housing, the strain sensors being configuved and ovi-

ented to detect strains along the housing in at least one
axial, civcumferential and obligue direction.

34. The combination accovding to claim 33 further com-

prising modules located at multiple locations along the

10

sensing surface of the housing, and wherein at least some of 4

the strain sensors are located in the modules.

35. The combination according to claim 34 wherein each
module includes a temperature compensator.

36. The combination according to claim 33 wherein the
strain sensors ave located in modules that are attached to the
sensing surface and some of the modules have their strain
sensors oriented obliquely to detect shear.

37. The combination according to claim 33 wherein at
least some of the strain sensors ave located along a civcum-
ferentially and axially dirvected surface of the housing that is
presented outwardly away from the axis.

38. The combination according to claim 33 wherein at
least some of the strain sensors ave located along a civcum-
ferentially and axially divected surface of the housing that is
presented inwardly toward the axis.

39. The combination according to claim 33 wherein at

least some of the strain sensors ave located on the flange of

the housing.

40. The combination according to claim 33 wherein at
least some of the strain sensors arve located on the housing
at 0°, 90°, 180° and 270° with respect to the vertical.

41. The combination according to claim 40 wherein the
strain sensors that are located at 0°, 90°, 180° and 270° are

oriented to detect strains in both the civcumferential and

axial divections.

42. The combination according to claim 41 wherein at
least one movre sensor is circumferentially offset with respect
to the strain sensors located at 0°, 90° [180° and 270°
wherein the at least one more sensor senses shear.

43. The combination according to claim 42 wherein the
offset sensor senses strains oblique to the circumferential
and axial directions.

44. In combination with a component for the suspension
system of an automotive vehicle and a voad wheel for the
vehicle, with the road wheel being located adjacent to the
suspension component, a bearing assembly for coupling the

road wheel to the suspension component to enable the road

wheel to votate about an axis and to transfer loads between
the voad wheel and suspension component, all while detect-
ing forces that reflect conditions where the wheel contacts a
road, the bearing assembly comprising:

a hub to which the road wheel is secured, the hub having
a spindle located along the axis;

first and second inner raceways carrvied by the spindle of

the hub, the inner raceways being presented outwardly
away from the axis;

a housing located arvound the inner raceways and having
circumferentially and generally axially divected exte-
rior and interior surfaces that ave presented outwardly
away from and inwardly toward the axis and a flange
which projects outwardly away from the civcumferen-
tially and axially directed exterior surface, the housing
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being securved to the suspension component at its
flange, the circumferentially and axially divected exte-
vior and interior surfaces and the flange together
providing a sensing surface on the housing;

first and second outer raceways carried by the housing
and presented inwardly toward the axis and the inner
raceways, with the first outer raceway being presented

toward the same direction as the first inner raceway
and the second outer vaceway being presented toward
the same direction as the second inner raceway,

first rolling elements arranged in a rvow between and
contacting the first raceways and second rolling ele-
ments arrvanged in a vow between and contacting the
second raceways, wherveby the hub will rotate with
minimal friction in the housing and the individual
rolling elements will roll along the raceways to transfer
between the housing and hub radial loads and thrust
loads in both axial dirvections and impart to the housing
strains that ave reflected in flexures along the sensing
surface; and

modules located at multiple locations along the sensing
surface of the housing, the modules having strain
sensors which ave configured and oviented to detect
strains along the sensing surface in circumfervential and
axial divections and to detect strains in directions
oblique to the circumferential and axial divections.

45. The combination accorvding to claim 44 wherein at
least some of the strain sensors are located on the housing
at 0°, 90°, 180° and 270° with respect to the vertical.

46. The combination according to claim 45 wherein the
strain sensors that are located at 0°, 90°, 180° and 270° are
oriented to detect strains in both the circumferential and
axial directions.

47. The combination according to claim 46 wherein at
least one morve sensor is circumferentially offset with rvespect
to the strain sensors located at 0°, 90° [80° and 270°
wherein the at least one more sensor senses shear.

48. The combination accorvding to claim 47 wherein the
offset sensor semnses strains oblique to the circumferential
and axial divections.

49. The combination accovding to claim 44 wherein the
strain sensors are located on the sensing surface adjacent to
the suspension component, the suspension component influ-
ences strain distribution within the housing of the bearing
such that the sensors measure the distributed strains.

50. The combination according to claim 49 wherein the
suspension component comprises a brake.

51. The combination according to claim 44 wherein at
least some of the sensors ave located on a flange surface of
the flange of the housing.

52. The combination accorvding to claim 44 whervein the
housing has an intervening surface located between the
outer raceways and the strain sensors are located on the
intervening surface.

53. The combination accorvding to claim 52 wherein the
strain sensors which are located on the intervening surface
correspond to the positions of the strain sensors located
along the flange surface.

54. The combination according to claim 44 wherein the
strain sensors arve located along the sensing surface for
measuring strains applied to the housing for each degree of

freedom of the road wheel.

55. The combination accorvding to claim 44 whervein the
strain sensors comprise strain gages.

56. A method of evaluating vesults from modules disposed
on a housing of a bearing, the results velating to a suspen-
sion component of an automotive vehicle and a voad wheel
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for the vehicle, with the road wheel being located adjacent
to the suspension component, a bearing assembly for cou-
pling the road wheel to the suspension component to enable
the road wheel to rotate about an axis and to transfer loads
between the road wheel and suspension component, all
while detecting forces that reflect conditions where the wheel
contacts a rvoad, the method comprising:

attaching the road wheel to a hub of the suspension

component, the hub having a spindle located along an

axis and in the housing that is attached to the suspen-

sion component, with

first and second inner raceways carried by the spindle
of the hub, the inner raceways being presented
outwardly away from the axis and, with respect to the
axis;

the housing being located arvound the inner raceways
and having circumferentially and generally axially
dirvected exterior and interior surfaces that are pre-
sented outwardly away from and inwardly toward the
axis and a flange which projects outwardly away
from the cirvcumferentially and axially divected exte-
vior surface, the housing being secured to the sus-
pension component at its flange, the circumferen-
tially and axially directed exterior and interior
surfaces and the flange together providing a sensing
surface on the housing;

first and second outer raceways carried by the housing
and presented inwardly toward the axis and the inner
raceways, with the first outer vaceway being pre-
sented toward and inclined in the same divection as
the first inner raceway and the second outer raceway
being presented toward and inclined in the same
dirvection as the second inner raceway;
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first volling elements arranged in a row between and
contacting the first vaceways and second rvolling
elements arrange in a vow between and contacting
the second raceways, whereby the hub will rotate
with minimal friction in the housing and the indi-
vidual volling elements will roll along the raceways
to transfer between the housing and hub vadial loads
and thrust loads in both axial directions and impart
to the housing strains along the sensing surface;

positioning modules at multiple locations along the
housing, the modules having strain sensors which are
configured and oriented for detecting strains along the

housing in at least one axial, circumferential and
oblique direction;

monitoring the strain sensors in the housing at the mul-
tiple locations; and

measuring the strains detected by the strain sensors
wherein the modules calculate loads applied to the
housing based on the detected strains.

57. The method according to claim 56 wherein detecting
the strains along the housing comprises detecting strains
along the sensing surface in circumferential and axial
directions and detecting strains in divections oblique to the
circumferential and axial divections.

58. The method according to claim 56 wherein positioning
the modules comprises orientating the sensors obliquely on
the housing to detect shear.

59. The method according to claim 56 wherein positioning
the modules comprises locating the strain sensors on the
flange of the housing.
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