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An electromechanical force sensor uses a rotating element
that aligns with the force and may carry a force magnitude
sensor simplifying and providing more accurate measure-
ment of force-angle and force-magnitude. The ability to
detect simply force-angle and force-magnitude enables a
variety of training and exercise devices.
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ELECTROMECHANICAL
FORCE-MAGNITUDE, FORCE-ANGLE
SENSOR

CROSS-REFERENCE TO RELATED
APPLICATIONS

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

BACKGROUND OF THE INVENTION

The present invention relates to force sensors, and in par-
ticular, to an electromechanical force sensor measuring both
force magnitude and angle.

Force sensors, such as strain gauges attached to an elastic
carrier, are well known in the art for producing an electrical
signal proportional to force. Generally, strain gauges provide
a change of resistance as the conductive material of the strain
gauge is stretched or compressed. Strain gauges are designed
to be sensitive principally along a single axis and will be
termed “single axis sensors” producing a magnitude and sign
of force in one dimension.

The measurement of force magnitude and direction in two
or more dimensions (angle) may be accomplished by placing
a number of single axis sensors along different orthogonal
axes. Hach sensor provides a vector component of the force
which may be summed to produce a single vector in multiple
dimensions.

Measurement of force magnitude and angle may be desir-
able in certain therapeutic and/or exercise equipment where
knowledge of not only how hard a user is pushing, for
example, on the pedal of a stationary bike, but also the angle
in which the user is pushing can be important in providing the
user with feedback for therapy or training or in providing
sophisticated control of the training device.

Extraction of force angle from multiple, single-axis sen-
sors is difficult, requiring accurate alignment and calibration
of multiple sensors. Further, cross talk between sensors,
caused by their sensitivity to off-axis forces, introduces error
in force angle when derived by this method.

SUMMARY OF THE INVENTION

The present invention provides an electromechanical force
angle, force magnitude sensor using an eccentrically rotating
mechanical element to detect the force angle. A single axis
sensor, such as a strain gauge, mounted on the rotating ele-
ment is always aligned with the force, and so may be used to
measure force magnitude. In one application, this simple
method of measuring force magnitude and force angle can be
incorporated into training equipment to allow muscle activa-
tion patterns to be deduced for superior user feedback.

Specifically then, the present invention provides a sensor
for measuring a force magnitude and force angle of a force
acting on a member. The sensor includes a rotating element
mounted on the member to rotate according to a force angle of
a force supplied through the rotating element to the member.
A rotation sensor provides an electronic measurement of the
rotation of the rotating element to reveal the force angle, and
the force sensor provides a measurement of the force magni-
tude of the force.
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Thus, it is an object of at least one embodiment of the
invention to provide a mechanical element for measuring
force angle. The rotating element moves like a weathervane to
always align with the force eliminating the need for complex
vector mathematics or problems of sensor cross talk.

The force sensor may be a single axis force sensor mounted
on the rotating element to rotate therewith.

Thus, it is an object of at least one embodiment of the
invention to eliminate the need for multiple force sensors and
calibration of those force sensors with each other by provid-
ing a single force sensor always aligned with the vector angle
of the force.

The rotating element may have a first bearing along a first
axis for receiving a shaft to rotate about the shaft along the
first axis and may have a second bearing along a second axis
parallel to, but displaced from, the first axis for rotating with
respectto an operator about the second axis where the force is
applied between the operator and the shaft.

Thus, it is an object of at least one embodiment of the
invention to provide a simple mechanism that always aligns
with the axis of a force through the use of displaced rotational
axes which establish a torque when the axes are not aligned
with the force angle.

The shaft may be attached to the member.

Thus, it is an object of at least one embodiment of the
invention to provide a simple attachment of the present inven-
tion to devices such as stationary bicycles having shafts
extending from bicycle crank arms.

The shaft may fit within a bore of an eccentric to form a first
bearing and the eccentric may fit within the bore of the opera-
tor to form the second bearing.

Thus, it is an object of at least one embodiment of the
invention to provide a mechanism that is extremely compact
with each element fitting inside of the next.

The first bearing may provide at least two axially separated
fulcrum points, and the second bearing may provide at least
two axially separated fulcrum points so that one set of ful-
crum points flanks the other.

Thus, it is an object of at least one embodiment of the
invention to provide a “floating linkage” with reduced sensi-
tivity to the particular point of loading of the operator along
the axis.

The force sensor may be at least one strain gauge.

It is thus one object of at least one embodiment of the
invention to provide a mechanism that may work with com-
mon and reliable force sensors.

The member may be the crank arm of a bicycle.

Thus, it is another object of at least one embodiment of the
invention to provide a mechanism suitable for stationary
bicycles and the like.

Generally, the present invention may enable a training
device having a support for a user and a limb-engaging sur-
face receiving a limb of the user when the user is positioned
on the support. An actuator may control movement of the
limb-engaging surface and the multi-axis force sensor may
hold the limb-engaging surface with respect to the user’s
support. A position sensor may detect a position of the limb-
engaging surface. A controller holding a kinematic model of
the limb and communicating with the multi-axis force sensor
and the position sensor measures an angle of applied force
and the position of the limb-engaging surface, and uses the
model to deduce a muscle activation pattern. The controller
changes the movement of the limb-engaging surface through
the actuator in response to the deduced muscle activation
pattern.
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Thus, it is an object of at least one embodiment of the
invention to provide sufficient measurement of limb motion
and force so as to deduce muscle activation patterns for feed-
back or control purposes.

These particular objects and advantages may apply to only
some embodiments falling within the claims and thus do not
define the scope of the invention.

BRIEF DESCRIPTION OF THE FIGURES

FIG.11is aside-elevational view of the crank of a stationary
bicycle showing a pedal incorporating the sensor of the
present invention;

FIG. 2 is an exploded, perspective view of the sensor of
FIG. 1 as held within the pedal;

FIG. 3 is across-sectional view taken along line 3-3 of FIG.
1 showing rotation of the sensor in response to a force angle;

FIG. 4 is a cross-section perpendicular to the cross-section
of FIG. 3 along a line of force showing rotation and strain
sensing circuit elements of the sensor;

FIG. 5 is a schematic diagram of the circuit elements of
FIG. 4,

FIG. 6 is a simplified exploded perspective view with an
alternative embodiment of the present invention providing
wire connections to the sensor elements; and

FIG. 7 is a block diagram of a control device using a
kinematic model of the limb to deduce muscle activation
patterns from force magnitude and angle provided by the
present invention.

BRIEF DESCRIPTION OF THE PREFERRED
EMBODIMENT

Referring now to FIG. 1, the present invention provides a
force sensor 10 that, in one embodiment, may fit within a
pedal 12 of a stationary bicycle or the like. As is understood in
the art, the pedal 12 may be attached to a crank arm 14 of a
crank assembly 16. The crank assembly 16 also provides a
second pedal and crank arm (not shown) so that two pedals
may be engaged by a user’s feet for exercise of the legs.

Specifically, a user’s foot 18 may press upon the pedal 12
to provide a force 22 shown as a vector having a force angle
and first axis 24 through the pedal, and a force magnitude
shown as a length of the vector. The pedal 12 is constrained to
a circular rotation path 26 by the operation of the crank
assembly 16 and motion of the pedal 12 normally requires a
component of the force 22 to project along vector 28 tangen-
tial to rotation path 26 at the first axis 24, but generally does
not require alignment of vectors of forces 22 and 28.

Referring flow to FIG. 3, the force sensor 10 may attach the
pedal 12 to the crank arm 14 by means of a shaft 30 extending
along the first axis 24 and having two bearings 32 (here shown
as ball bearings held by circumferential races) positioned at
either end of the shaft 30 at a separation distance 34 equally
spaced from a mid point between the ends of the shaft 30. The
shaft 30 and bearings 32 may fit within the bore 36 of an
eccentric 38, the eccentric 38 being generally a cylinder with
the bore 36 aligned with the first axis 24 of the shaft 30, but
offset from a second parallel axis 27 of the cylinder so that the
outer circumference of the cylinder is eccentric about the bore
36. The bore 36 includes races (not shown) completing the
bearings 32.

An outer end of the eccentric 38 toward the crank arm 14
may abut an encoder disk 49 extending radially about the
shaft 30 and attached to the crank arm 14. As will be described
below, the eccentric 38 may expose two photo sensor/detector
pairs 62 that may read 90-degree-phase separated encoder
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pattern 48 imprinted on the encoder disk 49 allowing elec-
tronics within the eccentric 38 to detect rotation of the eccen-
tric 38 with respect to the shaft 30.

The outer circumference of the eccentric 38 may support
bearings 40 equally spaced from a common mid point with
the shaft 30 between the ends of the eccentric 38 but at a
separation distance 42 less than separation distance 34.

Eccentric 38 and the bearings 40 may fit within support
sleeve 44 being a cylindrical tube having a central opening 46
receiving the eccentric 38, and providing for corresponding
races 41 completing the bearings 40. The sleeve 44 press fits
within a corresponding bore 50 of the pedal 12.

Referring now to FIG. 2, force 22 on pedal 12 causes
rotation of the eccentric 38 within the sleeve 44 about second
axis 27 as the outer circumference of the eccentric 38 is
pressed in the direction of the force 22 and the bore 36 of the
eccentric 38 is pressed in an opposite direction by a resisting
force 22' from the shaft 30. The result is to align the center of
the shaft 30 along the first axis 24 and the center of the
eccentric 38 along the second axis 27 along the line of force
22 with the axes 24 and 27 at their greatest separation. Thus,
aradial line from first axis 24 to the second axis 27 will always
be aligned with the force 22. Rotation of the eccentric 38 thus
reveals the angle of the force 22. Other methods of detecting
the relative rotation of the eccentric 38 with respect to the
crank arm 14 or other structure will be understood to those of
ordinary skill in the art.

Referring now to FIGS. 3 and 4, an outer end of the eccen-
tric 38, furthest from the crank arm 14, may include a
threaded access cover 45 providing access to interior control
electronics 54 communicating with an upper strain gauge 56
and alower strain gauge 58 applied to the outer circumference
of the eccentric 38 aligned with the radial line from first axis
24 to the second axis 27. Thus, for a given force 22, the upper
strain gauge 56 may measure a compressing strain of strain
gauge 56 and expanding strain of strain gauge 58 as aresult of
fulcrum points 60 formed by the bearings 32 and 40 previ-
ously described. Control electronics 54 may also communi-
cate with photo sensor/detector pairs 62 exposed from the
inner end of the eccentric 38 toward the crank arm 14 to view
the encoder disk 49 to detect rotation of the eccentric 38 with
respect to the crank arm 14.

Referring now to FIG. 5, the resistance of the strain gauges
56 and 58 may be subtracted, for example, using a Wheat-
stone bridge network (not shown) communicating with a
differential amplifier 66 to produce a measurement of the
magnitude of the force 22 along a radial line from first axis 24
to the second axis 27 based on known relationships between
stress and strain of the eccentric 38 such as may be empiri-
cally determined. A microcontroller 68 may receive this force
measurement and signals from the photo sensor/detector
pairs 62 viewing encoder pattern 48 to deduce force angle and
magnitude. This force angle and magnitude may be provided
to a local transmitter 70 for transmitting this information
wirelessly to a remote sensor. Absolute force angle may be
determined by a rotation sensor (described below) determin-
ing the location of the pedal 12, and thus the relative rotation
of the shaft 30 and encoder disk 49 to which the force angle
measurement is referenced.

In an alternative embodiment, the magnitude of the force
can be determined indirectly from a measurement of torque
on the crank assembly 16 or at other points in the force
transmission path.

Referring now to FIG. 6, in an alternative embodiment,
direct wiring of sensor data to a stationary processor 84 may
be accomplished by using a follower 71 which may attach
pivotally at one end to the crank arm 14 by fitting about the
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shaft 30, and which may attach pivotally at the other end to an
idler arm 72 of equal length and angle to the crank arm 14.
The follower 71 thus forms part of a four bar linkage in which
follower 71 may move with a known angular relationship
(e.g., constant horizontal orientation) to follow shaft 30 and
provide areference frame for measuring rotation of the eccen-
tric 38. The encoder disk 49 may be mounted to the follower,
orin a second embodiment as shown, the outer circumference
of eccentric 38 may form a cog pulley 74 at its inner end
communicating with a second cog pulley 76 by means of belt
78 to turn a standard rotary encoder 80 attached to the fol-
lower 71.

Insofar as the pedals 12 can generally maintain a relatively
narrow angular range with respect to the follower 71, enforce,
for example, with a guide slot on the follower 71, the strain
gauges 56 and 58 and rotary encoder 80 can be directly wired
by means of wires 82 along follower 71 to the stationary
processor 84 without the need for wireless connection.

Referring now to FIG. 7, signals 86 and 86', each providing
force angle and magnitude, may be obtained from each of two
pedals 12 and 12' on crank assembly 16 and provided to
stationary processor 84. The information about force magni-
tude and force angle may be displayed on a display 90
attached to the stationary processor 84, for example, as a
vector diagram, or in any number of well known graphical
representations. The display of the data of signals 86 and 86'
on display 90 may be used to encourage the user to activate
certain muscles by producing a particular force angle as
opposed to simply a force magnitude as described generally
in U.S. application Ser. No. 11/231,644 filed Sep. 21, 2005,
hereby incorporated by reference, and assigned to the same
assignee as the present invention.

Force magnitude and angle may also be used to evaluate
left/right asymmetries found in all users and of particular
interest following injury and recovery.

In addition, crank position may be detected through posi-
tion encoder 88 and provided to the stationary processor 84,
either to assist in determining absolute force angle, or to
provide information about muscle activation patterns as will
be described below.

Generally, the stationary processor 84 may control an
actuator 92 communicating with the crank assembly 16 for
providing resistance or opposing force pedals 12, either as a
constant resistance or a varying force as a function of the
position signal 89 and the force magnitude and angle signals
86 and 86' also as described in the above referenced co-
pending application.

In one embodiment, the stationary processor 84 may
include a kinematic model 100 of the limb 20 used to actuate
the pedals 12. This model 100, providing for joints, bone
lengths, and muscle group attachment points, may be used
with the position signal 89 and the force angle and magnitude
of signals 86 and 86', to deduce the particular muscle groups
being activated by the user. The display 90 may also provide
information about the exercise of particular muscle groups
and, thus may provide guidance to the user about efficient use
of muscles in pedaling.

This muscle group activation information may also be used
to limit exercise of particular muscles in favor of other
muscles by controlling the actuator 92 to reduce force for
some muscle groups and increase it for others on a real-time
basis. This may be used for rehabilitation purposes when a
particular muscle should not be exercised, yet cardiovascular
exercise of the limb is generally desired, or for customizing
the training system to train particular muscles that differ from
those normally trained by a constant resistance of a stationary
bike or the like.
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The ability to determine the usage of different muscle
groups may be used to provide a bike-fitting system that may
evaluate the proper human-machine geometry for optimal
exercise or biking. By determining the actual muscle usage
pattern through the use of the model 100, the user is prevented
from being able to favor particular muscles over the one
requiring exercise through adoption of a different muscle
activation pattern.

The present inventors have determined that generally, for
the case of bicycling, users tend to adopt a muscle usage
pattern that matches that which would be required for walking
rather than that which is easiest or most efficient for propel-
ling the crank assembly. The present invention could be used
for retraining users for efficient bicycling.

It is specifically intended that the present invention not be
limited to the embodiments and illustrations contained
herein, but include modified forms of those embodiments
including portions of the embodiments and combinations of
elements of different embodiments as come within the scope
of' the following claims.

We claim:

1. A sensor for measuring a force magnitude and force
angle of a force acting on a member, the sensor comprising:

a rotating element mounted on the member to rotate
according to a force angle of a force applied through the
rotating element to the member;

a rotation sensor providing an electronic measurement of
the rotation of the rotating element to reveal the force
angle; and

a force sensor providing a measurement of force magni-
tude of the force;

wherein the rotating element has a first bearing along a first
axis for receiving a shaft to rotate about a first axis along
the shaft, and has a second bearing along a second axis
parallel to, but displaced from, the first axis for rotating
with respect to an operator, and wherein the force is
applied between the operator and the shaft.

2. The sensor of claim 1 wherein the force sensor is a single
axis force sensor mounted on the rotating element to rotate
therewith to alignment with the force angle.

3. The sensor of claim 1 wherein the shaft is attached to the
member.

4. The sensor of claim 1 wherein the shaft fits within a bore
of the rotating element to form the first bearing, and the
rotating element fits within a bore of the operator to form the
second bearing.

5. The sensor of claim 4 wherein the first bearing provides
at least two axially separated fulcrum points, and the second
bearing provides at least two axially separated fulcrum points
so that one set of fulcrum points flanks the other.

6. The sensor of claim 1 wherein the force sensor is at least
one strain gauge.

7. The sensor of claim 1 wherein the member is a crank arm
of'a bicycle.

8. The sensor of claim 1 including a display device attached
to the rotation sensor and force sensor to provide visual feed-
back to indicate force magnitude and angle.

9. The sensor of claim 1 including an actuator that controls
motion of the member and receives signals from the rotation
sensor and force magnitude sensor to modify resistance of the
member as a function of the force angle.

10. A pedal training system comprising:

a seat supporting a user;

apedal support attached to pedals for engaging a user’s left
and right foot for movement of the pedal support when
the user is supported by the seat;
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at least two rotating elements, one mounted to each of two
crank arms to rotate according to a force angle of a force
applied to the pedals independent of the user’s foot
orientation;

a rotation sensor associated with each rotating element
providing an electronic measurement of the rotation of
the rotating element to reveal the force angle; and

a single axis force sensor mounted on the rotating element
to rotate therewith in alignment with the force angle.

11. The training system of claim 10 including a computer

attached to the rotation sensor and force sensor to calculate
efficiency of force application.

8

12. The training system of claim 10 including an actuator
that controls motion of the pedal support and receives signals
from the rotation sensor and force sensor to modify resistance
of the pedal support as a function of the force angle.

13. The training system of claim 10 including a display
device attached to the rotation sensor and force sensor to
provide visual feedback to indicate force and angle.

14. The training system of claim 10 including a computer
attached to the rotation sensor and force sensor to detect

10 asymmetry in force application of the left and right foot.
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