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load sensors provide a signal. A controller is coupled to receive signals from the one or more directional force sensors and determ-
ines characteristics of forces applied to the directional force sensors.
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DIRECTIONAL FORCE SENSING ELEMENT AND SYSTEM

BACKGROUND
[0001]  Musculoskeletal injuries (MSI) to the lower limbs are a pervasive

modern health problem, especially in the military. Recent studies indicate that

members of the military (“service members”) experience hundreds of thousands of
lower body MSI injuries annually, making such injuries a leading cause of lost duty
days. One source of lower body MSI injury may be overburden during sustained
marches. However, measuring real-world static and dynamic loads of service
members is difficult, making the quantification of performance degradation and
MSI due to overload in the field impossible. Measurement of the degree of
overburden before, during and after missions may enable more efficient planning
and combat effectiveness, reduce service member injuries, and allow improved
designs for clothing, footwear, and other equipment. Therefore, improved load
sensing and tracking systems are envisioned to accurately quantify both static and

dynamic load outside of laboratory settings.

SUMMARY
[0002] This Summary is provided to introduce a selection of concepts in a
simplified form that are further described below in the Detailed Description. This
Summary is not intended to identify key features or essential features of the
claimed subject matter, nor is it intended to be used to limit the scope of the

claimed subject matter.

[0003] in one aspect of the concepts sought to be protected herein, a
directional force sensing element is provided from a flexible leaf spring (e.g. a
metal wave washer) having with strain gages coupled thereto. A rigid-flex circuit
is suspended in a central portion of the flexible leaf spring with flexible arms
extending out to the wave washer and a flexible tail to connect the board to other
circuitry. The strain gages are affixed to the ends of the flexible arms. The rigid
center of the wave washer contains circuitry for reading the analog strain gage

values and converting them to digital values.
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[0004] In accordance with another aspect of the concepts sought to be
protected herein, an apparatus for measuring a directional force includes a leaf
spring, one or more load sensors disposed about the leaf spring and disposed on
the leaf spring such that in response to a force applied to the leaf spring, the one
or more load sensors provide a signal at an output thereof and an analog-to-digital
converter (ADC) coupled to receive signals from the one or more load sensors
wherein a digital output of each channel of the ADC is employed to determine a

magnitude and a direction of a force applied to the directional force sensor.

[0005] The above apparatus may include one or more of the following features
in any combination: the leaf spring may be provided having an undulating surface:
the leaf spring may be provided having a closed shape, an open shape or a linear
shape; the leaf spring may be provided having a generally oval shape; the leaf
spring is provided having a generally circular shape; the one or more load sensors
may be disposed on a surface of the leaf spring; the one or more load sensors
may be disposed about a perimeter of the leaf spring; the leaf spring may be
provided as a wave washer having an undulating surface; the one or more load
sensors may be disposed on a wave washer so as to form a directional force
sensor; a force applied to the directional force sensor may comprises either or
both of perpendicular and shear forces; each load sensor may be coupled to a
separate channel of an analog to digital converter (ADC); the one or more load
sensors may comprise one or more strain gages; and each of the one or more
strain gages may be provided having a base resistance value and the apparatus
further comprises a compensation resistor coupled to an ADC, where the
compensation resistor has a value selected to compensate for the base resistance
value of each strain gage, thereby measuring only a change in resistance of each

strain gage as force is applied to each strain gage.

[0006] In accordance with yet another aspect of the concepts sought to be
protected herein, a system comprises a directional force sensor provided from a

leaf spring and one or more load sensors disposed about the leaf spring such that
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in response to a force applied to the leaf spring, the one or more load sensors
provide a signal at an output thereof. The system further comprises an analog-to-
digital converter (ADC) coupled to receive signals from the one or more load
sensors of the directional force sensor and a controller coupled to the directional

force sensor.

[0007] The above system may include one or more of the following features in
any combination: the directional force sensor is a first one of a plurality of
directional force sensors, each of the directional force sensors provided from a
leaf spring, and one or more load sensors disposed about the leaf spring such that
in response to a force applied to the leaf spring, the one or more load sensors
provide a signal at an output thereof; an aggregator, coupled between each of the
directional force sensors and the controller, and configured to batch data from the
one or more directional force sensors for communication to the controller; the
controller comprises one or more sensors, each of the one or more sensors
responsive to environmental conditions of the controller; the one or more sensors
comprise at least one of: a temperature sensor, a humidity sensor, a
magnetometer, a gyrometer, one or more accelerometers, one or more motion
sensors, a global positioning system, and an altimeter; the directional force sensor
is disposed in footwear to sense a force applied to a sole of the footwear; the
controller is configured to determine at least one of a stride data of a wearer of the
footwear, a ground reaction force applied to the footwear, a foot-to-ground contact
time of the footwear, a terrain map of terrain encountered by the wearer of the
footwear, a contact angle of the footwear to the ground, a flexion angle of a leg of
the wearer of the footwear, and an energy expenditure of the wearer of the
footwear; and the directional force sensor is implemented in at least one of a
backpack, a mattress, a wheelchair, a CPR simulator, sports equipment, car seat,
parachute, seatbelt, steering wheel, vehicle bumper, bridge support, footwear and

anthropomorphic test devices.

BRIEF DESCRIPTION OF THE DRAWING FIGURES

[0008] Aspects, features, and advantages of the concepts, systems, circuits

and techniques described herein will become more fully apparent from the

3
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following detailed description, the appended claims, and the accompanying
drawings in which like reference numerals identify similar or identical elements.
Reference numerals that are introduced in the specification in association with a
drawing figure may be repeated in one or more subsequent figures without
additional description in the specification in order to provide context for other
features. Furthermore, the drawings are not necessarily to scale, emphasis

instead being placed on the concepts disclosed herein.
[0009] FIG. 1is a block diagram of a directional force sensing system;

[0010] FIG. 2 is a block diagram of a load sensor suitable for use in a

directional force sensing system such as the system of FIG. 1;

[0011] FIG. 3Ais an isometric view of an illustrative wave washer suitable for
use in a load sensor such as the load sensor describe above in conjunction with

FIG. 2;

[0012] FIG. 3B is a top view of an illustrative force sensor suitable for use in a

load sensor such as the load sensor described above in conjunction with FIG. 2;

[0013] FIG. 3C is a top view of an illustrative load sensor suitable for use in a
directional force sensing system such as the directional force sensing system of

FIG. 1;

[0014] FIG. 4 is a schematic diagram of an illustrative communications circuit
suitable for use in a load sensor such as the load sensor described above in

conjunction with FIG. 2; and

[0015] FIG. 5 is a flow diagram showing an illustrative process for detecting a
directional force via a directional force sensing system such as the directional

force sensing system described above in conjunction with FIG. 1.

DETAILED DESCRIPTION
[0016] Described embodiments provide a directional force sensing element to

measure a direction and a magnitude of static and dynamic forces applied to the

sensing element. As will be described, some embodiments of the directional force

4
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sensing element sense the directionality of an applied force and sense both
perpendicular and shear forces. Thus, described embodiments may be useful to
a wide variety of applications including backpack load sensing, pressure sensing
in mattresses and wheelchairs, sensing of chest compression force and detection
in a CPR simulator or mannequin, an anthropomorphic test device (e.g., a crash
test dummy), sports equipment impact detection (e.g., heimet, bat or stick impact
testing), car seat weight sensing, parachute force detection, seatbelt force
detection during a car accident, steering wheel grip sensing, bumper impact
sensing, package transport force detection, bridge support weight measurement,
footwear load sensing and other similar load sensing or impact testing

applications that may experience both perpendicular and shear forces.

[0017]  Referring now to FIG. 1, an illustrative directional force sensing system
100 includes one or more directional force sensors 102 coupled to an aggregator
104 via communication link 110. Thus, at appropriate points in time (which in

some embodiments may be continuously), one or more directional force sensors

102 provide information to aggregator 104.

[0018]  Aggregator 104 may combine signals from the one or more directional
force sensors 102 for communication to controller 106 via communication link 114.
Aggregator 104 may include one or more processors 112 to receive, process and
transmit data between directional force sensors 102 and controller 106. In some
embodiments, one or both of communication links 110 and 114 may be wireless
links. For example, one or both of communication links 110 and 114 may be
implemented as links of a personal area network (PAN), such as an IEEE 802.15
(e.g., Bluetooth®) wireless link. In other embodiments, one or both of
communication links 110 and 114 may be wired links. For example, link 110 may
be implemented as a serial peripheral interface (SPI) link, or other similar types of

communication links.

[0019] Asiillustrated in FIG. 1, each directional force sensor may include one or
more load sensors, shown as load sensors 108(1) — 108(N), and referred to
generally as load sensors 108. As will be described, load sensors 108 may sense

perpendicular and shear forces applied thereto. Data associated with the forces
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sensed by sensors 108 may be transmitted, via communication link 110, to
aggregator 104, which may combine, batch, or otherwise process data from

sensors 108 for transmission, via communication link 114, to controller 106.

[0020] Should the viscoelastic modeling and calibration be mentioned?
Controller 106 may receive force data from directional force sensors 102, via
aggregator 104, and further process the data (e.g. by first storing the data in a
storage device and then processing the data in a processor). For example, as
shown in FIG. 1, controller 106 may include one or more of: a power supply 120; a
processor(s) 116 and a storage device 122 (e.g. a random access memory, or
non-volatile memory including, but not limited to an secure digital (SD) memory
card and/or a flash memory card) for later off-loading information (including

measured data or any other information) from the device).

[0021] In some embodiments, aggregator 104 may not be employed, and
instead controller 106 may be in direct communication with each of the one or
more directional force sensors 102. In other embodiments, controller 106 and
aggregator 104 may be implemented as a single device (e.g. as part of a single
integrated circuit) and/or directional forced sensor and aggregator 104 may be

provided as a single device.

[0022] Controller 106 may be deployed remotely along with aggregator 104
and directional force sensors 102. For example, in some embodiments, a first
directional force sensor 102 may be disposed, for example in a sole of a shoe, to
sense foot and leg impact of an athlete or soldier. Additional directional force
sensors may also be disposed, for example to sense a force of an impact to a
helmet of the athlete or soldier, to sense a force of impact to padding or armor of
the athlete or soldier, etc. Each of the directional force sensors may be in
communication with controller 106. In some embodiments, the directional force

sensor 1-2 may be in communication with controller 106 via aggregator 104, for

example.

[0023]  Further, controller 106 may include one or more sensors 118(1) —
118(M), referred to generally as sensors 118, for sensing additional environmental



WO 2017/146809 PCT/US2016/067978

conditions of directional force sensing system 100. For example, sensor 118 may
include a temperature sensor, a humidity sensor, a gyrometer, a magnetometer,
one or more accelerometers and/or motion sensors, an altimeter, a global
positioning system (GPS) or portions thereof. Other sensors to sense an
environment or a characteristic of an environment in which directional force
sensing system 100 is disposed may also be used. Of course, in some
embodiments, such additional sensors may be included as part of directional force

sensor 102.

[0024] For example, when directional force sensor 102 is implemented in
footwear, the force data in combination with data from the additional sensors 118
may enable controller 106 to determine stride data of a wearer of the footwear, a
ground reaction force applied to the footwear, a foot-to-ground contact time of the
footwear, a terrain map of terrain encountered by the wearer of the footwear, a
contact angle of the footwear to the ground, a flexion angle of a leg of the wearer
of the footwear, and an energy expenditure of the wearer of the footwear.
Particularly, in one embodiment, directional force sensor 102 may be implemented
in footwear, while aggregator 104 may be implemented as an ankle-mounted
device. For example, in some embodiments, aggregator 104 may provide power
to directional force sensor 102, and aggregator 104 may include one or more
additional sensors (not shown) to determine, for example, a flexion angle of a leg
or ankle of the wearer of the footwear. Further, in some embodiments, controller
106 may be implemented as a belt-mounted or backpack carried device (e.g., to
allow for a larger power source, additional processing power, wireless

communications of data to a remote processing site, etc.

[0025] Memory 122 may be employed to store data, for example data sent to
controller 106 from directional force sensors 102 (e.g., via aggregator 104) and/or
sensors 118. Communication interface 124 may allow controller 106 to provide
data from memory 122 for further processing via communication link 126. For
example, in some embodiments, communication link 126 may be implemented as
a communication port to allow a wired link to download data from memory 122. In

other embodiments, communication link may be implemented as wireless link to
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allow controller 106 to communicate to a remote data processing device. For
example, in some embodiments, communication interface 126 may be
implemented as a personal area network (PAN), such as an IEEE 802.15 (e.g.,
Bluetooth®) wireless link, an IEEE 802.11 (e.g., Wi-Fi) wireless link, a cellular link,
or other similar wireless links to allow controller 106 to communicate with a remote

data processing device.

[0026] Power supply 120 may include a battery or other portable power source
and other components, such as voltage regulators or converters, to provide
suitable electrical power for components of controller 106. In embodiments where
communication links 110 and 114 are implemented as wired links, power supply
120 may also provide power (e.g., a positive power supply signal and a circuit
common or negative power supply signal) to aggregator 104 and/or directional

force sensors 102.

[0027]  Referring now to FIG. 2, a directional force sensor 102’ which may be
the same as or similar to directional force sensor 102 described above in
conjunction with Fig. 1 includes a leaf spring 202 having one or more force
sensors 204, here five force sensors 204(1) — 204(5), generally denoted 204
disposed thereon. In this example embodiment leaf spring 202 is illustrated as a
generally circular wave washer and five force sensors 204 are provided as strain
gages although other types of force sensors 204 may also be used. Although
shown as including five strain gages disposed substantially symmetrically around
a circumference of a generally circular wave washer 202, other leaf spring shapes

and other numbers and arrangements of strain gages 204 may be employed.

[0028] The number and arrangement of sensors 204 to use in any particular
application may be selected in accordance with a variety of factors including, but
not limited to surface area of application, hardness/ elasticity of surface,
magnitude of force, durability/longevity requirements of application, desired
granularity of data (sensors/ per unit area), irregularity of surface, flexibility of
surface. After reading the disclosure provided herein, those of ordinary skill in the
art will appreciate how to select the number and arrangement of sensors on a leaf

spring to suit the needs of a particular application.
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[0029] Placing strain gages 204 in separate channels around wave washer or
leaf spring 202 allows for identification of the direction that experiences a highest
relative force among all of strain gages 204. Thus, directional force sensing

element 102’ can sense a direction of an applied force in addition to a magnitude

of the applied force.

[0030] As shownin FIG. 2, each strain gage 204 may be in communication
with communication interface 208 via strain gage outputs 206(1) - 206(5), referred
to generally as strain gage outputs 206. In some embodiments, strain gage
outputs 206 may be implemented as a flex circuit coupled between wave washer
202 and a rigid circuit board for communication interface 208. Communication
interface 208 may transmit data from strain gages 204 to aggregator 104 or
controller 106 via communication link 110°. For example, interface may convert
analog outputs of each of strain gages 204 to digital values. As described, in

some embodiments, communication link 110’ may be a SPI link.

[0031] Viscoelastic materials exhibit properties of both viscous and elastic
materials when subjected to mechanical stress. This is because the entire sensor
may be encased in a viscoelastic material such as a polymeric organosilicon
compound such as polydimethylsiloxane (PDMS). It should be appreciated that
without the encasing material, the system is not viscoelastic. It should also be
appreciated that in preferred embodiments viscoelastic modeling and calibration
may be performed so as to improve system performance (e.g. increase accuracy
of measurements made by the system). Due to the presence of viscous
characteristics, viscoelastic materials respond non-linearly to mechanical loading
with respect to time. To mathematically model the stress and strain responses of
viscoelastic materials, models reduce a viscoelastic material to a combination of
springs to characterize the elastic response, and dashpots to characterize the

viscous response, arranged in parallel, series, or combinations thereof.

[0032] As described herein, directional force sensor 102 may include a flexible
leaf spring such as wave washer 202, with one or more strain gages 204 adhered
to a perimeter or circumference of the wave washer. A rigid-flex circuit (e.g., the

combination of strain gage outputs 206 and communication interface 208) may be
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suspended in the middle of wave washer 202 via flexible support members (or
arms). In example embodiment, five flexible arms extend from communication

interface 208 as a flexible circuit to connect to each strain gage 204.

[0033] Referring now to FIG. 3A, an illustrative wave washer 202’ which may
be the same as or similar to wave washer 202 described above in conjunction with
Fig. 2, is provided having a generally oval shape, here a generally circular shape
having a radius R. It should, of course be appreciated that other shapes
including, but not limited to regular geometric shapes (e.g. rectangular, square,
triangular) and irregular geometric shapes may also be used. The particular size
and shape of leaf spring to use in any particular application is selected in
accordance with a variety of factors including, but not limited to surface area of
application, hardness/ elasticity of surface, magnitude of force, durability/longevity
requirements of application, desired granularity of data (sensors/ per unit area),
irregularity of surface, flexibility of surface. It should also be appreciated that the
spring may be provided having an open shape (e.g. a C-shape) as well as a linear
shape. After reading the disclosure provided herein, those of ordinary skill in the
art will appreciate how to select the size and shape of a leaf spring to suit the

needs of a particular application.

[0034]  With respect to a surface of a plane 301, wave washer 202’ has raised
portions 302 (i.e. portions above the surface of plane 301) and lowered portions
304 (i.e. portions below the surface of plane 301), thus proving the wave washer
202’ having an undulating (or wave) pattern or shape. As will be described, each
of the strain gages 204 of FIG. 2 may be disposed or otherwise fastened or
secured to wave washer 202’ at corresponding ones of either raised portions 302

or lowered portions 304 of wave washer 202’

[0035] Referring now to FIG. 3B, an illustrative strain gage 204’ is shown. As
shown, strain gage 204’ includes a first lead 312 and a second lead 314, across
which a resistance can be measured. Grid 316 is disposed upon carrier 318.
Carrier 318 may be provided as any type of substrate on which grid 316 may be
disposed. Carrier 318 is subject to strain force, which is transferred (and
sometimes directly transferred) to grid 316 (grid can be sized (length, width, grid

10



WO 2017/146809 PCT/US2016/067978

pattern) to size of sensor. As strain is applied to grid 316, the resistance of grid
316 and, thus, the resistance measured across leads 312 and 314, changes.

[0036] Referring to now to FIG. 3C, an illustrative directional force sensor 102"
which may be the same as or similar to directional force sensors 102, 102’
described above in conjunction with Figs. 1 and 2 includes one or more strain
gages 204 adhered or otherwise disposed about a portion of a wave washer 202",
A rigid-flex circuit (e.g., the combination of strain gage outputs 206 and
communication interface 208) is disposed in a generally central portion of wave
washer 202", In this illustrative embodiment, a plurality of member (or “arms”),
here five flexible arms 206(1) — 206(5) extend from communication interface 208
as a flexible circuit coupled to each strain gage 204 so as to suspend
communication interface 208 in a generally central portion (here a middle portion)
of wave washer 202”. It should be appreciate that, in some embodiment, it may
be desirable or even necessary to have a number of arms which is different from
the number of sensors (i.e. the number of arms could be either greater than, less
than, or equal to the number of sensors). Multiple sensors could be connected to

one or more arms.

[0037] When a strain gage is mounted on a leaf spring, such as a wave washer
202, the strain gage’s resistance changes as a function of the flex of the wave
washer. The total resistance of the strain gage can be expressed as the unloaded
resistance, Rpase, cOmbined with a change in resistance, 6R, which occurs when a
force is applied to the strain gage. The total resistance is proportional to the force
applied to the strain gage. For example, the total strain gage resistance may be

given as (RpasetdR) < Force.

[0038] Each of the strain gages shown in FIGs. 2 and 3C may be in
communication with a separate analog-to-digital converter (ADC) channel of

communication interface 208.

[0039] Referring now to FIG. 4, additional detail of communication interface
208 is shown as illustrative communication interface 208'. As shown in FIG. 4,
communication interface 208’ may include ADC 402 coupled with a measurable

11
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current source 404. In this example, ADC 402 employs a three-wire resistance
measurement configuration to ratiometrically measure the variable resistance of
each strain gage 204. In described embodiments, a resistance characteristic of
the strain gage may vary by an amount which is a relatively small amount
compared with the total resistance of the strain gage. For example, with a strain
gage having an unloaded resistance, Rpase = 350Q, the change in resistance, 3R,
might be only 5-6Q (~1.4%) over a 500 pound (LB) range of force applied to wave
washer 202. Even if ADC 402 is a high-resolution ADC, many of the bits in a
digitized signal provided by ADC will go towards measuring the relatively large

base resistance, Ryase, Of the strain gage.

[0040] Thus, described embodiments may include one or more compensation
resistors 406 to one of the inputs to the ADC. In some embodiments,
compensation resistor 406 has a value, Rcomp = Rpase + OR/2. Adding such a
compensation resistor 406, the ADC effectively sees only the strain gage’s
change in resistance and not the base resistance value. Thus, the ADC can more
accurately measure the force applied to the strain gage by more accurately

measuring the change in resistance as force is applied.

[0041] In a three-wire resistance measurement configuration, the input leads of
the circuit are usually resistance matched (e.g., shown here by resistors Rieaqs and
Riead2) by, for example, length matching the leads, so that the inherent resistance
of the leads cancels out. The differential input voltage across the ADC inputs
(AINO and AIN1) may be given by: Vi, = lipact1 * [Rbase + OR +Riead1] - lipacz * [Roase
+ OR/2 +Rieaqz]. If the current sources are matched such that lipact = lipacz = lipac,
and if the lead resistances are also matched so that Rieaq1= Riead2, the lead
resistances will cancel out. Thus, Vin = lipac * [Roase + OR] - lipac * [Roase + OR/2] =
Ibac * (OR/2). Thus, the base resistance of the strain gage can be effectively
subtracted out from the view of the ADC, which allows the ADC to only measure
the change in resistance of the strain gage, 5R. In some embodiments, R may

be in the range of 2.5 - 3Q.

[0042] Measuring only the change in resistance allows for more accurate

measurements of applied force. The full-scale range (FSR) of the ADC ranges

12
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from negative FSR to positive FSR. However, by employing a compensation
resistor having a value equal to the strain gage base resistance plus half of the
strain gage’s dynamic resistance (e.g., Rpase + OR/2), the measured resistance
change will go from zero to positive FSR and the input voltage, Vin, will go
negative for half of the strain gage’s change in resistance and positive for the
other half, allowing 8R to be measured over the entire FSR. Using the entire full-
scale range to measure only the 6R part of the strain gage maximizes the
resolution with which ADC 402 can detect the gage’s change in resistance.

[0043] FIG. 4 shows ADC 402 coupled to a single strain gage 204. In other
words, FIG. 4 shows a single channel of ADC 402. As described herein, in some
embodiments, each strain gage 204 may be coupled to its own channel of ADC
402, thus yielding directionality to the force measurement. In other embodiments,
strain gages 204 could be connected in series to yield a total weight measurement

on the wave washer.

[0044] In the illustrative embodiment of Fig. 4, strain gage 204 is coupled via a
plurality of resistors and capacitors to ADC 402 which may, for example, be
provided as the type available from Texas Instruments and identified as an ADS
1220 Low-Power, Low-Noise, 24-Bit, ADC for Small-Signal Sensors, having
characteristics as provided in ADS1220 datasheet, May 2013 [Revised February
2015]. Other ADCs having the same or similar characteristics, may of course,

also be used.

[0045] Directional force sensing element 102 can be adapted for different
anticipated forces by varying the size and flexibility or orientation of the leaf spring
or wave washer. The number of strain gages placed around the spring can also

vary, allowing for adjustment of the directional resolution.

[0046] In some embodiments, the wave washer may be embedded in a mixture
of two silicon materials. The viscoelastic behavior of the two silicon materials and
the elastic behavior of the wave washer spring combine to form a complex
viscoelastic system. Applying force to the sensor causes strain gages adhered to

the wave washer to vary in resistance that can be measured over time. Strain is
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related to a strain gage’s change in resistance by the Gage Factor, which is a
constant property of the metal used in the strain gage (e.g., to form grid 316), and
the un-deformed resistance of the strain gage, Rpase. Since the Gage Factor and
the un-deformed resistance both remain constant for a given strain gage, the
change in resistance, 8R, is linearly related to the strain, y. Further, a viscoelastic
material’s strain changes non-linearly with time when a constant force is applied.

However, over a small period of time, the change in strain is approximately linear.

[0047] FIG. 5is a flow diagram showing illustrative processing that can be
implemented within a directional force sensing element and/or within a directional
force sensing system, such as the illustrative sensing elements and sensing
systems described above in conjunction with FIGs. 1 - 4. Rectangular elements
are herein denoted “processing blocks,” and represent computer software
instructions or groups of instructions. Alternatively, the processing blocks may
represent steps or processes performed by functionally equivalent circuits such as
a digital signal processor circuit or an application specific integrated circuit (ASIC).
The flow diagram does not depict the syntax of any particular programming
language, but rather illustrates the functional information one of ordinary skill in
the art requires to fabricate circuits or to generate computer software to perform
the processing described. It should be noted that many routine program
elements, such as initialization of loops and variables and the use of temporary
variables are not shown. It will be appreciated by those of ordinary skill in the art
that unless otherwise indicated herein, the particular sequence of blocks
described is illustrative only and can be varied without departing from the spirit of
the concepts, structures, and techniques sought to be protected herein. Thus,
unless otherwise stated the blocks described below are unordered, meaning that,
when possible, the functions represented by the blocks can be performed in any

convenient or desirable order.

[0048] Referring now to FIG. 5, a flow diagram of illustrative process 500 for
operating directional force sensing system 100 is shown. At block 502, process
500 begins, for example when directional force sensing system 100 is powered
on. At block 504, the load sensors (e.g., strain gages 204) and additional sensors

14
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(e.g., 118) are calibrated (e.g., to zero) prior to testing). At block 5086, testing
begins, for example by applying test force(s) to directional force sensors 102. At
block 508, the output of each load sensor (e.g., strain gage 204) may be
monitored in a separate channel of an ADC of system 100.

[0048] At block 510, a magnitude and/or direction of force applied to directional
force sensor 102 is determined, for example based upon the digital output of each
ADC channel. At block 512, additional environmental conditions of system 100
may be determined, for example based upon conditions sensed by sensors 118.
For example, output from sensors 118 may be combined with force data sensed
by directional force sensors 102 to determine stride data of a wearer of the
footwear, a ground reaction force applied to the footwear, a foot-to-ground contact
time of the footwear, a terrain map of terrain encountered by the wearer of the
footwear, a contact angle of the footwear to the ground, a flexion angle of a leg of
the wearer of the footwear, and an energy expenditure of the wearer of the

footwear.

[0050] At block 514, sensor data and force data may be stored, for example in
memory 122. At block 516, the stored data may be communicated to one or more
remote processors, for example via communication interface 124. At block 518,

process 500 completes.

[0051] As used in this application, the term “illustrative” is used herein to mean
serving as an example, instance, or illustration. Any aspect or design described
herein as “illustrative” is not necessarily to be construed as preferred or
advantageous over other aspects or designs. Rather, use of the term “illustrative”
is intended to present concepts in a concrete fashion. The phrase “in an
embodiment” does not necessarily all refer to the same embodiment, nor are

separate or alternative embodiments necessarily mutually exclusive.

[0052] To the extent directional terms are used in the specification and claims
(e.g., upper, lower, parallel, perpendicular, etc.), these terms are merely intended
to assist in describing the embodiments and are not intended to limit the claims in

any way. Such terms, do not require exactness (e.g., exact perpendicularity or
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exact parallelism, etc.), but instead it is intended that normal tolerances and
ranges apply. Similarly, unless explicitly stated otherwise, each numerical value
and range should be interpreted as being approximate as if the word “about”,
“substantially” or “approximately” preceded the value of the value or range.

[0053] It should be understood that the steps of the illustrative methods set
forth herein are not necessarily required to be performed in the order described,
and the order of the steps of such methods should be understood to be provided
as examples. Likewise, additional steps may be included in such methods, and
certain steps may be omitted or combined, in methods consistent with various

embodiments.

[0054] It will be further understood that various changes in the details,
materials, and arrangements of the parts that have been described and illustrated
herein might be made by those skilled in the art without departing from the scope

of the following claims.
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CLAIMS

We claim:
1. An apparatus for measuring a directional force, the apparatus comprising:

a leaf spring;

one or more load sensors disposed about said leaf spring, said one or
more sensors disposed on said leaf spring such that in response to a force
applied to said leaf spring, said one or more load sensors provide a signal at an
output thereof; and

an analog-to-digital converter (ADC) coupled to receive signals from said
one or more load sensors wherein a digital output of each channel of the ADC is
employed to determine a magnitude and a direction of a force applied to the

directional force sensor.

2. The apparatus of claim 1, wherein said leaf spring is provided having an

undulating surface.

3. The apparatus of claim 2, wherein said leaf spring is provided having a

generally oval shape.

4, The apparatus of claim 3, wherein said leaf spring is provided having a

generally circular shape.

5. The apparatus of claim 1, wherein said one or more load sensors are

disposed on a surface of said leaf spring

6. The apparatus of claim 1, wherein said one or more load sensors are

disposed about a perimeter of a leaf spring.
7. The apparatus of claim 1, wherein said leaf spring is provided as a wave

washer having an undulating surface and said one or more load sensors are

disposed on said wave washer so as to form a directional force sensor.

17



WO 2017/146809 PCT/US2016/067978

8. The apparatus of claim 1, wherein the force applied to the directional force

sensor comprises perpendicular and shear forces.

9. The apparatus of claim 1, wherein each load sensor is coupled to a

separate channel of said ADC.

10.  The apparatus of claim 1, wherein the one or more load sensors comprise

one or more strain gages.

1. The apparatus of claim 10, wherein each of the one or more strain gages
has a base resistance value and the apparatus further comprises a compensation
resistor coupled to said ADC, said a compensation resistor having a value
selected to compensate for the base resistance value of each strain gage, thereby
measuring only a change in resistance of each strain gage as force is applied to

each strain gage.

12. A system comprising:
a directional force sensor comprising:
a leaf spring;
one or more load sensors disposed about said leaf spring, said one
or more sensors disposed on said leaf spring such that in response to a
force applied to said leaf spring, said one or more load sensors provide a
signal at an output thereof;
an analog-to-digital converter (ADC) coupled to receive signals from the
one or more load sensors of each of said one or more directional force sensors;

and
a controller coupled to said one or more directional force sensors.

13.  The system of claim 12 wherein said directional force sensor is a first one

of a plurality of directional force sensors, each of said directional force sensors

comprising:

18
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a leaf spring; and

one or more load sensors disposed about said leaf spring, said one or
more sensors disposed on said leaf spring such that in response to a force
applied to said leaf spring, said one or more load sensors provide a signal at an

output thereof.

14.  The system of claim 13, further comprising:
an aggregator coupled between each of said directional force sensors and
said controller, said the aggregator configured to batch data from the one or more

directional force sensors for communication to said controller.

15.  The system of claim 14, wherein said controller comprises one or more
sensors, each of the one or more sensors responsive to one or more

environmental conditions in which the controller may be disposed.

16.  The system of claim 15, wherein the one or more sensors comprise at least
one of:

a temperature sensor;

a humidity sensor;

a magnetometer;

a gyrometer;

one or more accelerometers;

one or more motion sensors;

a global positioning system; and

an altimeter.

17.  The system of claim 12, wherein the directional force sensor is disposed in

footwear to sense a force applied to a sole of the footwear.
18.  The system of claim 12, wherein the controller is configured to determine at

least one of a stride data of a wearer of the footwear, a ground reaction force

applied to the footwear, a foot-to-ground contact time of the footwear, a terrain

19
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map of terrain encountered by the wearer of the footwear, a contact angle of the
footwear to the ground, a flexion angle of a leg of the wearer of the footwear, and

an energy expenditure of the wearer of the footwear.

19.  The system of claim 12, wherein the directional force sensor is
implemented in at least one of a backpack, a mattress, a wheelchair, a CPR
simulator, sports equipment, car seat, parachute, seatbelt, steering wheel, vehicle

bumper, bridge support, footwear and anthropomorphic test devices.

20



MIT-329AWO

PCT/US2016/067978

WO 2017/146809

1/6

ocl

aoepo)U|

1 uonesiunwiwon

vm_,K

Aowsasp
\\

44"
Addng
\l Jomod
0cl
90}

I\l Josuag
\\

(gL L

\ | Josuag

(L8LL

j (s)lossaoold
9Ll

J8gjjoquon

149"

[ "OIA

44
//

(s)1ossanoid

Yol
io1eba16by

Okt

N losuag
\ peoT
(N)goL R
[
| Josusg
\\\n peo
(Lol —
201
losuag 82104
jeuolnoalg
00F




MIT-329AWO

PCT/US2016/067978

WO 2017/146809

2/6

(r)voe

\l

(€)v0e

OLl

¢ DIA

(2)voz

¢ oben
uelis

Z oben
ulels

(€)ooz

7 oben
ulens

aoepa)ul
UOIIEDIUNWIWOY

A

K (v)o0e 807 _ ~(%)90z

(2)o02

(1)ooz

| aben
ulens

J

G oben)

202 \

ulens

(S)voz K

(L)voe



3/6

FIG. 34



MIT-329AWO

WO 2017/146809 PCT/US2016/067978

4/6
204" 318\ 3)16
_ N / 312
VN BEERN 314
FIG. 3B

202"

204(2) FIG. 3C



MIT-329AWO0O

PCT/US2016/067978

WO 2017/146809

5/6

OFL

v OIA

(zoval)

ENIV w

aan J_I

anoa 310
[« SSAY
sosueg dway] | | 10e080
uoistoaly Qg MO "
soeIalU| /ol_
1dS ¢
pue od NIV
LR : XNN
lenbiq \o|_n_z_<
XN “llﬁl\lelw
aouasaley|[] i
souatay[H] jeway; _ & ”
| yuigy |
QaAQ_ ON43Y » » 0d434 _aanv/jo) vrioli
Mo zdiay | SO [ [ ——
.__I.__u.l* _lel.___ Yoy =
¥4 €4
3 o3 )

S

AWV
SEEN

NO<Q__ 4 Hovai

90¥

' voz |
l |
<<<I_ |y m
|
Lpea)
WA T ¢y d “ Hg “
Hms_oo cPEly I




MIT-329AWO

WO 2017/146809

N
o

|

6/6

Start force
sensing
502

y

PCT/US2016/067978

Calibrate strain gages
and sensors

504

v

Apply force(s)
506

Y

Monitor output of each strain
gage in a unique channel
508

v

Determine magnitude and
directon of applied force(s)

510

Y

Determine additional condition(s)
based upon sensor data and force(s)
512

v

Store force data and
sensor data

214

Y

Provide stored data for
additional processing
516

Start force
sensing
518

FIG. 5




INTERNATIONAL SEARCH REPORT

International application No.
PCT/US2016/067978

A. CLASSIFICATION OF SUBJECT MATTER

CPC -

IPC(8) - GO1G 3/08; A61B 5/103; G01G 19/413 (2017.01)
GO01G 3/08; A43B 3/0005; A61B 5/1036; A61B 5/1038; B60N 2/002; GO1G 19/413 (2017.02)

According to International Patent Classification (IPC) or to both national classification and IPC

B.  FIELDS SEARCHED

See Search History document

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

USPC - 36/1; 73/172; 1771225, 177/226; 340/540; 340/665; 340/666; 340/667; 340/573.1 (keyword delimited)

See Search History document

Electronic data base consulted during the intemational search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X US 5,410,109 A (TARTER et al) 25 April 1995 (25.04.1995) entire document 1,5, 6,9-16
;. -24 7,8,17-19
Y US 6,595,570 B2 (SUSKO) 22 July 2003 (22.07.2003) entire document 24,7
Y US 4,162,628 A (OETJEN et al) 31 July 1979 (31.07.1979) entire document 8
Y US 2014/0200834 A1 (ROSS) 17 July 2014 (17.07.2014) entire document 17-19
A US 6,282,814 B1 (KRAFSUR et al) 04 September 2001 (04.09.2001) entire document 1-19

I:I Further documents are listed in the continuation of Box C.

D See patent family annex.

* Special categories of cited documents:

“A” document defining the general state of the art which is not considered
to be of particular relevance

“E” earlier application or patent but published on or after the international
filing date

“L” document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“0” document referring to an oral disclosure, use, exhibition or other
means

“P”  document published prior to the international filing date but later than

the priority date claimed

“T” later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

“X” document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y” document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&” document member of the same patent family

Date of the actual completion of the international search

05 February 2017

Date of mailing of the international search report

28 FEB 2017

Name and mailing address of the ISA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, VA 22313-1450

Facsimile No. 571-273-8300

Authorized officer
Blaine R. Copenheaver

PCT Helpdesk: 571-272-4300
PCY OSP: §71-272-7774

Form PCT/ISA/210 (second sheet) (January 2015)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - claims
	Page 20 - claims
	Page 21 - claims
	Page 22 - claims
	Page 23 - drawings
	Page 24 - drawings
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - wo-search-report

