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57 ABSTRACT

An exoskeleton configured to be coupled to a person includes
an exoskeleton trunk and leg supports adapted to contact the
ground. Hip torque generators extend between the exoskel-
eton trunk and respective leg supports. A load holding mecha-
nism is rotatably coupled to the exoskeleton trunk, preferably
via over-shoulder members configured to support a load in
front of the person. In use, hip torque generators create torque
between the exoskeleton trunk and respective leg supports in
the stance phase, wherein at least one torque generator is
configured to create a first torque between the exoskeleton
trunk and one of the first and second leg supports in the stance
phase opposing a second torque generated on the exoskeleton
by a weight of the load. Load bearing sensors may be utilized
to determine the torque generated by the load and communi-
cate with a controller to control power to the torque genera-
tors.
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WEARABLE MATERIAL HANDLING
SYSTEM

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present application claims the benefit of U.S.
Provisional Patent Application Ser. No. 61/138,751 entitled
“Wearable Material Handling System” filed Dec. 18, 2008.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0002] This invention was made with government support
under Contract No. DAD1 9-01-1-0509 awarded by Defense
Advanced Research Projects Agency (DARPA) and National
Science Foundation award number [IP-0739552. The govern-
ment has certain rights in this invention.

BACKGROUND OF THE INVENTION

[0003] 1. Field of the Invention

[0004] The present inventionrelates generally to the field of
material handling systems and, more particularly, to the field
of lower extremity exoskeletons that are worn by their wear-
ers and allow for carrying heavy loads in front of their wear-
ers.

[0005] 2. Discussion of the Prior Art

[0006] In general, it is known in the art to provide orthotic
devices to aid a person in walking or carrying a load. One
example, such as set forth in U.S. Patent Application Publi-
cation No. 2007/0056592, provides an exoskeleton including
apower unit to provide power to torque generators connecting
a thigh link of the exoskeleton with a shank link of the exosk-
eleton. The *592 publication basically addresses providing
power to aknee portion of an exoskeleton. In another example
set forth in U.S. Patent Application Publication No. 2007/
0123997, an exoskeleton worn by a human includes a hip
joint having a passive spring or an actuator to assist in lifting
an exoskeleton and to propel the exoskeleton forward. The
997 publication notes that a backpack may be carried utiliz-
ing the exoskeleton, although no details regarding the back-
pack structure are provided. Further, the *997 publication
notes that positive power from hip actuators is added at a hip
during a stance phase to propel the mass of the human and the
backpack forward, and to cancel the mass of the human and
exoskeleton during a swing phase. Although useful to aid a
user in walking or carrying a backpack, the above-references
do not provide a means enabling a user to support a front load
utilizing an exoskeleton to reduce the energy expended by the
user. Therefore, there is seen to exist a need in the art for an
exoskeleton device which provides a user with the means to
manipulate a frontal payload and reduce the energy required
to manipulate and transfer the payload.

SUMMARY OF THE INVENTION

[0007] The opportunities described above are addressed in
several embodiments of a lower extremity exoskeleton, wear-
able by a person. The exoskeleton includes an exoskeleton
trunk configurable to be coupled to a person’s upper body and
first and second leg supports configurable to be coupled to a
person’s lower limbs and rest on a support surface during a
stance phase. Each leg support includes a thigh link and a
shank link connected by respective knee joints to allow flex-
ion and extension between respective shank and thigh links. A
load holding mechanism is preferably rotatably coupled to
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the exoskeleton trunk and is configured to support a load in
front of a person coupled to the exoskeleton. In some embodi-
ments, the load holding mechanism is coupled to over-shoul-
der members extending from the exoskeleton. In use, hip
torque generators coupled to respective first and second leg
supports create torque between the exoskeleton trunk and one
of'the first and second thigh links in the stance phase, wherein
at least one torque generator creates a first torque between the
exoskeleton trunk and the one of the first and second leg
supports in the stance phase opposing a second torque gen-
erated on the exoskeleton by a weight of the load. In the
preferred embodiment, a power unit is in communication
with the hip torque generators for selectively supplying
torque to the hip torque generator based on signals sensed by
sensors located on the exoskeleton.

[0008] Additional objects, features and advantages of the
present invention will become more readily apparent from the
following detailed description of preferred embodiments
when taken in conjunction with the drawings wherein like
reference numerals refer to corresponding parts in the several
views.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] These and other features, aspects, and advantages of
the present invention will become better understood when the
following detailed description is read with reference to the
accompanying drawings in which like characters represent
corresponding parts throughout the drawings, wherein:
[0010] FIG. 1 is a front perspective drawing of a lower
extremity exoskeleton;

[0011] FIG. 2 is a front perspective drawing of a lower
extremity exoskeleton wherein an exoskeleton trunk includes
a frame member;

[0012] FIG. 3 is a front perspective drawing of an embodi-
ment of the present invention wherein a load holding mecha-
nism is coupled to the exoskeleton trunk;

[0013] FIG. 4 is a front perspective drawing of an embodi-
ment of the present invention including a load holding mecha-
nism coupled to an over-shoulder member through a flexible
hinge;

[0014] FIG. 51is a front perspective drawing of an embodi-
ment of the present invention including a load bearing plat-
form member moveably attached to a load holding mecha-
nism;

[0015] FIG. 6 is a front perspective drawing of an embodi-
ment of the present invention including a load holding mecha-
nism coupled to an exoskeleton trunk through a hinge;
[0016] FIG. 7 is a front perspective drawing of an embodi-
ment of the present invention including a U-shaped over-
shoulder member connected to a load bearing sensor;

[0017] FIG. 8 is a front perspective drawing of an embodi-
ment of the present invention including a side-mounted,
multi-degree of freedom load holding mechanism;

[0018] FIG. 9 is a front perspective drawing of an embodi-
ment of the present invention including a front-mounted,
multi-degree of freedom load holding mechanism;

[0019] FIG. 101is a front perspective drawing of an embodi-
ment of the present invention including a multi-degree of
freedom load holding mechanism connected to a over-shoul-
der member;

[0020] FIG. 11 depicts a user loading a box into a truck
utilizing a load holding mechanism constructed in accor-
dance with the present invention;
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[0021] FIG. 12 depicts a user supporting a projectile with a
load holding mechanism of the present invention;

[0022] FIG. 13 depicts a user utilizing an exoskeleton and
load holding mechanism of the present invention to assist in
lifting a projectile; and

[0023] FIG. 14 is a front perspective drawing of an embodi-
ment of the present invention including a U-shaped over-
shoulder member connected to a load bearing sensor and
including a suspension mechanism.

DETAILED DESCRIPTION OF THE INVENTION

[0024] In accordance with one embodiment of the present
invention, FIG. 1 is a perspective drawing illustrating a lower
extremity exoskeleton 100 which is wearable by a person
indicated at 187. Lower extremity exoskeleton 100, in addi-
tion to other components, includes two leg supports 101 and
102, which are configured to be coupled to a person’s respec-
tive lower limbs 143 and 144 and configured to rest on the
ground, or a support surface, during a stance phase. The leg
supports 101 and 102, in addition to other components,
include respective thigh links 103 and 104, and shank links
105 and 106. Two knee joints 107 and 108 are configured to
allow flexion (indicated by arrow 213) and extension (indi-
cated by arrow 214) between the respective shank and thigh
links 103 and 105 and 104 and 106 of leg supports 101 and
102 during a corresponding leg support swing phase. In some
embodiments, knee joints 107 and 108 are configured to resist
flexion between the respective shank and thigh links 103, 105
and 104, 106 of respective leg supports 101 and 102 during a
corresponding leg support stance phase. Lower extremity
exoskeleton 100 further comprises an exoskeleton trunk 109.
Exoskeleton trunk 109, among other components, comprises
an upper body interface device 150 adapted to couple exosk-
eleton trunk 109 to the upper body 149 of a person wearing
the exoskeleton. It should be understood that upper body 149
means any location generally above the thighs including the
buttocks. Examples of upper body interface device 150
include, without limitation, an element or combination of
elements such as vests, belts, straps, shoulder straps, chest
straps, body cast, harness, waist belts, and combinations
thereof.

[0025] Exoskeleton trunk 109 is rotatably connectable to
leg supports 101 and 102 at respective hip flexion-extension
joints 125 and 126, allowing for the hip flexion and extension
rotations (shown by hip extension arrow 215 and hip flexion
arrow 216 respectively) of leg supports 101 and 102 about hip
flexion-extension axes 151 and 152 respectively. In some
embodiments, as shown in FIG. 1, exoskeleton trunk 109
includes two hip links 114 and 115 rotatably connectable to
thigh links 103 and 104 at hip flexion-extension joints 125
and 126, allowing for the flexion and extension of leg sup-
ports 101 and 102 about hip flexion-extension axes 151 and
152 respectively. Hip links 114 and 115 may be rotatably
connected to each other at abduction-adduction joint 113
allowing for abduction and/or adduction of leg supports 101
and 102. Abduction and adduction of leg supports 101 and
102 are shown by arrows 217 and 218 respectively. Leg
supports 101 and 102 are configurable to be coupled to a
person’s lower limbs 143 and 144 through lower limb inter-
face straps 135 and 136. In some embodiments, as shown in
FIG. 1, lower limb interface straps 135 and 136 are coupled to
respective thigh links 103 and 104. In other embodiments,
lower limb interface straps 135 and 136 are coupled to respec-
tive shank links 105 and 106. Alternatively, lower limb inter-
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face straps may be coupled to both shank links 105, 106 and
thigh links 103, 104. Each lower limb interface strap 135 and
136 comprises an element or combination of elements includ-
ing, without limitation, straps, bars, c-shaped brackets, body
cast, and elastomers. In operation, person 187 is coupled to
(or wears) lower extremity exoskeleton 100 through upper
body interface device 150 (a simple belt in this case of FIG. 1)
and by coupling to leg supports 101 and 102 through lower
limb interface straps 135 and 136. As best seen in FIG. 2,
lower extremity exoskeleton 100 further comprises two hip
torque generators 145 and 146 which are configured to create
torques between exoskeleton trunk 109 and respective leg
supports 101 and 102. In addition, two torque generators 110
and 111 may be coupled across respective knee joints 107 and
108.

[0026] In some embodiments, hip torque generators 145
and 146 are powered actuators. Preferably, lower extremity
exoskeleton 100 further comprises at least one power unit 201
capable of providing power to hip actuators 145 and 146. In
some embodiments, only one power unit 201 provides power
to hip actuators 145 and 146, while in other embodiments,
each hip actuator 145 and 146 receives power from a separate
power unit (now shown). Hip actuators 145 and 146 comprise
any device or combination of devices capable of providing
torque. Examples of hip actuators 145 and 146 include elec-
tric motors, including, without limitation, AC (alternating
current) motors, brush-type DC (direct current) motors,
brushless DC motors, DC motors with transmission, elec-
tronically commutated motors (ECMs), stepping motors,
hydraulic actuators, and pneumatic actuators and combina-
tions thereof. In some embodiments of the invention, torque
generators 145 and 146 comprise springs. In other embodi-
ments, hip actuators 145 and 146 are powered by compressed
gas. Further details of hip actuators intended for use with the
present invention can be found in U.S. patent application Ser.
No. 12/468,487 entitled “Device and Method for Decreasing
Oxygen Consumption of a Person During Steady Walking by
Use of a Load Carrying Exoskeleton”, which is hereby incor-
porated by reference.

[0027] Preferably, exoskeleton 100 also includes a control-
ler or signal processor 137 in communication with power unit
201 for regulating power unit 201. Signal processor 137 com-
prises an element or combination of elements selected from a
group consisting of analog devices; analog computation mod-
ules; digital devices including, without limitation, small-,
medium-, and large-scale integrated circuits, application spe-
cific integrated circuits, programmable gate arrays, and pro-
grammable logic arrays; and digital computation modules
including, without limitation, microcomputers, microproces-
sors, microcontrollers, and programmable logic controllers.
In some embodiments signal processor 137 comprises an
element or combination of elements selected from a group
consisting of electromechanical relays or MOSFET switches.
Under the control of signal processor 137, power unit 201
generates command signals for (among other things) the
torques imposed by hip torque generators 145 and 146. It
should be understood that signal processor 137 may be incor-
porated into power unit 201, or may be separately located
from power unit 201.

[0028] FIG. 2 shows an embodiment of the invention
wherein exoskeleton trunk 109 is in the form of a frame
member 180 which extends upward along the back of person
187 up to atleast the shoulder region of person 187. As shown
in FIG. 3, a load holding mechanism 221 is coupled to exosk-



US 2011/0266323 Al

eleton trunk 109 and is configurable to support at least a
portion of the weight of a front load 154 located in front of
person 187. In operation, when lower extremity exoskeleton
100 is worn by person 187, torque generator 145 is configured
to create a torque between exoskeleton trunk 109 and leg
support 101 in the stance phase. This torque opposes the
torque generated by the weight of front load 154. Similarly
torque generator 146 is configured to create a torque between
exoskeleton trunk 109 and leg support 102 in the stance
phase. This torque opposes the torque generated by the
weight of front load 154. In addition, although not shown,
exoskeleton trunk 109 may be configured to hold a rear load
behind person 187.

[0029] Inone preferred embodiment shown in FIG. 3, load
holding mechanism 221 is coupled to exoskeleton trunk 109
over the shoulder of person 187 via one or more load-bearing
over-shoulder members 138. With this configuration, weight
from load 154 is borne by exoskeleton 100 rather than person
187. Inthe embodiment shown in FIG. 4, load holding mecha-
nism 221 is coupled to each over-shoulder member 138
through a flexible hinge 225. Flexible hinge 225 comprises an
element or combination of elements selected from a group
including leather, fabric, elastomer, rubber, cloth, plastic and
combinations thereof. This flexibility allows holding mecha-
nism 221 to swing relative to exoskeleton trunk 109 in the
direction shown by arrow 233. In some embodiments, as
shown in FIGS. 3 and 4, load holding mechanism 221 further
includes a load holding member or load bearing platform
member 163 located in front of person 187, which supports at
least a portion of the weight ofload 154 in front of person 187.
In some embodiments of the invention, load bearing platform
member 163 includes a plate member 167 extending substan-
tially horizontally. In the embodiments depicted in FIGS. 5, 6,
12 and 13, load bearing platform member 163 is hingedly
connected to load holding mechanism 221 such that load
bearing platform member 163 can move relative to load hold-
ing mechanism 221. Arrow 234 indicates the relative rotation
of'load bearing platform member 163 to load holding mecha-
nism 221. As best shown in FIG. 12, this rotation allows a
person to selectively orient front load 154 in a desired direc-
tion. Similar to the embodiment in FIG. 5, FIG. 6 depicts a
load holding mechanism 221 coupled to exoskeleton trunk
109 through at least one hinge 225, which allows load holding
mechanism 221 to swing vertically relative to exoskeleton
trunk 109 in the direction shown by arrow 233. Hinge 225
may be spring loaded to aid in the vertical shifting of load
holding mechanism 221. Additionally, to prevent load hold-
ing mechanism from pushing on a user’s upper body 149,
hinge 225 may be configured to limit the swinging motion of
load holding mechanism 221 toward the user’s upper body
149. Alternatively, load holding mechanism 221 may include
a hinge that allows for movement of holding mechanism 221
substantially parallel to the coronal plane of a user, such as
hinges 256 and 258 depicted in FIGS. 9 and 12. In yet another
embodiment, load holding mechanism 221 includes a hinge
257 that allow for vertical movement of load holding mecha-
nism 221 with respect to over-shoulder member 138, as
depicted in FIG. 10.

[0030] In one embodiment of the invention, as shown in
FIG. 7, load holding mechanism 221 includes an over-shoul-
der member in the form of a U-shaped component 300
capable of being connected to various loads through the use of
a load coupling device 306, such as hooks, straps, etc.
U-shaped component 300 is capable of rotation relative to
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exoskeleton trunk 109 about an axis 301 (about a coronal
plane of the user in the sagittal direction) via a hinge 302,
while one side of hinge 302 is shown in the figure for clarity.
U-shaped component 300 is hinged here for two main rea-
sons: (1) to allow the operator to swing U-shaped component
300 up and out of the way when entering or exiting exoskel-
eton 100, and (2) to allow for accurate measurement of the
moment or torque which is being applied to U-shaped com-
ponent 300 by load 154. The moment is measured by a load
sensor 303 which is loaded through a rod or cable 305 which
connects to a crank arm 304 about which U-shaped compo-
nent 300 rotates. The length of the cable 305 is set such that,
when a user rotates U-shaped component 300 downward
from a loading position above a user to a working position in
front of the user, U-shaped component 300 stops in front of
the user at a convenient location because the cable 305 has
become tight. Once this is done, any load 154 hung on
U-shaped component 300 in front of the operator will result in
a load in the load cell of sensor 303 generally proportional to
the load being carried by U-shaped component 300. A load
signal is generated by load sensor 303 and sent to controller
137 in power unit 201 (shown in FIG. 2). This method is
important for smooth control of the lower extremity exoskel-
eton 100. More specifically, power unit 201 is configured
such that it will add a torque to hip torque generators 145 and
146 oflower extremity exoskeleton 100 which is proportional
to the load sensed by load sensor 303 and will generally
cancel the torque put onto exoskeleton trunk 109 by U-shaped
component 300. This allows lower extremity exoskeleton 100
to smoothly accept load 154 as it is applied to the U-shaped
component 300. Alternatively, a load signal may be generated
manually by a user such as by a hand controller (not shown)
linked to controller 137.

[0031] Inasimilar embodimentdepicted in FIG. 14, exosk-
eleton 100 further includes a suspension mechanism 307
coupled to U-shaped component 300 and capable of attenu-
ating oscillations from exoskeleton trunk 109 and person 187
to load 154. Suspension mechanism 307 may comprise a
spring or a damper. Advantageously, the embodiments
depicted in FIGS. 7 and 14 allow an operator of exoskeleton
100 to get in and out of the machine easily and to measure the
moment put on the exoskeleton trunk by load 154. Thus, the
embodiments in FIGS. 7 and 14 are examples of a convenient
design which demonstrates two novel concepts: 1) allowing
easy entry and exit from exoskeleton 100, and 2) measuring
the moment caused by loads in front of exoskeleton 100 in
real time. Additionally, the embodiments of FIGS. 7 and 14
can be used to carry personal armor or shields (not shown).
Shields may vary in size and weight, ranging from large
shields that protect the user’s entire body to smaller shields
which only protect a portion of a user’s body. Coupling a
shield to load holding mechanism 221 provides protection for
a user against projectiles or other hazards while supporting a
substantial portion of the shield’s weight on the exoskeleton.

[0032] One skilled in the art will note that, as the operator
bends over in the lower extremity exoskeleton 100, the pro-
portionality between the load in load sensor 303 and the
torque being created about hip axes 151 and 152 will change.
Therefore, in one preferred embodiment of the present inven-
tion, a device, such as in the form of sensors, is added to
exoskeleton 100 for measuring the absolute angle between
exoskeleton trunk 109 and the gravity vector, thereby making
it is possible to calculate the moment created by load 154
about hip axes 151 and 152 more exactly. Power unit 201 is
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configured to apply a more accurate torque to hip joints 125
and 126 in order to cancel the effects of carrying load 154.
One type of sensor which can measure the absolute angle
between exoskeleton trunk 109 and the gravity vector is gen-
erally called an inclinometer. There are many types and meth-
ods of constructing such inclinometers, which are well docu-
mented and need not be discussed in more detail. For
purposes of illustration, angle sensors or inclinometers 243
and 244 are illustrated in FIG. 2 as located in thigh links 103
and 104, however, it should be understood that the actual
position of the sensors is not intended to be limited to this
embodiment. In use, sensors 243 and 244 send angle signals
260, 261 to controller 137, which estimates the forward
velocity of exoskeleton 100.

[0033] At this point, the manner in which power unit 201
modifies the torques applied by torque generators 145 and
146 to provide for smooth operation of exoskeleton 100 dur-
ing maneuvers with a front load 154 will he discussed in more
detail. First, it is important to understand that controller 137
and power unit 201 may simultaneously be determining a
component of the torque required at one of the hips for some
other reason, such as to move the hip with a desired accelera-
tion. In this case, one solution is to simply add the compo-
nents of the torque together, (one component which is calcu-
lated to cancel the effect of front load 154, and another
component which is being calculated to produce a desired
motion). Here, we are discussing only the component of the
hip torques (the torques imposed by torque generators 145
and 146 onto the exoskeleton about hip axes 151 and 152)
which is calculated to cancel the moment imposed on exosk-
eleton trunk 109 by front load 154. When a person is standing
with both feet 139 and 140 on the ground, it makes sense to
share the torque between each hip joint 125 and 126 equally.
However, when one of the exoskeleton legs 101 or 102 is not
in contact with the ground, the entire moment caused by load
154 must be canceled by a larger torque imposed onto the
exoskeleton hip of the leg support 101 or 102 that is still in
contact with the ground. For example, if right exoskeleton leg
support 101 is currently in a swing phase and not touching the
ground, then the total hip torque required to cancel the
moment imposed on exoskeleton trunk 109 by front load 154
will be imposed only onto left exoskeleton hip joint 126 by
left hip torque generator 146.

[0034] The more challenging question is how to transition
between these cases (both feet 139 and 140 equally loaded on
the ground versus only one foot on the ground). In the
embodiment depicted in FIG. 2, this is accomplished as fol-
lows: a load sensor 236 is integrated into each exoskeleton
foot 139 and 140 to measure the amount of weight that the
operator is putting onto each of their feet 139 and 140. To be
clear, sensor 236 measures the force between the operator’s
foot and the exoskeleton foot 139 and 140 and sends a load
signal 262, 263 to controller 137. The relative measurements
of these loads are used by controller 137 to determine the
operator’s intended load distribution. Therefore, the hip
torque required to cancel the moment imposed on the exosk-
eleton trunk 109 by front load 154 can be split between leg
supports 101 and 102 in the same proportion that the operator
has chosen to split his’her weight between the corresponding
feet 139 and 140. For example, if load sensors 236 in exosk-
eleton feet 139 and 140 are measured, and controller 137
determines that the operator is putting 70% of his weight on
right exoskeleton foot 139 and 30% of his weight on left
exoskeleton foot 140, then power unit 201 adds a torque
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component to the commanded torque of right hip torque
generator 145 equal to 70% of the required torque to cancel
the moment caused by load 154, and adds a torque component
to the commanded torque of left hip torque generator 146
equal to 30% of the required torque.

[0035] When an operator of exoskeleton 100 starts to walk
atahigh rate of speed, such a strategy may be complicated by
the dynamic changes in the loads under the operator’s feet 139
and 140 during double stance (i.e., both feet 139 and 140 in
contact with the ground). For example, during heel strike, the
heal striking foot of the operator experiences a high load due
to the impact, while the toeing off foot is also experiencing a
very high load due to the operator pushing off with the toe.
This can make the strategy described in the previous para-
graph produce very unstable results during double stance.
One preferred embodiment of the invention solves this in the
following manner: power unit 201 has the ability to determine
when steady walking has started and is continuing. This can
be accomplished in a number of ways. One example is that
controller 137 of power unit 201 uses readings from angle
sensors 243, 244 (F1G. 2) adjacent the exoskeleton knee joints
107, 108 to estimate the forward velocity of exoskeleton 100.
When this velocity appears to be significant and steady, power
unit 201 determines that steady walking has started. While
steady walking is continuing, power unit 201 calculates the
total hip torque required to cancel the moment imposed on
exoskeleton trunk 109 by front load 154, and adds it to the
commanded torque for the hip torque generator 145 or 146
associated with the exoskeleton leg support 101 or 102 which
is currently in stance. When heal strike occurs (at the start of
double-stance), the entirety of the total hip torque required to
cancel the moment imposed on the exoskeleton trunk 109 by
front load 154 is rapidly removed from the toeing off hip
actuator 145 or 146 and ramped up on the heel striking hip
actuator 145 or 146 simultaneously in order to keep the total
torque imposed constant (in order to cancel the effect of load
154) while the switch occurs. For example, assume that right
exoskeleton leg 101 is currently in a swing phase and not
touching the ground, therefore the total hip torque required to
cancel the moment imposed on the exoskeleton trunk 109 by
the front load 154 is being imposed only onto left exoskeleton
hip 126 by left hip torque generator 146. When right exosk-
eleton foot 139 touches the ground, controller 137 and power
unit 201 will transition the torque rapidly from left hip torque
generator 146 to right hip torque generator 145 in a way that
maintains the total torque imposed by both hip torque gen-
erators 145 and 146 constant (in order to cancel the effect of
load 154) while the switch occurs.

[0036] Exoskeleton 100 described herein can be used in a
material handling setting to move loads from a first point to a
second point. The methods of use described herein allow a
person to transfer at least a portion of a load’s weight (and
other forces such as inertia forces) onto exoskeleton trunk 109
directly using load holding mechanism 221. The weight of
load 154 transfers through exoskeleton trunk 109 to first and
second leg supports 101 and 102 and then to the ground or
support surface. In use, load 154 may be coupled to load
holding mechanism 221 by a user of exoskeleton 100, or by
other means, such as another person or by crane equipment.
Likewise, a variety of different methods may be utilized to
unload load 154 from exoskeleton load holding mechanism
221, such as by simply sliding load 154 off of horizontal plate
member 167 of load holding mechanism 221, or by use of
crane equipment. There are many applications where exosk-
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eleton 100 can be utilized for load handling. In auto assembly
plants, for example, tasks with a high risk of injury tend to be
those that require a worker to endure prolonged activity in a
bent posture. Exoskeleton 100 alleviates stress on a user’s
back caused by such activities. Exoskeleton 100 has applica-
tion in distribution centers and warehouse facilities. Addi-
tionally, major delivery industries such as the United States
Postal Service (USPS) have a great number of distribution
centers and warehouses around the world where workers
move various boxes and other objects. The following are just
some of the many applications envisioned for exoskeleton
100 of the present invention: (1) moving boxes between a
pallet and a conveyor belt; (2) moving boxes between a pallet
and a truck; and (3) moving boxes between a conveyor belt
and a truck.

[0037] FIG. 11 shows an embodiment of the invention
wherein lower extremity exoskeleton 100 is used in conjunc-
tion with load holding mechanism 221 for loading a truck
247. FIGS. 12 and 13 show embodiments of the invention
where load bearing platform member 163 is used to lift a
payload-carrying projectile (shell) 296. In the embodiment of
FIG. 12, when in a loaded position, at least a portion of the
weight of payload-carrying projectile 296 is supported by
load holding member 163. Alternatively, as depicted in FIG.
13, a load coupling device 306 in the form of rope 295 may be
used to couple payload-carrying projectile 296 to load hold-
ing mechanism 221. Optionally, load holding mechanism 221
may be coupled to exoskeleton trunk 109 via a suspension
mechanism (not shown) capable of attenuating oscillations
from exoskeleton trunk 109 and person 187 to load 154.

[0038] In some embodiments of the invention, as shown in
FIG. 8, load holding mechanism 221 includes a side-mounted
multi-degree of freedom mechanism 224 that can be used to
support front load 154 in front of person 187 and allows
controlled movement of load 154 relative to exoskeleton 100.
Multi-degree of freedom mechanism 224 includes a plurality
of serially linked hinged links or segments 250-252. Each
segment is connected to another segment via a hinge or joint
248. In this first embodiment shown, multi-degree of freedom
mechanism 224 is coupled to exoskeleton trunk 109 on the
back of person 187. In an alternative embodiment depicted in
FIG. 9, a front-mounted multi-degree of freedom mechanism
224 is coupled to exoskeleton trunk 109 in the front of person
187. In the embodiment of FIG. 9, multi-degree of freedom
mechanism 224 is shown coupled to a camera 299, a monitor
298 and a battery 297. However, it should be understood that
multi-degree of freedom mechanism 224 may be coupled to
any desired load 154, such as tools or weapons. In some
embodiments, as shown in FIG. 10, multi-degree of freedom
mechanism 224 is coupled to exoskeleton trunk 109 over the
shoulder of person 187 through over-shoulder member 138.

[0039] In some embodiments, as shown in FIG. 8, joints
248 of multi-degree of freedom mechanism 224 are spring
loaded via springs 239 in order to aid load holding mechanism
221 to hold load 154 up without a user providing force to do
s0. In some embodiments, joints 248 of multi-degree of free-
dom mechanism 224 are spring-loaded to produce a force
which generally compensates for the weight of front load 154.
This has the effect of allowing the operator to be able to move
load 154 vertically with little effort, essentially keeping front
load 154 floating in front of the operator. In FIG. 9, multi-
degree of freedom mechanism 224 is shown wherein joints
248 of the mechanism include torsion springs incorporated
therein (not shown) to produce a similar effect. In some
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embodiments, as shown in FIG. 10, multi-degree of freedom
mechanism 224 further includes one or more serial links 229
to enhance the selective positioning of front load 154 relative
to exoskeleton trunk 109. More specifically, the plurality of
serially linked hinged segments 251, 252 are free to rotate
with respect to each other about axes 240, which are generally
parallel to the gravitational vector, allowing an operator of
exoskeleton 100 to change the position of load 154 while
moving it in a plane that is generally parallel to the ground. In
some embodiments, as shown in FIG. 10, multi-degree of
freedom mechanism 224 further includes a four bar linkage
238 (or other linkage with similar functionality) including
panels hingedly attached at 257 to position front load 154
vertically (to move it in a direction generally parallel to the
gravity vector).

[0040] Advantageously, the present invention provides a
lower extremity exoskeleton which aides a user in carrying a
variety of objects, such as various tools, weapons, camera
equipment and other heavy objects, and reduces the energy
necessary for tasks such as loading, lifting, carrying and
unloading an object. Although described with reference to
preferred embodiments of the invention, it should be readily
understood that various changes and/or modifications can be
made to the invention without departing from the spirit
thereof. For instance, the exoskeleton may include multiple
load holding mechanisms. For example, the multi-degree of
freedom load holding mechanism discussed above may be
attached to the frame at the side of a user, while another load
bearing mechanism is attached over the shoulders of a user. In
general, the invention is only intended to be limited by the
scope of the following claims.

1. An exoskeleton, configurable to be coupled to a person,
said exoskeleton comprising:
first and second leg supports configurable to be coupled to
a person’s lower limbs and rest on a support surface
during a stance phase, wherein each leg, support
includes a thigh link and a shank link;
first and second knee joints connecting the thigh links and
shank links of the respective first and second leg sup-
ports to allow flexion and extension between respective
shank and thigh links;
an exoskeleton trunk configurable to be coupled to a per-
son’s upper body and rotatably connected to the thigh
link of each of the first and second leg supports to allow
for flexion and extension between the first and second
leg supports and the exoskeleton trunk;
atleast one hip torque generator configured to create torque
between said exoskeleton trunk and one of the first and
second thigh links; and
a load holding mechanism rotatably coupled to said exosk-
eleton trunk for selective movement of the load holding
mechanism relative to the exoskeleton trunk, the load
holding mechanism configured to support at least a por-
tion of a weight of a load located in front of a person
coupled to the exoskeleton, wherein when said exoskel-
etonis worn by a person, the at least one torque generator
creates a first torque between said exoskeleton trunk and
the one of the first and second thigh links in the stance
phase, opposing a second torque generated on the exosk-
eleton by the weight of the load.
2. The exoskeleton of claim 1, wherein the load holding
mechanism is connected to the exoskeleton trunk through at
least one over-shoulder member.
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3. The exoskeleton of claim 1, wherein said at least one
torque generator is a spring.

4. The exoskeleton of claim 1, wherein said at least one
torque generator is an actuator.

5. The exoskeleton of claim 1, wherein at least one torque
generator constitutes an actuator selected from the group
consisting of hydraulic actuators, hydraulic rotary actuators,
hydraulic cylinders, electric motors, pneumatic actuators and
combinations thereof.

6. The exoskeleton of claim 2, wherein said load holding
mechanism is coupled to said at least one over-shoulder mem-
ber via a hinge.

7. The exoskeleton of claim 6, wherein said hinge is spring
loaded.

8. The exoskeleton of claim 6, wherein the hinge is a
flexible hinge member comprises an element selected from
the group consisting of leather, fabric, elastomer, rubber,
cloth, plastic and combinations thereof.

9. The exoskeleton of claim 6, wherein said hinge is located
in front of a person coupled to the exoskeleton.

10. The exoskeleton of claim 2, wherein said over-shoulder
member is coupled to said exoskeleton trunk via a hinge
allowing for rotation of said load holding mechanism relative
to said exoskeleton trunk.

11. The exoskeleton of claim 10, wherein said rotation is in
the sagittal plane.

12. The exoskeleton of claim 10, wherein said hinge is
located behind a person coupled to the exoskeleton.

14. The exoskeleton of claim 10, wherein said over-shoul-
der member is a U-shaped component capable of rotation
relative to said exoskeleton trunk in a sagittal plane via the
hinge.

15. The exoskeleton of claim 2, wherein said load holding
mechanism includes a load holding member located in front
of'a person coupled to the exoskeleton to support said load in
front of a person coupled to the exoskeleton.

16. The exoskeleton of claim 15, wherein said load holding
member is rotatably connected to a portion of the load holding
mechanism such that the load holding member moves relative
to the portion of the load holding mechanism.

17. The exoskeleton of claim 15, wherein said load holding
member includes a plate situated generally horizontally.

18. The exoskeleton of claim 2, wherein said load holding
mechanism further includes a multi-degree of freedom
mechanism that allows for controlled movement of the load
with respect to the exoskeleton.

19. The exoskeleton of claim 18, wherein said load holding
mechanism is coupled to the over-shoulder member in front
of a person coupled to the exoskeleton.

20. The exoskeleton of claim 18, wherein said multi-degree
of freedom mechanism further includes a serial link mecha-
nism comprising a series of links serially connected to each
other.

21. The exoskeleton of claim 18, wherein said multi-degree
of'freedom mechanism further includes a parallel link mecha-
nism comprising a series of links connected to each otherin a
parallel form.

22. The exoskeleton of claim 18, wherein at least one link
of said multi-degree of freedom mechanism is spring loaded.

23. The exoskeleton of claim 18, wherein at least one link
of said multi-degree of freedom mechanism is spring-loaded
to generally keep said load afloat.

24. The exoskeleton of claim 2, wherein said load holding
mechanism is coupled to said over-shoulder member via a
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suspension mechanism capable of attenuating oscillations
from said exoskeleton trunk and a person coupled to the
exoskeleton to said load.

25. The exoskeleton of claim 24, wherein said suspension
mechanism includes a spring.

26. The exoskeleton of claim 24, wherein said suspension
mechanism includes a damper.

27. The exoskeleton of claim 2, further comprising:

a power unit in communication with the at least one hip
torque generator for selectively supplying torque to the
at least one hip torque generator; and

at least one load sensor in communication with the power
unit for sensing a torque applied to said load holding
mechanism by said load, wherein said power unit is
adapted to control the at least one hip torque generator
based on a signal from said load sensor.

28. The exoskeleton of claim 27, further comprising:

first and second feet connected to respective first and sec-
ond shank links, wherein the at least one load sensor
comprises first and second load sensors connected to the
respective first and second feet.

29. The exoskeleton of claim 2, further comprising:

a power unit in communication with the at least one hip
torque generator for selectively supplying torque to the
at least one hip torque generator;

a signal processor in communication with the power unit;
and

a sensor adapted to estimate a forward velocity of the
exoskeleton in communication with the signal proces-
SOr.

30. A method for supporting an object using an exoskeleton
configurable to be coupled to a person and including: first and
second leg supports configurable to be coupled to a person’s
lower limbs and rest on a support surface during a stance
phase, wherein each leg support includes a thigh link and a
shank link; first and second knee joints connecting the thigh
links and shank links of the respective first and second leg
supports to allow flexion and extension between respective
shank and thigh links; an exoskeleton trunk configurable to be
coupled to a person’s upper body and rotatably connected to
the thigh link of each of the first and second leg supports to
allow for flexion and extension between the first and second
leg supports and the exoskeleton trunk; aload holding mecha-
nism coupled to said exoskeleton trunk and configurable to
support at least a portion of a weight of the object located in
front of a person coupled to the exoskeleton, and at least one
hip torque generator configured to create torque between the
exoskeleton trunk and one of the first and second thigh links
in a stance phase, the method comprising:

coupling the object to said load holding mechanism; and

creating a first torque with the at least one torque generator
between said exoskeleton trunk and the one of the first
and second thigh links in the stance phase opposing a
second torque generated on the exoskeleton by the
weight of the object.

31. The method claim of 29, further comprising:

generating a load signal, wherein said load signal repre-
sents a portion of a force or a torque applied by said
object onto said exoskeleton and said the torque applied
by the at least one torque generator is a function of said
load signal.

32. The method claim of 30, wherein said load signal is

generated manually by a person.
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33. The method claim of 30, wherein said load signal is
generated by a load sensor.
34. The method claim of 33, wherein said load sensor is
located between said exoskeleton trunk and said load holding
mechanism.
35. The method claim of 33, wherein said load sensor is
located in said first and second leg supports.
36. The method of claim 33, wherein said exoskeleton
further comprises first and second exoskeleton feet connected
to respective shank links, and said load sensor comprises a
load sensor located in each of the first and second exoskeleton
feet, and wherein generating the load signal comprises gen-
erating a load signal based on a load sensed by at least one of
the load sensors located in each of the first and second exosk-
eleton feet.
37. The method claim of 33, wherein said load sensor is a
force measuring device generating a load signal wherein said
load signal represents a portion of a force or a torque applied
by said object onto said exoskeleton.
38. The method claim of 30, wherein said object comprises
an element or combination of elements selected from the
group consisting of a box, a camera, a battery, a monitor and
a projectile.
39. The method of claim 30, further comprising:
moving the object from a first location to a second location
using the exoskeleton by walking with the exoskeleton
from the first location to the second location; and

disengaging the object from the load holding mechanism at
the second location.

40. The method of claim 30, wherein the at least one torque
generator constitutes first and second hip torque actuators
configured to create torque between the exoskeleton trunk
and respective first and second leg supports, and wherein the
step of creating the first torque with the at least one torque
generator between the exoskeleton trunk and the one of the
first and second thigh links in the stance phase comprises:

sensing a force between a user’s first foot and a first exosk-

eleton foot;

sensing a force between a user’s second foot and a second

exoskeleton foot;

determining a user’s intended load distribution for the first

foot;
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determining a user’s intended load distribution for the sec-

ond foot;

applying a torque to the first hip actuator, wherein the

torque applied by the first hip actuator is calculated to
oppose the torque created by the load on the first foot
based on the intended load distribution for the first foot;
and

applying a torque to the second hip actuator, wherein the

torque applied by the second hip actuator is calculated to
oppose the torque created by the load on the first foot
based on the intended load distribution for the first foot.

41. The method of claim 40, further comprising:

estimating a forward velocity of the exoskeleton;

determining when a walking event has started;

calculating a total torque required by the first and second
hip actuators to cancel the torque imposed on the exosk-
eleton by the load;

adding the total torque to the torque applied to one or both

of'the first and second hip actuators when the one or both
of'the first and second hip actuators are determined to be
in a stance phase.

42. A method for controlling an exoskeleton configurable
to be coupled to a person, said exoskeleton, among other
components, comprising first and second leg supports con-
figurable to be coupled to a person’s lower limbs and config-
ured to rest on the ground during a stance phase, an exoskel-
eton trunk rotatably connectable to said first and second leg
supports, at least one hip torque generator configured to cre-
ate torque between said exoskeleton trunk and one of the first
and second leg supports in the stance phase, a power unit in
communication with the at least one hip torque generator for
generating a torque to the at least one hip torque generator,
and a load holding mechanism, said method comprising:

sensing a torque applied to said load holding mechanism

by a load sensor;

generating a signal representative of the torque applied to

said load holding mechanism;

processing a signal from the load sensor using said power

unit; and

applying a torque to the at least one hip torque generator to

cancel at least a portion of the torque applied to the load
holding mechanism.

sk sk sk sk sk



