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ROBOTIC MANIPULATOR HAVING A PLURALITY OF SPRING
COMPENSATED JOINTS

by Dr. Nicholas Paine, Jonas Alexan Fox, and Bradley Aaron Resh

PRIORITY CLAIM

[001] This application is a continuation of and claims priority to U.S. Provisional
Application No. 62,752,802, filed on October 30, 2018 and entitled *“Robotic
Manipulator Having A Plurality Of Spring Compensated Joints” the entire disclosure

of which is incorporated herein by reference.

FIELD

[002] This invention relates generally to robotic manipulators, and more particularly,

to robotic manipulators comprising spring compensated joints.

BACKGROUND

[003] Robotic manipulators are designed to manipulate the position and orientation
of a payload in a three-dimensional (3-D) spatial environment. Some robotic
manipulators include a plurality of robotic links, which are interconnected by
articulated joints. For the past seven decades, robotic manipulators have been built
using a serial chain of actuators which include geared electric motors at each joint of
the robotic manipulator to effectuate motion. Geared electric motors have been the
primary choice for actuator type due to the prevalence of electrical power and efficiency
of electric motors, which have good power-per-weight, but poor torque-per-weight. As
a result, gearing is typically used to reduce the speed of the electric motor and to
increase the torque. Today, most robotic manipulators are built using a serial chain of
highly geared electric motors. Unfortunately, using highly geared electric motors

increases the apparent inertia of these robotic manipulators, reducing their safety and
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robustness when collisions with the environment are a possibility.

[004] It is generally well known that robotic manipulators are subjected to various
torques, including inertial, friction, gravity, and external torques. A simplified diagram
is provided in FIG. 1 to demonstrate the various torques that a single link 10 of a robotic
manipulator may be subjected to. In the simplified diagram, a link 10 having a center
of mass (m) at length (/) is attached at one end to mechanical ground 20 in such a way
that enables the freely moving end 12 of the link to rotate, thereby adjusting the
orientation (0) of the link. As the orientation (0) of the link changes, the torque (12) on

the link changes according to:

Ta= T+ Tp + Tg+ Texe =m0 + b0 +mglsingd + Toye

wherein ‘ti’ represents the inertial torque, ‘tv’ represents the viscous friction torque,

b b

‘g’ represents the gravity torque, and ‘Tex’ represents external torques on the link.
Inertial torques depend on the magnitude of accelerations of the link, whereas viscous
friction torques depend on the velocity of the link. External torques are created by
external disturbances, such as for example, a human pushing on the link. Gravity
torques, which are typically much larger than the other torque sources, are constant and
position dependent. In order to compensate for the effects of gravity on the robotic
manipulator and its payload, the actuators used within the robotic actuator are typically

required to generate high amounts of torque.

[005] Recently, gravity balancing techniques have been used in robotic manipulators
to offset at least a portion of the gravity torque (tg) on the manipulator, and thereby
decrease the required actuator efforts during motion. For example, some robotic
manipulators may incorporate a gravity compensating spring within a base joint of the
manipulator. However, the springs included within conventional robotic manipulators
are passive elements, which are only used to counterbalance the weight of the robot, so
that it ideally behaves as if its motion is in a gravity-less environment when not carrying
a payload. Although the springs can be used to at least partially offset gravity torques,
conventional robotic manipulators do not provide a means to dynamically alter the
amount of gravity compensating torque applied by the springs when the manipulator
picks up an object and the weight of the payload changes. This limitation significantly

hinders conventional robotic manipulators since an actuator, and not a spring, must
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provide the torque needed to lift the additional payload.

[006] Over the years, gravity-balancing mechanisms using counterweights, springs,
and parallelograms have been used in many applications, such as balanced arm lamps,
TV mounts and video camera supports, to compensate for the effect of gravity on a
load. These mechanisms, while useful in many applications, use only passive elements
(i.e., the springs) to compensate for gravitational forces on the load. In order to move
the load in a spatial environment, an operator or user of the mechanism must apply the

force needed to accelerate and manipulate the load.

[007] For example, FIG. 2A provides a conceptual diagram of a gravity-balancing
mechanism 30 including a serial chain of n parallelograms (e.g., four-bar linkages),
which constrain motion between the links 32 in a way that allows translation but not
rotation of opposite links. Because of this property, if one link in a parallelogram is
mechanically grounded, any torque applied to its opposite side (i.e., the freely moving
side) is transmitted directly through the mechanism to ground. To compensate for
gravitational loads applied to the freely moving side of gravity-balancing mechanism
30, a gravity compensating spring (k;...k,) may be attached diagonally within each
parallelogram between attachment points A and B. When coupled in such a manner,
the spring provides a lifting force (F5) that opposes the gravitational force (F§) on the
load.

[008] FIG. 2B illustrates the tension and compression forces (Fq, Fp, and F¢) generated
within a single parallelogram shown in FIG. 2A when a gravity compensating spring
(ki) 1s attached diagonally between two links of the parallelogram at spring attachment
points A and B. As shown in FIG. 2B, the forces generated within the parallelogram
are related to the geometric lengths of a triangle formed between the gravity
compensating spring and the links to which it is connected. Using force vector addition,

the tension and compression forces may be expressed as:
b B _F

a b c’

where ‘a’ is the length between attachment point A and one corner of the parallelogram,

‘D’ is the length between attachment point B and the same corner of the parallelogram,
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and ‘¢’ is the length of the spring. In the equation above, ‘F¢’ is the restoring force
generated by a spring of length ‘c’, ‘F3’ is the lifting force generated along length ‘b’
that opposes the gravitational load force (Fg), and ‘F.’ is the tension force generated

along length ‘a’.

[009] In the case of an ideal spring, the lifting force (Fp) provided by the gravity

compensating spring may be expressed as:

b
F, = 2 F. = = kc = kb = constant,

where, ‘6’ is the spring constant. For an ideal spring, the lifting force (Fp) is
independent of spring length (¢), and therefore, constant for any orientation (8). In
other words, when configured with an ideal spring, gravity-balancing mechanism 30
exhibits iso-elasticity, since no external force or torque is needed to balance the weight
at any orientation (6) of the mechanism for a fixed gravitational load force (Fj).
However, a real spring having a non-zero free length requires a prohibitively large
spring to reproduce ideal spring characteristics that are independent of orientation (8).
When configured with a real spring, the lifting force (F) provided by the spring is often
too low at upper positions and too high at lower positions, resulting in a gravity-

balancing mechanism 30 that does not exhibit iso-elastic behavior at all orientations.

[0010] It is generally well known that the iso-elastic behavior of a gravity-balancing
mechanism can be improved at the upper and lower positions by moving spring
attachment point B. For example, US Patent No. 7,618,016 discloses a practical
implementation of a gravity-balancing mechanism in the form of an iso-elastic support
arm for a camera stabilizing device. The iso-elastic support arm described in the ‘016
Patent uses parallelogram links that are biased upward by a spring, and provides a
mechanism with which an operator can manually adjust the spring termination height
and offset from the side of the parallelogram links. Such adjustment is provided, in one
embodiment of the ‘016 Patent, by adjustable knobs that may be rotated by an operator
to: (a) raise/lower the spring attachment point to increase/decrease the lifting force
provided by the spring, and/or (b) pivot the spring attachment point away from/toward

the side of the link to increase/decrease gravity-balancing at upper and lower positions.
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[0011] Although the manual spring adjustment means disclosed in the ‘016 Patent can
be used to improve the iso-elastic behavior of the support arm at extreme positions, the
operator of the camera stabilizing device is responsible for adjusting the spring
adjustment mechanism and applying the force necessary to accelerate and manipulate
a specific payload. Since the operator must adjust the spring position manually (e.g.,
by adjusting one or more knobs) to accommodate a specific payload, the iso-elastic
support arm disclosed in the ‘016 Patent cannot support payloads that change
dynamically throughout operation. While this is acceptable for cameramen
applications, it is insufficient for robotic manipulators that handle constantly changing
payloads. In addition, while the iso-elastic support arm disclosed in the ‘016 Patent can
be used to position a payload (e.g., a camera) in Cartesian space, the parallelogram links
remain parallel to the base frame of the support arm, and therefore, cannot change the

orientation of the payload.

SUMMARY OF THE INVENTION

[0012] The following description of various embodiments of apparatuses and robotic
manipulators is not to be construed in any way as limiting the subject matter of the

appended claims.

[0013] According to one embodiment, an apparatus in accordance with the present
disclosure may generally include a four-bar linkage mechanism, at least one gravity
compensating spring, a spring adjustment mechanism and a spring adjustment actuator.
In some embodiments, the apparatus may be a spring compensated joint included, for
example, within a robotic manipulator. In other embodiments, the apparatus may be a

gravity compensating mechanism.

[0014] In the disclosed apparatus, the four-bar linkage mechanism may generally
include an upper link arranged parallel to a lower link and a first side link arranged
parallel to a second side link. The first and second side links may be coupled between
the upper and lower links at distal ends thereof to form a parallelogram structure. The
at least one gravity compensating spring may be coupled to the parallelogram structure,

and may be attached between two links of the four-bar linkage mechanism at two
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different spring attachment points. In some embodiments, the at least one gravity
compensating spring may include two gravity compensating springs, each of which
may be coupled diagonally within the parallelogram structure and attached between

two links of the four-bar linkage mechanism at two different spring attachment points.

[0015] The spring adjustment mechanism may be coupled to one end of the at least one
gravity compensating spring to adjust a position of at least one of the spring attachment
points. The spring adjustment actuator may be coupled to move the spring adjustment
mechanism to alter the position of the at least one spring attachment point and
dynamically alter an amount of gravity compensating torque applied by the gravity

compensating spring when a payload handled by the apparatus changes.

[0016] In the present disclosure, the spring adjustment mechanism may be
implemented in a variety of different ways. In some embodiments, the spring
adjustment mechanism may include a slider, which is configured to adjust the position
of the at least one spring attachment point by translating the at least one spring
attachment point along an axis substantially parallel to the first side link, or along an
axis substantially parallel to the lower link. In other embodiments, the spring
adjustment mechanism may include a slider coupled to an additional four-bar linkage.
In such embodiments, the additional four-bar linkage may extend the at least one spring
attachment point beyond a boundary of the first side link and enable the slider to
translate the at least one spring attachment point along an axis, which is not parallel to

an axis extending through the first side link.

[0017] In some embodiments, the apparatus may further include an inertial actuator,
which may be coupled between links of the four-bar linkage mechanism to effectuate
rotational movement of the four-bar linkage mechanism and apply an adjustable amount

of force to accelerate and manipulate the payload.

[0018] In the present disclosure, the inertial actuator may be implemented in a variety
of different ways. In some embodiments, the inertial actuator may be a prismatic linear
actuator, which is coupled diagonally between the lower link and the first side link of

the four-bar linkage mechanism. In other embodiments, the inertial actuator may be a
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rotational actuator comprising a stator and a rotor, wherein the stator is coupled to the
first side link and the rotor is coupled to the lower link, or vice versa. In yet other
embodiments, the inertial actuator may be a prismatic linear actuator, which is coupled
to the upper link and arranged, so that a longitudinal axis of the inertial actuator is

parallel with the upper link.

[0019] In some embodiments, the apparatus may further include a slider crank
mechanism, which is coupled between one end of the inertial actuator and the first side
link. In such embodiments, the slider crank mechanism may be configured to convert

linear motion of the inertial actuator into rotational motion of the apparatus.

[0020] In some embodiments, the apparatus may further include a slider crank
mechanism and an additional four-bar linkage, which are coupled between the inertial
actuator and one or more links of the four-bar linkage mechanism. In such
embodiments, the slider crank mechanism and the additional four-bar linkage may be
configured to convert linear motion of the inertial actuator into rotational motion of the

apparatus.

[0021] According to one embodiment, a robotic manipulator in accordance with the
present disclosure may generally include a serial chain of actuators and a plurality of
spring compensated joints that enable the robotic manipulator to manipulate the
position and the orientation of its payload in a spatial environment. Each spring
compensated joint of the robotic manipulator may generally include a four-bar linkage
mechanism, at least one gravity compensating spring, a spring adjustment mechanism

and a spring adjustment actuator.

[0022] The four-bar linkage mechanism may include an upper link arranged parallel to
a lower link and a first side link arranged parallel to a second side link. The first and
second side links may be coupled between the upper and lower links at distal ends
thereof to form a parallelogram structure. The at least one gravity compensating spring
may be coupled between two links of the four-bar linkage mechanism at two different
spring attachment points to provide a lifting force (F») in a direction opposing a

gravitational force (Fg) on the payload. The spring adjustment mechanism may be



10

15

20

25

WO 2020/092516 PCT/US2019/058790

coupled to one end of the at least one gravity compensating spring and may be
configured to alter a position of at least one of the spring attachment points. The spring
adjustment actuator may be coupled to move the spring adjustment mechanism, so as
to alter the position of the at least one spring attachment point and dynamically adjust

the amount of lifting force (F») provided by the gravity compensating spring.

[0023] In some embodiments, the at least one gravity compensating spring may include
two gravity compensating springs, each of which may be coupled diagonally between

two links of the four-bar linkage mechanism at two different spring attachment points.

[0024] In some embodiments, the spring adjustment mechanism may include a lead
screw positioned adjacent and parallel to the first side link, and a slider coupled to the
lead screw and to the one end of the at least one gravity compensating spring. In such
embodiments, the spring adjustment actuator may be coupled to the lead screw and
configured to adjust the position of the at least one spring attachment point by
translating the lead screw up/down along an axis, which is substantially parallel to the

first side link.

[0025] In some embodiments, the robotic manipulator may further include a sensor and
a feedback controller, which is coupled to the sensor and the spring adjustment actuator.
The sensor may be coupled to measure the force and/or torque of a payload handled by
the robotic manipulator. The feedback controller may be configured to use an output
of the sensor to alter the at least one spring attachment point and dynamically adjust the
lifting force in real-time to compensate for gravitational load forces on dynamically

varying payloads.

[0026] In some embodiments, each spring compensated joint may further include an
inertial actuator, which is coupled between links of the four-bar linkage mechanism to
effectuate rotational movement of the four-bar linkage mechanism and apply an
adjustable amount of force to accelerate and manipulate a payload handled by the
robotic manipulator. In some embodiments, the inertial actuator may be a prismatic
linear actuator, which is coupled to the upper link of the four-bar linkage mechanism

and arranged, so that a longitudinal axis of the inertial actuator is parallel with the upper
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link. In some embodiments, each spring compensated joint may further include a slider
crank mechanism and a Hoeken’s linkage, which are coupled between the inertial
actuator and one or more links of the four-bar linkage mechanism. In such
embodiments, the slider crank mechanism and the Hoeken’s linkage may be configured
to convert linear motion of the inertial actuator into rotational motion of the spring

compensated joint.

[0027] In some embodiments, the robotic manipulator may further include a sensor and
a feedback controller, which is coupled to the sensor and the inertial actuator. The
sensor may be coupled to measure the force and/or torque of a payload handled by the
robotic manipulator. The feedback controller may be configured to use an output of
the sensor to dynamically adjust a force applied by the inertial actuator to manipulate

and accelerate dynamically varying payloads.

[0028] In one embodiment, the robotic manipulator may include a plurality of spring
compensated joints configured to move the robotic manipulator up and down, a
plurality of yaw actuators configured to pivot the robotic manipulator side-to-side, a
pitch actuator configured to move an end effector up and down, and a roll actuator
configured to rotate the end effector. In one example implementation, the robotic
manipulator may include a first yaw actuator coupled to mechanical ground, a first
spring compensated joint coupled between the first yaw actuator and a second yaw
actuator, a second spring compensated joint coupled between the second yaw actuator
and a third yaw actuator, a pitch actuator coupled to the third yaw actuator, a roll

actuator coupled to the pitch actuator and an end effector coupled to the roll actuator.

[0029] In another embodiment, the robotic manipulator may include a plurality of
spring compensated joints configured to move the robotic manipulator up and down, a
plurality of yaw actuators configured to pivot the robotic manipulator side-to-side, a
serial chain of actuators and an end effector. In one example implementation, the
robotic manipulator may include a first yaw actuator coupled to mechanical ground, a
first spring compensated joint coupled between the first yaw actuator and a second yaw
actuator, a second spring compensated joint coupled between the second yaw actuator

and the serial chain of actuators, which are further coupled to the end effector.
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[0030] In some embodiments, the serial chain of actuators may include a first actuator
coupled to one end of the second spring compensated joint, a second actuator coupled
to the first actuator, and a third actuator coupled to the second actuator. The first
actuator may be configured to rotate the end effector about a tilted axis, the second
actuator may be configured to rotate the end effector up and down, and the third actuator

may be configured to rotate the end effector side-to-side.

BRIEF DESCRIPTION OF THE DRAWINGS

[0031] Other advantages of the present disclosure will become apparent upon reading
the following detailed description and upon reference to the accompanying drawings in

which:

[0032] FIG. 1 (prior art) is a simplified diagram demonstrating the various torques that

a single link robotic manipulator is subjected to;

[0033] FIG. 2A (prior art) is a conceptual diagram of a gravity-balancing system
comprising a serial chain of n parallelograms (e.g., four-bar linkages), where each
parallelogram includes a gravity compensating spring coupled diagonally between two

links of the parallelogram at attachment points A and B;

[0034] FIG. 2B (prior art) is a vector diagram illustrating the tension and compression
forces generated within the linkages and the gravity compensating spring shown in FIG.

2A;

[0035] FIG. 3 is a side perspective view illustrating one embodiment of a robotic
manipulator having a plurality of spring compensated joints, where each joint includes
a gravity compensating spring, a spring adjustment mechanism, a spring adjustment

actuator and an inertial actuator;

[0036] FIG. 4 is a simplified diagram of a single spring compensated joint that may be
included within the robotic manipulator of FIG. 3, depicting the spring adjustment

mechanism positioned at spring attachment point B;

10
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[0037] FIG. 5 is a simplified diagram of a single spring compensated joint that may be
included within the robotic manipulator of FIG. 3, depicting the spring adjustment

mechanism positioned at spring attachment point A; and

[0038] FIG. 6 is a simplified diagram of a single spring compensated joint that may be
included within the robotic manipulator of FIG. 3, depicting an alternative embodiment

of a spring adjustment mechanism;

[0039] FIG. 7 is a simplified diagram of a single spring compensated joint that may be
included within the robotic manipulator of FIG. 3, depicting the inertial actuator

coupled between a side link and a lower link of the joint;

[0040] FIG. 8 is a simplified diagram of a single spring compensated joint that may be
included within the robotic manipulator of FIG. 3, wherein the joint includes an inertial

actuator according to a first alternative embodiment; and

[0041] FIG. 9 is a simplified diagram of a single spring compensated joint that may be
included within the robotic manipulator of FIG. 3, wherein the joint includes an inertial

actuator according to a second alternative embodiment;

[0042] FIG. 10 is a simplified diagram of a single spring compensated joint that may
be included within the robotic manipulator of FIG. 3, wherein the joint includes an

inertial actuator according to a third alternative embodiment;

[0043] FIG. 11 is a side perspective view illustrating another embodiment of a robotic
manipulator having a plurality of spring compensated joints, where each joint includes
at least one gravity compensating spring, a spring adjustment mechanism, a spring

adjustment actuator, and an inertial actuator;

[0044] FIG. 12 is a side view of a single spring compensated joint and a serial chain of

actuators that may be included within the robotic manipulator of FIG. 11; and

11
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[0045] FIG. 13 is a side cross-section view of the single spring compensated joint

shown in FIG. 12.

[0046] While the present disclosure is susceptible to various modifications and
alternative forms, specific embodiments thereof are shown by way of example in the
drawings and will herein be described in detail. It should be understood, however, that
the drawings and detailed description thereto are not intended to limit the disclosure to
the particular form disclosed, but on the contrary, the present disclosure is to cover all
modifications, equivalents and alternatives falling within the spirit and scope of the

present disclosure as defined by the appended claims.

DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

[0047] FIGS. 3-13 depict various embodiments of a robotic manipulator including a
plurality of spring compensated joints. As described in more detail below, each joint
of the disclosed robotic manipulator may include a four-bar linkage mechanism, at least
one gravity compensating spring coupled between links of the four-bar linkage
mechanism at two different spring attachment points, a spring adjustment mechanism
coupled to one end of the gravity compensating spring and configured to adjust a
position of at least one of the spring attachment points, a spring adjustment actuator
coupled to alter the position of the at least one spring attachment point and adjust the
lifting force (Fp) provided by the spring, and an inertial actuator coupled between links
of the four-bar linkage mechanism to effectuate rotational movement of the four-bar
linkage mechanism and to apply an adjustable amount of force to accelerate and

manipulate a payload handled by the robotic actuator.

[0048] Unlike conventional gravity-balancing mechanisms and robotic manipulators
that utilize gravity balancing techniques, the robotic manipulator depicted in FIGS. 3-
13 uses active actuation and feedback control to adjust the amount of lifting force
provided by the spring and dynamically alter the amount of gravity compensating
torque applied by the spring when the payload changes. This enables the disclosed

robotic manipulator to maintain gravity balance with dynamically varying payloads,

12
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and reduces the actuator efforts needed to accelerate and manipulate a payload

regardless of weight.

[0049] FIG. 3 is a conceptual diagram of a robotic manipulator 100 having a plurality
of spring compensated joints 110 in accordance with one embodiment of the present
disclosure. In the embodiment shown in FIG. 3, robotic manipulator 100 includes a
first spring compensated joint 110A and a second spring compensated joint 110B.
Although only two spring compensated joints are shown in FIG. 3, it is expressly noted
that robotic manipulator 100 may include one or more additional joints and actuators to

provide greater range of motion.

[0050] As described in more detail below, each spring compensated joint 110 of robotic
manipulator 100 includes a four-bar linkage mechanism (111, 112, 113, 114), a gravity
compensating spring 115, a spring adjustment mechanism 116, a spring adjustment
actuator 117 and an inertial actuator 118. In some embodiments, one or more
components of the disclosed spring compensated joint may be configured and/or
implemented differently than what is expressly depicted in FIG. 3, while retaining the
functionality described herein. The present disclosure is considered to encompass all

such configurations and alternative implementations.

[0051] In the embodiment shown in FIG. 3, a first spring compensated joint 110A is
coupled at one end to a first yaw actuator 120A, which is coupled to mechanical ground.
An opposite end of the first spring compensated joint 110A is coupled to a second yaw
actuator 120B, which in turn, is coupled to one end of the second spring compensated
joint 110B. An opposite end of the second spring compensated joint 110B is coupled
to a third yaw actuator 120C, which in turn, is coupled to pitch actuator 130, roll
actuator 140 and end effector 150. The yaw actuators 120, pitch actuator 130, roll
actuator 140 included within the robotic manipulator 100 are inertial actuators, which

may be driven to change the position and orientation of the manipulator.

[0052] The robotic manipulator 100 shown in FIG. 3 includes serial chain of spring
compensated joints and actuators, which enable the robotic manipulator to control the

position and the orientation of its payload in a 3-D spatial environment. For example,

13
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each yaw actuator 120A, 120B and 120C is configured to pivot the robotic manipulator
side-to-side in a plane orthogonal to the gravity vector, while the spring compensated
joints 110A and 110B are configured to move the robotic manipulator up and down by
adjusting the joint orientation angle 6. At the freely moving end (e.g., the wrist portion
of the robotic manipulator), yaw actuator 120C is configured to pivot the end effector
150 side-to-side, pitch actuator 130 is configured to rotate the end effector 150 up and
down, while roll actuator 140 is configured to rotate the end effector around its primary

axis.

[0053] In some embodiments, yaw actuators 120, pitch actuator 130 and roll actuator
140 may be implemented with substantially any type of rotary actuator (e.g., electric,
hydraulic, etc.). In one example implementation, yaw actuators 120, pitch actuator 130
and roll actuator 140 may each be implemented with some form of geared
electromagnetic rotary actuator including an electric motor coupled to a gearbox or
drivetrain. In other embodiments, the yaw actuators 120 may be implemented with a
linear actuator if additional means are provided for converting the linear motion of the
actuator into rotational motion. For example, if yaw actuators 120 are implemented
with linear actuators, an additional slider crank mechanism can be provided at each
joint to convert the linear motion of the linear actuator into rotational motion at the

joint.

[0054] In another embodiment, a substantially different configuration of actuators may
be used at the freely moving end (e.g., the wrist portion) of the robotic manipulator 100
in lieu of yaw actuator 120C, pitch actuator 130 and roll actuator 140. Similar to the
embodiment shown in FIG. 3, an alternative wrist design may include three rotary
actuators coupled in series between the last spring compensated joint (e.g., joint 110B)
and the end effector 150. In the alternative wrist design, however, a first rotary actuator
(e.g., a 45° actuator) coupled to the last spring compensated joint may be configured to
rotate the end effector 150 about a tilted axis, which is displaced from the Z-axis by an
acute angle (e.g., about 45°). A second rotary actuator (e.g., a pitch actuator) coupled
to the first rotary actuator may be configured to rotate the end effector 150 up and down,
and a third actuator (e.g., a yaw actuator) coupled to the first rotary actuator may be

configured to rotate the end effector 150 side to side.
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[0055] When configured in such a manner, the first, second and third rotary actuators
enable end effector 150 to rotate along its primary axis (e.g., the vertical axis), which
is helpful when picking up an object and rotating about its primary axis. The first,
second and third rotary actuators also enable continuous rotation of the last joint in the
chain, which is helpful for tasks like turning a screwdriver. Two common manipulation
poses are also accommodated with the alternative wrist design: 1) top down
manipulation (e.g., picking up something from overhead), and 2) horizontal
manipulation (e.g., picking up something sideways, such as an object located on a

horizontally accessible shelf).

[0056] Returning to FIG. 3, each spring compensated joint 110A and 110B includes a
four-bar linkage mechanism comprising an upper link 111 arranged parallel to a lower
link 112, and a first side link 113 arranged parallel to a second side link 114. The first
and second side links 113 and 114 are coupled between the upper and lower links 111
and 112 at distal ends thereof to form a parallelogram structure, which constrains
motion between the links of the four-bar linkage mechanism in a way that allows
translation, but not rotation, of opposite links. Because of this property, any torque
applied to end effector 150 (i.e., at the freely moving end) is transmitted directly
through the serially coupled actuators and joints of robotic manipulator 100 to

mechanical ground.

[0057] In general, gravity compensating spring 115 may be coupled to the
parallelogram structure of each spring compensated joint 110A/110B between two links
of the four-bar linkage mechanism. In the example embodiment shown in FIG. 3,
spring 115 is coupled diagonally between attachment point A on lower link 112 and
attachment point B on first side link 113. When coupled in such a manner, spring 115
provides a lifting force (Fp) in a direction opposing the gravitational load force (Fy). It
is recognized, however, that the gravity compensating spring 115 may provide a lifting
force (Fp) without being attached diagonally between links of the four-bar linkage
mechanism, as shown in FIG. 3. In some embodiments, the gravity compensating
spring 115 may be alternatively oriented and attached, for example, to a cable that spans
the four-bar linkage mechanism diagonally via pulleys. Together, the gravity

compensating spring, cable and pulleys may provide the lifting force (F») needed to
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oppose the gravitational load force (F,). In some embodiments, one or more
characteristics (e.g., length, stiffness, efc.) of the gravity compensating spring 115 may
be selected to counter-balance the weight of robotic manipulator 100 and its payload,
so that it ideally behaves as if its motion is in a gravity-less environment when carrying

a payload.

[0058] As noted above, robotic manipulator 100 improves upon conventional gravity-
balancing systems and robotic manipulators that utilize gravity balancing techniques,
in at least one respect, by using active actuation and feedback control to adjust the
amount of lifting force (Fp) provided by the gravity compensating spring 115 and
dynamically alter the amount of gravity compensating torque applied by the spring
when the payload changes. In order to do so, each spring compensated joint 110A and
110B may include a spring adjustment mechanism 116 and a spring adjustment actuator

117, as shown in FIG. 3.

[0059] In general, spring adjustment mechanism 116 and spring adjustment actuator
117 may be configured to alter a position of one or more attachment points of the gravity
compensating spring 115, so as to adjust the amount of lifting force (F») provided
thereby. In the example embodiment shown in FIG. 3, spring adjustment mechanism
116 includes a lead screw 116a which is positioned adjacent and parallel to the first side
link 113, and a slider 116b which is fixedly attached to the lead screw. One end of the
gravity compensating spring 115 is attached to lower link 112 at spring attachment point
A, while the other end of the spring is attached to slider 116b at spring attachment point
B.

[0060] In the embodiment shown in FIG. 3, spring adjustment actuator 117 is coupled
to lead screw 116a and configured to adjust the position of spring attachment point B
by translating the lead screw up/down along an axis parallel to the first side link 113.
By driving the lead screw (and thus, the slider 116b fixedly attached thereto) to a desired
position, spring adjustment actuator 117 provides the active actuation needed to alter
the position of spring attachment point B and adjust the lifting force (¥5) provided by
the gravity compensating spring 115. In one embodiment, spring adjustment actuator

117 may be a linear actuator having an electric motor, which is directly or indirectly
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connected to lead screw 116a. In one example implementation, the motor shaft of the
linear actuator may be mounted directly onto a distal end of lead screw 116a to drive
the lead screw up and down. In another example implementation, a belt system may be
used to connect the motor shaft of the linear actuator to the lead screw 116a, as shown

in FIG. 3.

[0061] Spring adjustment actuator 117 is configured to provide an adjustable lifting
force (Fp) to counteract substantially 100% of the gravity torque on robotic manipulator
100 regardless of payload. In some embodiments, a sensor and feedback controller may
be coupled to spring adjustment actuator 117 (as shown, e.g., in FIG. 11) to adjust the
lifting force needed to compensate for gravitational load forces on dynamically varying
payloads. In this manner, the spring adjustment mechanism 116, the spring adjustment
actuator 117, and the sensor and feedback controller may be used to dynamically adjust
the spring position in real-time, so that robotic manipulator 100 is nearly perfectly

gravity compensated regardless of payload.

[0062] In addition to spring adjustment actuator 117, each spring compensated joint
110A/110B may include an inertial actuator 118, which is configured to apply an
adjustable amount of force to accelerate and manipulate the payload. Because spring
adjustment actuator 117 provides a gravity compensating torque that offsets
substantially 100% of the gravity torque (i.e., the largest torque source) on robotic
manipulator 100, inertial actuator 118 only needs to compensate for the remaining
torque sources (i.e., inertial, friction and external torques) when moving the robotic
manipulator from point to point. This greatly reduces the effort and energy consumed

by the inertial actuator 118.

[0063] Unlike spring adjustment actuator 117, the inertial actuator 118 is not coupled
to the gravity compensating spring 115 or configured to alter a position of the spring
attachment points A and B. Instead, the inertial actuator 118 is coupled between links
of the spring compensated joint 110 to effectuate rotational movement of the joint and
apply an adjustable amount of force to accelerate and manipulate the payload. In the
embodiment shown in FIG. 3, the inertial actuator 118 is coupled diagonally between

the lower link 112 and first side link 113 of the spring compensated joint 110, and is
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arranged above and substantially in parallel with the gravity compensating spring 115.
When coupled in such a manner, the inertial actuator 118 is configured to actively adjust
the magnitude of the force applied by the inertial actuator to move the robotic
manipulator 100 up/down and to accelerate and deaccelerate the joint while

counteracting external disturbances.

[0064] Assuming the first side link 113 is adjacent to mechanical ground, for example,
the inertial actuator 118 shown in the embodiment of FIG. 3 may be compressed to
increase the magnitude of the acceleration force applied to the first side link 113 to raise
the opposing side of the joint (i.e., the side comprising second side link 114), thereby
increasing the joint orientation angle 6 and moving the robotic manipulator 100 in an
upward direction. On the other hand, the inertial actuator 118 may be extended to
decrease the magnitude of the acceleration force applied to the first side link 113 to
lower the opposing side of the joint, thereby decreasing the joint orientation angle 6 and
moving the robotic manipulator 100 in a downward direction. In some embodiments,
the inertial actuator 118 may be configured to increase or decrease the force needed to
accelerate/deaccelerate and manipulate a fixed payload in a desired direction. In some
embodiments, a sensor and feedback controller may be coupled to the inertial actuator
118 (as shown, e.g., in FIG. 11) to dynamically adjust the force needed to manipulate

and accelerate payloads regardless of weight.

[0065] In one embodiment, the inertial actuator 118 shown in FIG. 3 may be a prismatic
linear actuator having an electric motor mechanically coupled to one end of a screw
drive mechanism. The screw drive mechanism may be coupled to a lead nut, which
may be coupled to lower link 112 near spring attachment point A. In this manner, the
inertial actuator 118 may be configured to translate the second side link 114 with
respect to the first side link 113 to effectuate rotational motion of the joint. It is noted,
however, that inertial actuator 118 is not strictly limited to a prismatic linear actuator
in all embodiments, and may be alternatively implemented with other types of actuators
known in the art. It is further noted that the inertial actuator 118 may be coupled to the
spring compensated joint 110 in a manner that differs from that expressly shown in
FIG. 3. Although not strictly limited to such, FIGS. 7-10 illustrate how different types

of inertial actuators 118 may be coupled to spring compensated joint 110 in accordance
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with various embodiments of the present disclosure.

[0066] It is noted that FIG. 3 illustrates only one example embodiment of a spring
compensated joint 110 comprising a four-bar linkage mechanism (111, 112, 113, 114),
a gravity compensating spring 115, a spring adjustment mechanism 116 configured to
alter a position of one or more attachment points of the gravity compensating spring
115, a spring adjustment actuator 117 configured to dynamically adjust a lifting force
(F») provided by the gravity compensating spring 115, and an inertial actuator 118
configured to apply a force (e.g., an acceleration force) needed to accelerate and
manipulate a payload regardless of weight. However, robotic manipulator 100 is not
strictly limited to the particular arrangement and implementation of components shown
in FIG. 3. In some embodiments, robotic manipulator 100 may include additional
spring compensated joints and actuators to provide greater range of motion, where each
joint includes a four-bar linkage mechanism (111, 112, 113, 114), a gravity
compensating spring 115, a spring adjustment mechanism 116, a spring adjustment

actuator 117 and an inertial actuator 118.

[0067] FIGS. 4-6 illustrate various embodiments of spring adjustment mechanisms 116
that may be included within a spring compensated joint 110 in accordance with the
present disclosure. Although not shown for the purpose of drawing clarity, it is noted
that a spring adjustment actuator 117 will be mechanically coupled to the spring
adjustment mechanism 116 shown in FIGS. 4-6 to alter the position of the one or more
spring attachment points (i.e., A, B, or A and B) and dynamically adjust the lifting force
(F») provided by the gravity compensating spring 115 in real-time.

[0068] It is further noted, that while example embodiments of a spring adjustment
mechanism 116 are shown in FIGS. 3 and 4-6, these embodiments are not exhaustive
or inclusive of all potential implementations of a spring adjustment mechanism in
accordance with the present disclosure. In some cases, other embodiments of spring
adjustment mechanisms can be coupled to the spring compensated joints 110 disclosed
herein to alter the position of one or more spring attachment points (i.e., A, B, or A and
B) and adjust the lifting force (F») provided by the gravity compensating spring 115.

The present disclosure is considered to encompass all such embodiments and
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implementations.

[0069] FIG. 4 depicts a simplified representation of the spring adjustment mechanism
116 shown in FIG. 3. As shown in FIG. 4, slider 116b is configured to slide along an
axis extending through the first side link 113 to alter the position of spring attachment
point B. In one example implementation, slider 116b may be configured to surround
and slide along an outer perimeter of the first side link 113. In another example
implementation, slider 116b may be configured to slide within a groove formed within
first side link 113. As shown in FIG. 4, the position of spring attachment point B may
be changed to increase or decrease length ‘4’, thereby increasing or decreasing the

lifting force (F5) provided by the gravity compensating spring 115.

[0070] FIG. 5 depicts a simplified representation of a spring adjustment mechanism
116, which differs from the one shown in FIGS. 3 and 4 by positioning the spring
adjustment mechanism at spring attachment point A. In the embodiment shown in FIG.
5, one end of the gravity compensating spring 115 is attached to slider 116b at spring
attachment point A, while the other end of the spring is attached to the first side link
113 at spring attachment point B. In this embodiment, slider 116b is configured to slide
along an axis extending through lower link 112 to alter the position of spring attachment
point A. For example, slider 116b may be configured to surround and slide along an
outer perimeter of the lower link 112, or may be configured to slide within a groove
formed within the lower link 112. As shown in FIG. 5, the position of spring attachment
point A may be adjusted to increase or decrease length ‘a’, thereby increasing or

decreasing the lifting force (Fp) provided by the gravity compensating spring 115.

[0071] FIG. 6 depicts an alternative embodiment of a spring adjustment mechanism
116 that may be included within a spring compensated joint 110 in accordance with the
present disclosure. Like the previous embodiment shown in FIG. 4, the spring
adjustment mechanism 116 shown in FIG. 6 includes a slider 116b, which is coupled
to alter the position of spring attachment point B. Unlike the previous embodiment,
however, the spring adjustment mechanism 116 shown in FIG. 6 includes an additional
four-bar linkage 119 coupled to slider 116b. The four-bar linkage 119 extends the
spring attachment point B beyond the boundary of the first side link 113 and allows
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translational movement of the slider 116b along an axis, which is not parallel to the axis
extending through the first side link 113. In FIG. 6, the position of spring attachment
point B may be adjusted to improve the “quality” of gravity compensation when non-

ideal springs with non-zero free lengths and non-zero preload forces are used.

[0072] FIGS. 7-10 illustrate various embodiments of inertial actuators 118 that may be
included within a spring compensated joint 110 in accordance with the present
disclosure. Like the previous embodiment shown in FIG. 3, the inertial actuator 118
shown in FIGS. 7-10 may be generally configured to effectuate rotational motion of the
joint and apply a force (e.g., an acceleration force) needed to accelerate and manipulate
a payload. In some embodiments, a sensor and feedback controller (as shown, e.g., in
FIG. 11) may be coupled to the inertial actuator 118 shown in FIGS. 7-10 to
dynamically adjust the amount of force needed to accelerate and manipulate a payload,
while rejecting or compensating for external disturbances (such as friction and external

torques) on the joint.

[0073] It is noted, that while example embodiments of an inertial actuator 118 are
shown in FIGS. 3 and 7-10, these embodiments are not exhaustive or inclusive of all
potential implementations of an inertial actuator in accordance with the present
disclosure. In some embodiments, other types of inertial actuators and mechanisms
(such as a Hoeken’s linkage) can be used to couple an inertial actuator to a spring
compensated joint 110. The present disclosure is considered to encompass all such

embodiments and implementations.

[0074] FIG. 7 depicts a simplified representation of a spring compensated joint 110
comprising an inertial actuator 118. Like the embodiment shown in FIG. 3, the inertial
actuator 118 shown in FIG. 7 is coupled in parallel with the gravity compensating spring
115 and attached diagonally between the lower link 112 and first side link 113 of the
spring compensated joint 110. In one embodiment, the inertial actuator 118 shown in
FIG. 7 may be a prismatic linear actuator having an electric motor, which is
mechanically coupled to one end of a screw drive mechanism, as described above.
When coupled between lower link 112 and first side link 113, as shown in FIG. 7, the

inertial actuator 118 is configured to translate the second side link 114 with respect to
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the first side link 113 to effectuate rotational motion of the joint and actively adjust the
magnitude of the force applied by the inertial actuator to accelerate the joint and move
the robotic manipulator 100 up/down. Although functionally equivalent, the
embodiment shown in FIG. 7 differs slightly from the one shown in FIG. 3 by arranging
the inertial actuator 118 below the gravity compensating spring 115, as opposed to

above the spring.

[0075] FIG. 8 depicts a simplified representation of a spring compensated joint 110
comprising a first alternative embodiment of an inertial actuator 118 in accordance with
the present disclosure. Like the previous embodiments shown in FIGS. 3 and 7, the
inertial actuator 118 shown in FIG. 10 may be a prismatic linear actuator having an
electric motor, which is mechanically coupled to one end of a screw drive mechanism.
Unlike the previous embodiments shown in FIGS. 3 and 7, however, the inertial
actuator 118 shown in FIG. 8 is arranged along, and in parallel with, the upper link 111
of the spring compensated joint 110. One end of the inertial actuator 118 is coupled to
a slider crank mechanism comprising a slider 160 and additional link 170. Slider 160
is configured to move linearly along an axis extending longitudinally through the upper
link 111. The additional link 170 is coupled diagonally between slider 160 and the first
side link 113 of the spring compensated joint 110.

[0076] When coupled as shown in FIG. 8, the inertial actuator 118 is configured to
actively adjust the magnitude of the force applied by the inertial actuator to accelerate
the joint and move the robotic manipulator 100 up/down. For example, assuming the
first side link 113 is adjacent to mechanical ground, the inertial actuator 118 shown in
FIG. 8 may be compressed to increase the magnitude of the acceleration force applied
to the first side link 113 to raise the opposing side of the joint (i.e., the side comprising
second side link 114), thereby increasing the joint orientation angle 6 and moving the
robotic manipulator 100 in an upward direction. On the other hand, the inertial actuator
118 may be extended to decrease the magnitude of the acceleration force applied to the
first side link 113 to lower the opposing side of the joint, thereby decreasing the joint

orientation angle 0 and moving the robotic manipulator 100 in a downward direction.

[0077] FIG. 9 depicts a simplified representation of a spring compensated joint 110
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comprising a second alternative embodiment of an inertial actuator 118 in accordance
with the present disclosure. Unlike the previous embodiments shown in FIGS. 3, 7 and
8, the inertial actuator 118 shown in FIG. 9 is implemented as a rotational actuator,
instead of a linear actuator. The rotational actuator 118 shown in FIG. 9 is coupled
between the first side link 113 and lower link 112 of the spring compensated joint 110.
In one example implementation, a stator or housing of the rotational actuator 118 shown
in FIG. 9 may be coupled to the first side link 113, while the rotor is coupled to the
lower link 112 (or vice versa). When coupled in such a manner, the rotational actuator
118 shown in FIG. 9 is configured to actively adjust the magnitude of the torque applied
between links 112 and 113 to accelerate the joint and move the robotic manipulator 100

up/down.

[0078] FIG. 10 depicts a simplified representation of a spring compensated joint 110
comprising a third alternative embodiment of an inertial actuator 118 in accordance
with the present disclosure. Like the previous embodiments shown in FIGS. 3 and 7-
8, the inertial actuator 118 shown in FIG. 10 may be a prismatic linear actuator having
an electric motor, which is mechanically coupled to one end of a screw drive
mechanism. Like the previous embodiment shown in FIG. 8, the inertial actuator 118
shown in FIG. 10 may also be coupled to the upper link 111 and arranged, such that a

longitudinal axis of the inertial actuator is parallel with the upper link.

[0079] Unlike the previous embodiments shown in FIGS. 3 and 7-8, however, the
inertial actuator 118 shown in FIG. 10 is coupled to a slider crank mechanism and an
additional four-bar linkage to more efficiently convert linear motion of the inertial
actuator into rotational motion of the spring compensated joint 110. As shown in FIG.
10 and described in more detail below, the slider crank mechanism includes a slider
180 and a crank 182. The additional four-bar linkage shown in FIG. 10 is implemented
as a Hoeken'’s linkage, including a first link 190, a second link 192, a third link 194 and
a fourth link 196. In the embodiment shown in FIG. 10, the first link 190 of the
Hoeken’s linkage is the upper link 111 of the four-bar linkage mechanism, and the
second link 192 of the Hoeken’s linkage is the second side link 114 of the four-bar

linkage mechanism.
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[0080] In the embodiment shown in FIG. 10, inertial actuator 118 is implemented as a
prismatic linear actuator having an electric motor 118a mechanically coupled to one
end of a screw drive mechanism 118b. The screw drive mechanism 118b of inertial
actuator 118 is coupled to the slider 180, which in turn, is coupled to the crank 182 of
the slider crank mechanism. As the electric motor 118a drives the screw drive
mechanism 118b, slider 180 (e.g., a lead nut) slides along the screw drive mechanism
118b, causing one end of the crank 182 to slide in a direction parallel with the upper
link 111 of the four-bar linkage mechanism and the first link 190 of the Hoeken’s

linkage.

[0081] An opposite end of the crank 182 is rotationally coupled to the third link 194 of
the Hoeken’s linkage, which in turn, is rotationally coupled to the second side link 114
of the four-bar linkage mechanism and the second link 192 of the Hoeken’s linkage.
One end of the fourth link 196 is rotationally coupled to the third link 194, while the
opposite end of the fourth link 196 is rotationally coupled to upper link 111 of the four-
bar linkage mechanism and the first link 190 of the Hoeken’s linkage. When coupled
in such a manner, the Hoeken’s linkage (190, 192, 194, 196) converts linear motion of
inertial actuator 118 into rotational motion of the spring compensated joint 110 by
translating the second side link 114 of the four-bar linkage mechanism with respect to

first side link 113.

[0082] For example, assuming the first side link 113 is adjacent to mechanical ground,
inertial actuator 118 may be compressed to compress the Hoeken’s linkage and increase
the magnitude of the acceleration force applied to the second side link 114 to pull the
second side link down, thereby decreasing the joint orientation angle 6 and moving the
robotic manipulator 100 in a downward direction. On the other hand, inertial actuator
118 may be extended to elongate the Hoeken’s linkage and decrease the magnitude of
the acceleration force applied to the second side link 114 to push the second side link
up, thereby increasing the joint orientation angle 6 and moving the robotic manipulator

100 in an upward direction.

[0083] Linear actuators driving rotary joints typically have position-dependent torque

profiles due to the nonlinear relationship between linear displacement of the actuator
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and rotational motion of the joint. This nonlinear relationship can be advantageous in
situations where torques experienced by the rotational joint share a similar nonlinear
profile relative to angular displacement. However, in the case of the inertial actuator
118 shown in FIG. 10, inertial torques are not dependent on joint angle, and therefore,
a non-linear mapping between linear and rotational space is not desirable. The
Hoeken’s linkage (190, 192, 194, 196) works well in this situation because it is a
mechanism that couples linear motion to rotational motion with a nearly constant speed
ratio, meaning that the effective joint torque of the inertial actuator 118 remains
constant throughout the range of motion of the spring compensated joint 110. As such,
the Hoeken’s linkage shown in FIG. 10 provides a more efficient mechanism for
converting linear motion of the inertial actuator 118 into rotational motion of the spring
compensated joint 110 compared, for example, to the previous embodiment shown in

FIG. 8.

[0084] Various embodiments of spring adjustment mechanisms 116 in accordance with
the present disclosure are shown in FIGS. 3-6 and described above. It is noted that,
while illustrated as separate embodiments, one or more of the spring adjustment
mechanisms 116 shown in FIGS. 3-6 may be combined within a single embodiment to

alter the position of one or more spring attachment points (i.e., A, B, or A and B).

[0085] Various embodiments of inertial actuators 118 in accordance with the present
disclosure are shown in FIGS. 3 and 7-10 and described above. It is noted that, while
illustrated as separate embodiments, one or more of the inertial actuators 118 shown in
FIGS. 3 and 7-10 may be combined within a single embodiment to adjust a magnitude
of one or more forces (e.g., Fa, Fp, and/or Fc of FIG. 2B) generated within the spring

compensated joint 110.

[0086] It is further noted that, while illustrated separately for purposes of drawing
clarity, a spring compensated joint 110 in accordance with the present disclosure may
combine any of the spring adjustment mechanisms 116 shown in FIGS. 4-6 with any of

the inertial actuators 118 shown in FIGS. 7-10.

[0087] FIG. 11 is a practical implementation of a robotic manipulator 200 including a
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plurality of spring compensated joints 210A/B in accordance with one embodiment of
the present disclosure. FIG. 12 provides a side view of spring compensated joint 210B,
illustrating example actuators (230, 240, 245) that may be included within the wrist
portion of the robotic manipulator 200 to effectuate movement of the end effector (not
shown in FIGS. 11 and 12). FIG. 13 provides a side cross-sectional view of spring
compensated joint 210B to better illustrate various internal components included within

the joint.

[0088] Like the previous embodiment shown in FIG. 3, the robotic manipulator 200
shown in FIG. 11 includes a serial chain of spring compensated joints 210 and actuators,
which enable the robotic manipulator to control the position and orientation of a
payload in a 3-D spatial environment. In the embodiment shown in FIG. 11, robotic
manipulator 200 includes a first spring compensated joint 210A and a second spring
compensated joint 210B. Although only two spring compensated joints are shown in
FIG. 11, it is expressly noted that robotic manipulator 200 may include one or more

additional joints and actuators to provide greater range of motion.

[0089] As described in more detail below, each spring compensated joint 210 of robotic
manipulator 200 includes a four-bar linkage mechanism (211, 212, 213, 214), at least
one gravity compensating spring 215, a spring adjustment mechanism 216, a spring
adjustment actuator 217 and an inertial actuator 218. In some embodiments, one or
more components of the disclosed spring compensated joint may be configured and/or
implemented differently than what is expressly depicted in FIG. 11, while retaining the
functionality described herein. The present disclosure is considered to encompass all

such configurations and alternative implementations.

[0090] In the embodiment shown in FIG. 11, a first spring compensated joint 210A is
coupled at one end to a first yaw actuator 220A, which is coupled to mechanical ground.
An opposite end of the first spring compensated joint 210A is coupled to a second yaw
actuator 220B, which is coupled to one end of a second spring compensated joint 210B.
At the freely moving end (e.g., the wrist portion of the robotic manipulator), a serial
chain of actuators (e.g., a first actuator 230, a second actuator 240, and a third actuator

245) is coupled between an opposite end of the second spring compensated joint 210B
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and the end effector (not shown).

[0091] As noted above, spring compensated joints 210A and 210B are configured to
move the robotic manipulator 200 up and down by adjusting the joint orientation angle
0. Yaw actuators 220A and 220B are configured to pivot the robotic manipulator 200
side-to-side in a plane orthogonal to the gravity vector (Fg). The serial chain of
actuators (e.g., the first actuator 230, second actuator 240, and third actuator 245)
included within the wrist portion of the robotic manipulator 200 are configured to

effectuate movement of the end effector (not shown).

[0092] In the embodiment shown in FIG. 11, the first actuator 230 is coupled to the
second spring compensated joint 210B and configured to rotate the end effector about
a tilted axis, which is displaced from the Z-axis by an acute angle (e.g., about 45° from
vertical). The second actuator 240 (e.g., a pitch actuator) is coupled to the first actuator
230 and configured to rotate the end effector up and down. The third actuator 245 (e.g.,
a yaw actuator) is coupled to the second actuator 240 and configured to rotate the end

effector side-to-side.

[0093] In some embodiments, the actuators (e.g., 220A/B, 230, 240 and/or 245)
included within robotic manipulator 200 may each be implemented with a type of rotary
actuator (e.g., electric, hydraulic, efc.). In one example implementation, actuators
220A/B, 230, 240 and 245 may each be implemented with some form of geared
electromagnetic actuator including an electric motor coupled to a gearbox or drivetrain.
In other embodiments, one or more of the actuators included within robotic manipulator
200 may implemented with linear actuators. For example, yaw actuators 220A and
220B may implemented with linear actuators, if an additional slider crank mechanism
is provided at each joint to convert the linear motion of the linear actuators into

rotational motion at the joints.

[0094] Like the previous embodiment shown in FIG. 3, each of the spring compensated
joints 210A/B included within robotic manipulator 200 may generally include a four-
bar linkage mechanism (211, 212, 213, 214), at least one gravity compensating spring

215, a spring adjustment mechanism 216, a spring adjustment actuator 217 and an
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inertial actuator 218. As described in more detail below, the at least one gravity
compensating spring 215 may be coupled between two different links of the four-bar
linkage mechanism (211, 212, 213, 124) at two different spring attachment points (A,
B). The spring adjustment mechanism 216 may be coupled to one end of the at least
one gravity compensating spring 215 and configured to adjust a position of at least one
of the spring attachment points (A and/or B) to adjust a lifting force (¥3) provided by
the spring 215. The spring adjustment actuator 217 may be coupled to move the spring
adjustment mechanism 216 to alter the position of the at least one spring attachment
point and dynamically alter an amount of gravity compensating torque, which is applied
by the gravity compensating spring 215 when a payload handled by robotic manipulator
200 changes. Finally, the inertial actuator 218 may be coupled between links of the
four-bar linkage mechanism to effectuate rotational movement of the four-bar linkage
mechanism, and to apply an adjustable amount of force to accelerate and manipulate a

payload handled by the robotic manipulator 200.

[0095] As shown most clearly in FIG. 12, the four-bar linkage mechanism may
generally include an upper link 211 arranged parallel to a lower link 212, and a first
side link 213 arranged parallel to a second side link 214. The first and second side links
213 and 214 may be coupled between the upper and lower links 211 and 212 at distal
ends thereof to form a parallelogram structure. As noted above, the parallelogram
structure constrains motion between the links of the four-bar linkage mechanism in a
way that allows translation, but not rotation, of opposite links. As such, any torque
applied to the end effector (not shown) is transmitted directly through the serially
coupled spring compensated joints and actuators of robotic manipulator 200 to

mechanical ground.

[0096] As noted above, at least one gravity compensating spring 215 may be coupled
to the parallelogram structure of each spring compensated joint 210A/210B between
two links of the four-bar linkage mechanism. In the embodiment shown in FIGS. 11-
13, two gravity compensating springs 215 are coupled diagonally between attachment
points A on second side link 214 and attachment points B on first side link 213. When
coupled in such a manner, the two gravity compensating springs 215 each provide a

lifting force (F») in a direction opposing the gravitational load force (Fy), thereby
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providing a significantly greater lifting force than provided by the single gravity
compensating spring 115 shown in FIG. 3. As before, characteristics (e.g., length,
stiffness, efc.) of the gravity compensating springs 215 may be selected to counter-
balance the weight of robotic manipulator 200 and its payload, so that it ideally behaves

as if its motion is in a gravity-less environment when carrying a payload.

[0097] As noted above, it is not strictly necessary to attach the gravity compensating
springs 215 diagonally between links of the four-bar linkage mechanism in all
embodiments. In some embodiments, the gravity compensating springs 215 may be
alternatively oriented within the four-bar linkage mechanism and attached, for example,
to a cable that spans the four-bar linkage mechanism diagonally via pulleys. Together,
the gravity compensating springs, cable and pulleys may provide the lifting force (F5)

needed to oppose the gravitational load force (Fy).

[0098] In the embodiment shown in FIGS. 11-13, a spring adjustment mechanism 216
and a spring adjustment actuator 217 may be coupled to the gravity compensating
springs 215 to alter a position of one or more attachment points of the springs 215 and
adjust the amount of lifting force (F5) provided thereby. In the illustrated embodiment,
spring adjustment mechanism 216 and spring adjustment actuator 217 are coupled to
the gravity compensating springs 215 at spring attachment point B. It is recognized,
however, that the spring adjustment mechanism 216 and spring adjustment actuator 217
are not strictly limited to spring attachment point B and may be alternatively coupled
to other spring attachment points, as shown for example in the alternative embodiments

depicted in FIGS. 4-6.

[0099] In one embodiment, spring adjustment actuator 217 may be a linear actuator
having an electric motor 217a, which is directly or indirectly connected to a lead screw
217d. In one example implementation, the motor shaft of the electric motor 217a may
be coupled to a gearbox 217b and belt transmission 217c, which are coupled and
configured to drive the lead screw 217d. In the embodiment shown in FIGS. 11-13, the
spring adjustment mechanism 216 is fixedly attached to the lead screw 217d of the

spring adjustment actuator 217 at spring attachment point B.
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[00100] The spring adjustment mechanisms 216 and spring adjustment actuators 217
adjust the position of spring attachment point B by translating lead screw 217d up/down
along an axis, which is substantially parallel to the first side link 213. By driving the
lead screw 217d (and thus, the spring adjustment mechanism 216 fixedly attached
thereto) to a desired position, the spring adjustment actuator 217 provides the active
actuation needed to alter the position of spring attachment point B and adjust the lifting

force (F») provided by the gravity compensating springs 215.

[00101] In some embodiments, the lead screw 217d is forward drivable to change the
position of the spring attachment point B, but it is not back drivable, so that the spring
adjustment actuator 217 does not need to constantly expend energy holding its position
to counteract the spring's force. In other embodiments, however, the lead screw 217d
could be forward drivable and back drivable. In such embodiments, an additional
braking mechanism may be required to prevent the spring adjustment actuator 217 from

constantly expending energy to hold its position.

[00102] The spring adjustment mechanism 216 and the spring adjustment actuator 217
described herein provide an adjustable lifting force (F») to counteract substantially
100% of the gravity torque on robotic manipulator 200. In some embodiments, the
spring adjustment actuator 217 may be configured to adjust the lifting force needed to
compensate for gravitational load forces on a fixed payload. In other embodiments, a
sensor 300 and feedback controller 302 may be coupled to spring adjustment actuator
217 to adjust the lifting force needed to compensate for gravitational load forces on

dynamically varying payloads.

[00103] In one example implementation, a force/torque sensor 300 may be located
within the wrist portion of the robot manipulator 200 to directly measure the
force/torque of a payload. The output of the force/torque sensor 300 is supplied to a
feedback controller 302, which is coupled to the spring adjustment actuator 217. When
the force/torque sensor 300 senses a change in payload, the feedback controller 302
supplies a signal to the spring adjustment actuator 217 to alter the position of the gravity
compensating springs 215 and adjust the lifting force (¥5) needed to compensate for the

change in payload. When active feedback control is used, the position of the gravity
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compensating springs 215 is dynamically adjusted in real-time, so that robotic

manipulator 200 is nearly perfectly gravity compensated regardless of payload.

[00104] Inertial actuator 218 is coupled between links of the spring compensated joint
210 to effectuate rotational movement of the joint and apply an adjustable amount of
force to accelerate and manipulate the payload. Similar to the embodiments shown in
FIGS. 8 and 10, inertial actuator 218 is coupled to upper link 211 and arranged, so that
a longitudinal axis of the actuator is parallel to the upper link. Like the embodiment
shown in FIG. 10, inertial actuator 218 includes a slider crank mechanism and a
Hoeken’s linkage to more efficiently convert linear motion of the actuator into
rotational motion of the spring compensated joint 210. As shown in FIG. 13 and
described in more detail below, the slider crank mechanism includes a slider 280 and a
crank 282. The Hoeken’s linkage includes a first link 290, a second link 292, a third
link 294 and a fourth link 296. In the embodiment shown in FIG. 11, the first link 290
of the Hoeken’s linkage is the upper link 211 of the four-bar linkage mechanism, and
the second link 292 of the Hoeken’s linkage is the second side link 214 of the four-bar

linkage mechanism.

[00105] As shown in FIG. 13, inertial actuator 218 may be implemented as a prismatic
linear actuator having an electric motor 218a mechanically coupled to one end of a
screw drive mechanism 218b. The screw drive mechanism 218b of inertial actuator
218 is coupled to the slider 280, which in turn, is coupled the crank 282 of the slider
crank mechanism. More specifically, and as shown in FIG. 13, one end of crank 282
is coupled to slider 280 and configured to slide along a linear guide 284, which is
coupled to an underside of the upper link 211. As electric motor 218a drives screw
drive mechanism 218b, slider 280 slides along the screw drive mechanism, causing the
one end of crank 282 to slide along the linear guide 284 in a direction parallel with the

upper link 211.

[00106] An opposite end of crank 282 is rotationally coupled to the third link 294 of
the Hoeken’s linkage, which in turn, is rotationally coupled to the second side link 214
of the four-bar linkage mechanism and the second link 292 of the Hoeken’s linkage.

One end of the fourth link 296 is rotationally coupled to the third link 294, while the
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opposite end of the fourth link 296 is rotationally coupled to upper link 211 of the four-
bar linkage mechanism and the first link 290 of the Hoeken’s linkage. When coupled
in such a manner, the Hoeken’s linkage (290, 292, 294, 296) converts linear motion of
the inertial actuator 218 into rotational motion of the spring compensated joint 210 by
translating the second side link 214 of the four-bar linkage mechanism with respect to

the first side link 213.

[00107] For example, assuming the first side link 213 is adjacent to mechanical ground,
the inertial actuator 218 may be compressed to compress the Hoeken’s linkage and
increase the magnitude of the acceleration force applied to the second side link 214 to
pull the second side link down, thereby decreasing the joint orientation angle 6 and
moving the robotic manipulator 200 in a downward direction. On the other hand, the
inertial actuator 218 may be extended to elongate the Hoeken’s linkage and decrease
the magnitude of the acceleration force applied to the second side link 214 to push the
second side link up, thereby increasing the joint orientation angle 6 and moving the

robotic manipulator 200 in an upward direction.

[00108] Like the previous embodiment shown in FIG. 3, the inertial actuator 218 shown
in FIG. 13 may be configured to apply an adjustable amount of force to move robotic
manipulator 200 up/down, and to accelerate and manipulate a payload handled by the
robotic manipulator while counteracting external torques and disturbances. In some
embodiments, the inertial actuator 218 may be configured to increase/decrease the force
needed to accelerate/deaccelerate a payload of fixed weight, and to manipulate the fixed
payload in a desired direction. In other embodiments, a sensor 300 and feedback
controller 302 may be coupled to the inertial actuator 218 to sense and dynamically

adjust the force needed to manipulate and accelerate payloads regardless of weight.

[00109] In one example implementation, a force/torque sensor 300 may be located
within the wrist portion of the robot manipulator 200 to directly measure the
force/torque of a payload, as noted above and shown in FIG. 11. The output of the
force/torque sensor 300 is supplied to a feedback controller 302, which is coupled to
inertial actuator 218. When the force/torque sensor 300 senses a change in payload, the

feedback controller 302 supplies a signal to the inertial actuator 218 to adjust the
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acceleration force needed to compensate for the change in payload. When active
feedback control is used, the force needed to manipulate and accelerate payloads is
dynamically adjusted in real-time, so that robotic manipulator 200 can smoothly

transition between payloads regardless of weight.

[00110] Regardless of whether active feedback control is provided, the effort and
energy consumed by the inertial actuator 218 is greatly reduced by the gravity
compensating torque provided by the spring adjustment actuator 217. Because the
spring adjustment actuator 217 provides a gravity compensating torque that offsets
substantially 100% of the gravity torque (i.e., the largest torque source) on robotic
manipulator 200, the inertial actuator 218 only needs to compensate for the remaining
torque sources (i.e., inertial, friction and external torques) when moving the robotic

manipulator 200 from point to point.

[00111] As noted above, a feedback controller 302 may be coupled to the spring
adjustment actuator 217 and the inertial actuator 218, in some embodiments. In the
embodiment shown in FIG. 11, a single feedback controller 302 (shown in block
diagram form) is coupled for controlling one or more of the actuators (217, 218, 220A,
220B, 230, 240 and 245) included within the robotic manipulator. It is recognized,
however, that a plurality of feedback controllers 302 may alternatively be located
throughout the robotic manipulator 200 for controlling the actuator(s) contained

therein.

[00112] In some embodiments, a sensor 300 may be coupled to the feedback controller
302, as noted above. In the embodiment shown in FIG. 11, a force/torque sensor 300
(shown in block diagram form) is located within the wrist portion of robot manipulator
200 and configured to measure the force/torque of a payload handled by the robotic
manipulator. When the sensor 300 senses a change in payload, the feedback controller
302 supplies signals to the spring adjustment actuator 217 and the inertial actuator 218
to dynamically adjust the lifting force (¥%) and the acceleration force needed to

manipulate and accelerate payloads, in real-time.

[00113] It is recognized, however, that sensor 300 is not strictly necessary and may be
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omitted in some embodiments. In some embodiments, one or more of the feedback
controllers 302 disclosed herein may detect changes in payload through mathematical
modeling and current detection. For example, one or more of the feedback controllers
302 disclosed herein may detect when the mass of the robotic manipulator 200 changes
(due to lifting or dropping a payload) by modeling the mass of each spring compensated
joint 210A/B and using a current measured in the motor(s) of one or more of the
actuators (217, 218, 220A, 220B, 230, 240 and 245). When the feedback controller(s)
302 detect a change in the mass of the robotic manipulator 200, the feedback
controller(s) 302 may supply signals to the spring adjustment actuator 217 and the
inertial actuator 218 to dynamically adjust the lifting force (F») and the acceleration

force needed to manipulate and accelerate payloads in real-time.

[00114] As noted above, conventional robotic manipulators typically contain one
actuator per joint, while some contain a gravity compensating spring at the base joint
(i.e., the first joint) to help offset gravity torques. In an effort to improve upon
conventional robotic manipulators, the present disclosure decomposes the actuation
problem down into three separate components, i.e., gravity compensating spring(s)
115/215, spring adjustment 116/117/216/217, and inertial actuation 118/218, which
requires a large degree of engineering design effort, knowledge of control dynamics,

and software integration to accomplish.

[00115] The gravity compensating spring(s) 115/215, spring adjustment mechanism(s)
116/216 and spring adjustment actuator(s) 117/217 provide the robotic manipulator
100/200 disclosed herein with a “smart gravity compensation” feature, which allows
payloads to vary dynamically and in real-time. This is not possible with conventional
iso-elastic mechanisms or conventional robotic manipulators that utilize gravity
balancing techniques. In some embodiments, the smart gravity compensation feature
can accommodate for changes in the gravity vector of the system. For example, the
manipulator ground can change orientations and the smart gravity compensation feature

can compensate for the changes to the perceived payload dynamically and in real-time.

[00116] As noted above, the spring adjustment mechanism 116/216 and spring

adjustment actuator 117/217 may be configured to dynamically adjust the position of
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the gravity compensating spring(s) 115/215, so that the robotic manipulator 100/200 is
nearly perfectly gravity compensated regardless of payload weight. The gravity
compensating spring(s) 115/215 support not only the gravitational forces of the robotic
manipulator 100/200, but also of the payload. When the robotic manipulator 100/200
picks up a new object, the position of the gravity compensating spring(s) 115/215 will
be readjusted by the spring adjustment mechanism 116/216 and spring adjustment
actuator 117/217 to compensate for the newly added mass of the payload. In this way,
the robotic manipulator 100/200 is always adapting to payloads when they are added or
removed. This represents an important advantage over conventional iso-elastic
mechanisms and robotic manipulators that utilize gravity balancing techniques. In the
disclosed robotic manipulator, the gravity compensating spring(s) 115/215 are able to
support 100% of the gravity loads, so that the inertial actuator 118/218 need only
provide inertial acceleration of the payload to and from rest and compensate for external

disturbances.

[00117] In the present disclosure, the inertial actuator 118/218 is configured to position
the robotic manipulator 100/200 (e.g., by accelerating and decelerating the manipulator
arm) while compensating for dynamically accelerating variable payloads. In addition,
the inertial actuator 118/218 disclosed herein may be configured to reject or compensate
for external disturbance forces on the robotic manipulator 100/200 (e.g., if someone
pushes on the arm). In some embodiments, the inertial actuator 118/218 may be
configured to reject external disturbances based on a programmed mechanical
impedance (e.g., feedback gains). For example, the inertial actuator 118/218 may be
configured to modulate a mechanical impedance of the robotic manipulator 100/200,
so that the manipulator arm feels “soft” and moves easily with external disturbances
(e.g., in a human-safe mode), or feels “stiff” and rejects external disturbances for

maximum positional accuracy.

[00118] While the invention may be adaptable to various modifications and alternative
forms, specific embodiments have been shown by way of example and described
herein. However, it should be understood that the invention is not intended to be limited
to the particular forms disclosed. Rather, the invention is to cover all modifications,

equivalents, and alternatives falling within the spirit and scope of the invention as
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defined by the appended claims. Moreover, the different aspects of the disclosed
systems and methods may be utilized in various combinations and/or independently.
Thus, the invention is not limited to only those combinations shown herein, but rather

may include other combinations.
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WHAT IS CLAIMED IS:

1. An apparatus, comprising:

a four-bar linkage mechanism including an upper link arranged parallel to a
lower link and a first side link arranged parallel to a second side link,
wherein the first and second side links are coupled between the upper
and lower links at distal ends thereof to form a parallelogram structure;

at least one gravity compensating spring coupled to the parallelogram structure,
wherein the at least one gravity compensating spring is attached between
two links of the four-bar linkage mechanism at two different spring
attachment points;

a spring adjustment mechanism coupled to one end of the at least one gravity
compensating spring and configured to adjust a position of at least one
of the spring attachment points; and

a spring adjustment actuator coupled to move the spring adjustment mechanism
to alter the position of the at least one spring attachment point and
dynamically alter an amount of gravity compensating torque applied by
the at least one gravity compensating spring when a payload handled by

the apparatus changes.

2. The apparatus as recited in claim 1, wherein the at least one gravity
compensating spring comprises two gravity compensating springs, each of which is
coupled diagonally within the parallelogram structure and attached between two links

of the four-bar linkage mechanism at two different spring attachment points.

3. The apparatus as recited in claim 1, wherein the spring adjustment mechanism
comprises a slider, which is configured to adjust the position of the at least one spring
attachment point by translating the at least one spring attachment point along an axis

substantially parallel to the first side link.

4. The apparatus as recited in claim 1, wherein the spring adjustment mechanism
comprises a slider, which is configured to adjust the position of the at least one spring
attachment point by translating the at least one spring attachment point along an axis

substantially parallel to the lower link.
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5. The apparatus as recited in claim 1, wherein the spring adjustment mechanism
comprises a slider coupled to an additional four-bar linkage, wherein the additional
four-bar linkage extends the at least one spring attachment point beyond a boundary of
the first side link and enables the slider to translate the at least one spring attachment

point along an axis, which is not parallel to an axis extending through the first side link.

6. The apparatus as recited in claim 1, further comprising an inertial actuator
coupled between links of the four-bar linkage mechanism to effectuate rotational
movement of the four-bar linkage mechanism and apply an adjustable amount of force

to accelerate and manipulate the payload.

7. The apparatus as recited in claim 6, wherein the inertial actuator is a prismatic
linear actuator, which is coupled diagonally between the lower link and the first side

link of the four-bar linkage mechanism.

8. The apparatus as recited in claim 6, wherein the inertial actuator is a rotational
actuator comprising a stator and a rotor, wherein the stator is coupled to the first side

link and the rotor is coupled to the lower link, or vice versa.

9. The apparatus as recited in claim 6, wherein the inertial actuator is a prismatic
linear actuator, which is coupled to the upper link and arranged, so that a longitudinal

axis of the inertial actuator is parallel with the upper link.

10. The apparatus as recited in claim 9, further comprising a slider crank mechanism
coupled between one end of the inertial actuator and the first side link, wherein the
slider crank mechanism is configured to convert linear motion of the inertial actuator

into rotational motion of the apparatus.

11. The apparatus as recited in claim 9, further comprising a slider crank mechanism
and an additional four-bar linkage coupled between the inertial actuator and one or more
links of the four-bar linkage mechanism, wherein the slider crank mechanism and the
additional four-bar linkage are configured to convert linear motion of the inertial

actuator into rotational motion of the apparatus.
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12. A robotic manipulator, comprising:
a plurality of spring compensated joints, each including:

a four-bar linkage mechanism including an upper link arranged parallel
to a lower link and a first side link arranged parallel to a second
side link, wherein the first and second side links are coupled
between the upper and lower links at distal ends thereof to form
a parallelogram structure;

at least one gravity compensating spring coupled between two links of
the four-bar linkage mechanism at two different spring
attachment points to provide a lifting force (Fp) in a direction
opposing a gravitational load force (Fy);

a spring adjustment mechanism coupled to one end of the at least one
gravity compensating spring to alter a position of at least one of
the spring attachment points; and

a spring adjustment actuator, which is coupled to move the spring
adjustment mechanism, so as to alter the position of the at least
one spring attachment point and adjust the amount of lifting
force (F») provided by the at least one gravity compensating

spring.

13. The robotic manipulator as recited in claim 12, wherein the at least one gravity
compensating spring comprises two gravity compensating springs, each of which is
coupled diagonally between two links of the four-bar linkage mechanism at two

different spring attachment points.

14. The robotic manipulator as recited in claim 12, wherein the spring adjustment
mechanism comprises:

a lead screw positioned adjacent and parallel to the first side link; and

a slider coupled to the lead screw and to the one end of the at least one gravity

compensating spring.

15. The robotic manipulator as recited in claim 14, wherein the spring adjustment

actuator is coupled to the lead screw and configured to adjust the position of the at least
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one spring attachment point by translating the lead screw up/down along an axis, which

is substantially parallel to the first side link.

16. The robotic manipulator as recited in claim 12, further comprising:
a sensor coupled to measure the force and/or torque of a payload handled by the
robotic manipulator; and
a feedback controller coupled to the sensor and the spring adjustment actuator,
wherein the feedback controller is configured to use an output of the
sensor to alter the at least one spring attachment point and dynamically
adjust the lifting force in real-time to compensate for gravitational load

forces on dynamically varying payloads.

17. The robotic manipulator as recited in claim 12, wherein each spring
compensated joint further comprises an inertial actuator coupled between links of the
four-bar linkage mechanism to effectuate rotational movement of the four-bar linkage
mechanism and apply an adjustable amount of force to accelerate and manipulate a

payload handled by the robotic manipulator.

18. The robotic manipulator as recited in claim 16, wherein the inertial actuator is
a prismatic linear actuator, which is coupled to the upper link and arranged, so that a

longitudinal axis of the inertial actuator is parallel with the upper link.

19. The robotic manipulator as recited in claim 18, wherein each spring
compensated joint further comprises a slider crank mechanism and a Hoeken’s linkage
coupled between the inertial actuator and one or more links of the four-bar linkage
mechanism, wherein the slider crank mechanism and the Hoeken’s linkage is
configured to convert linear motion of the inertial actuator into rotational motion of the

spring compensated joint.

20. The robotic manipulator as recited in claim 18, further comprising:
a sensor coupled to measure the force and/or torque of a payload handled by the
robotic manipulator; and
a feedback controller coupled to the sensor and the inertial actuator, wherein the

feedback controller is configured to use an output of the sensor to
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dynamically adjust a force applied by the inertial actuator to manipulate

and accelerate dynamically varying payloads.

21. The robotic manipulator as recited in claim 12, wherein the plurality of spring
compensated joints includes a first spring compensated joint and a second spring

compensated joint.

22. The robotic manipulator as recited in claim 21, further comprising a first yaw
actuator, a second yaw actuator, a third yaw actuator, wherein:
the first yaw actuator is coupled to mechanical ground;
the first spring compensated joint is coupled between the first yaw actuator and
the second yaw actuator; and
the second spring compensated joint is coupled between the second yaw

actuator and the third yaw actuator.

23. The robotic manipulator as recited in claim 22, further comprising a pitch
actuator coupled to the third yaw actuator, a roll actuator coupled to the pitch actuator

and an end effector coupled to the roll actuator.

24. The robotic manipulator as recited in claim 21, further comprising a first yaw
actuator, a second yaw actuator, a serial chain of actuators and an end effector, wherein:
the first yaw actuator is coupled to mechanical ground;
the first spring compensated joint is coupled between the first yaw actuator and
the second yaw actuator; and
the second spring compensated joint is coupled between the second yaw
actuator and the serial chain of actuators, which are further coupled to

the end effector.

25. The robotic manipulator as recited in claim 24, wherein the serial chain of

actuators comprises:
a first actuator coupled to one end of the second spring compensated joint,
wherein the first actuator is configured to rotate the end effector about a

tilted axis;
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a second actuator coupled to the first actuator, wherein the second actuator is
configured to rotate the end effector up and down; and
a third actuator coupled to the second actuator, wherein the third actuator is

configured to rotate the end effector side-to-side.
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