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Antagonistically Driven Differential for Mechanical Actuator

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Provisional Patent Application No.
62/535,204, filed July 20, 2017, titled “Antagonistically Driven Differential for Mechanical
Actuator,” and U.S. Provisional Patent Application No. 62/546,868, filed August 17, 2017, titled
“Antagonistically Driven Differential for Mechanical Actuator,” the entire contents of each of

which are hereby incorporated by reference herein, for all purposes.

TECHNICAL FIELD

[0002] The present invention relates to robots and, more particularly, to drive

mechanisms/actuators for robot joints.

BACKGROUND ART

[0003] Robots are used in many contexts, including automobile assembly lines,
prosthetic devices and rehabilitation devices, such as in robot-assisted therapy for upper limb
impairments following stroke. Recent studies have shown that robot-assisted therapy for an
upper-extremity can be as, or more, effective than conventional therapy in recovering upper-
extremity motor function after stroke. However, there is increasing concern that the intensity of
post-stroke rehabilitation in a clinic environment using conventional therapy and/or robot-
assisted therapy may not be adequate.

[0004] Home-based rehabilitation robots can increase accessibility to rehabilitation
therapy and potentially provide more intense therapies. To date, the majority of robotic devices
for upper limb rehabilitation have been developed for clinic settings. Several technical
challenges must be overcome to increase the feasibility of home-based care with robots,
including developing systems that are safe, low-cost, easy to use and have footprints, i.e.,
physical sizes, weights and power requirements, scaled for home use. Reducing the size and
complexity of a robot’s hardware presents an opportunity to reduce both cost and system

footprint.
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[0005] Mechanical actuators are used to control movements of joints in robots. As such,
mechanical actuators control speed and direction of movement of robots or components thereof,
such as arms, wrists and grabbers. In some contexts, humans may intentionally or inadvertently
come into contact with moving robotic components. For safety reasons, the inertia of these
components should be relatively low. Ideally, mechanical impedance, i.e., resistance to change in
position, speed and/or direction, of these components, should be adjustable, particularly for robot
components with which humans interact for rehabilitation purposes.

[0006] Additional background material is available from several sources, including:
Benoit Heintz, ef al., “Using a Dual Differential Rheological Actuator as a High-Performance
Haptic Interface,” The 2010 IEEE/RSJ International Conference on Intelligent Robots and
Systems, October 18-22, 2010; Shane A. Migliore, ef al., “Biologically Inspired Joint Stiffness
Control,” Proceedings of the 2005 IEEE International Conference on Robotics and Automation,
April 2005; T. Kikuchi, ef al., “Compact MR fluid clutch device for human-friendly actuator,”
11th Conference on Electrorheological Fluids and Magnetorheological Suspensions,” Journal of
Physics: Conference Series 149, 2009; PCT Publ. No. WO 2009/117827 (now U.S. Pat. No.
8,622,864), Philippe Fauteux, ef al., “Dual Differential Semi-Active Actuator Fit for Interaction
Tasks and Fast Motion,” published October 1, 2009; U.S. Pat. Publ. No. 2015/0107395 (now
U.S. Pat. No. 9,566,715), Mehrdad Kermani, ef al., “Magneto- and Electro-Rheological Based
Actuators for Human Friendly Manipulators,” published April 23, 2015; EP 0 940 286 BI,
BorgWarner, Inc., “Magnetorheological clutches for motor vehicle driveline components,”
published September 8, 1999; and U.S. Pat. Publ. No. 2005/0092570 (now U.S. Pat. No.
6,942,081), Weijia Wen, et al., “Electrorheological Clutch,” published May 5, 2005.

SUMMARY OF EMBODIMENTS

[0007] An embodiment of the present invention provides a mechanical actuator system
for interacting with a mechanical load. The mechanical actuator system includes a first
mechanical differential, a source of rotational energy and first and second adjustable-engagement
clutches. The first mechanical differential has first and second input ports and an output port.
The first and second input ports are each configured to receive respective rotational energy. The
output port is configured to output the rotational energy received by the first and second input

ports to the mechanical load.
-
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[0008] The first adjustable-engagement clutch has an input port and an output port. The
input port is coupled to the source of rotational energy for rotation with the source of rotational
energy, i.e., the source of rotational energy rotates the input port. The output port is coupled to
the first input port of the first mechanical differential for rotating the first input port.

[0009] Similarly, the second adjustable-engagement clutch has an input port and an
output port. The input port is coupled to the source of rotational energy for rotation with the
source of rotational energy, i.e., the source of rotational energy rotates the input port. The output
port is coupled to the second input port of the first mechanical differential for rotating the second
input port.

[0010] The first and second clutches are coupled to the source of rotational energy and to
the first mechanical differential so as to simultaneously provide antagonistic rotational energy to
the first and second input ports of the first mechanical differential. A mechanical impedance of
the output port of the first mechanical differential depends on a sum of: (a) a degree of
engagement of the first adjustable-engagement clutch and (b) a degree of engagement of the

second adjustable-engagement clutch, ie., relative degrees to which the first and second

adjustable-engagement clutches are engaged.
[0011] Optionally, the mechanical actuator system may also include a controller. The
controller may be coupled to the first and second adjustable-engagement clutches. The controller
may independently automatically control: (a) the degree of engagement of the first adjustable-
engagement clutch and (b) the degree of engagement of the second adjustable-engagement
clutch, i.e., relative degrees to which the first and second adjustable-engagement clutches are
engaged.

[0012] Optionally, the controller may be configured to automatically calculate a
difference between the degree of engagement of the first adjustable-engagement clutch and the
degree of engagement of the second adjustable-engagement clutch, wherein the difference is
proportional to a desired output torque of the output port of the first mechanical differential. The
controller may be configured to automatically select one of the first and second adjustable-
engagement clutches to engage to a greater degree than the other of the first and second
adjustable-engagement clutches. The selection may depend on a desired direction of rotation of
the output port of the first mechanical differential. The controller may be configured to

automatically calculate a sum of the degree of engagement of the first adjustable-engagement
-3-
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clutch and the degree of engagement of the second adjustable-engagement clutch, wherein the
sum is proportional to a desired mechanical impedance of the output port of the first mechanical
differential.

[0013] Optionally, in any given embodiment, the first adjustable-engagement clutch may
include a first electrorheological fluid clutch. The second adjustable-engagement clutch may
include a second electrorheological fluid clutch.

[0014] Optionally, in any given embodiment, the first adjustable-engagement clutch may
include a first magnetorheological fluid clutch. The second adjustable-engagement clutch may
include a second magnetorheological fluid clutch.

[0015] Optionally, in any given embodiment, the first adjustable-engagement clutch may
include a first friction clutch, such as a first dry friction clutch. The second adjustable-
engagement clutch may include a second friction clutch, such as a second dry friction clutch.
[0016] Optionally, in any given embodiment, the source of rotational energy may include
an electromagnetic motor.

[0017] Optionally, in any given embodiment, the first mechanical differential may
include a first bevel gear. The first bevel gear may be coupled to the first input port for rotation
with the input port, i.e., the first input port rotates the first bevel gear. The first mechanical
differential may also include a second bevel gear. The second bevel gear may be coupled to the
second input port for rotation with the second input port, i.e., the second input port rotates the
second bevel gear. The first mechanical differential may also include a third bevel gear. The
third bevel gear may be engaged with the first and second bevel gears. The third bevel gear may
be coupled to the output port for rotating the output port.

[0018] Optionally, in any given embodiment, the first mechanical differential may
include a first sun gear. The first sun gear may be coupled to the first input port for rotation with
the first input port, i.e., the first input port rotates the first sun gear. The first mechanical
differential may also include a second sun. The second sun gear may be coupled to the second
input port for rotation with the second input port, i.e., the second input port rotates the second
sun gear. The first mechanical differential may also include a ring gear. The ring gear may be
coupled to the output port for rotating the output port. The first mechanical differential may also
include a carrier. The carrier may be coupled to the ring gear for rotation with the ring gear, i.e.,

the ring gear rotates the coupler. The first mechanical differential may also include a planet gear.
-4-
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The planet gear may be mounted on the carrier. The planet gear may be engaged with the first
and second sun gears.

[0019] Optionally, in any given embodiment, the first mechanical differential may
include an epicyclical differential.

[0020] Optionally, in any given embodiment, the first mechanical differential may
include a spur-gear differential.

[0021] Optionally, in any given embodiment, the mechanical actuator system may also
include a linear translator coupled to the output port of the first mechanical differential.

[0022] The linear translator may include a lead screw.

[0023] Optionally, in any given embodiment, the mechanical actuator system may
include a second mechanical differential. The second mechanical differential may have third and
fourth input ports and a second output port. The third and fourth input ports each may be
configured to receive respective rotational energy. The second output port may be configured to
output the rotational energy received by the third and fourth input ports to a second mechanical
load.

[0024] Optionally, the mechanical actuator system may also include a third adjustable-
engagement clutch. The third adjustable-engagement clutch may have an input port and an
output port. The input port may be coupled to the source of rotational energy for rotation with the
source of rotational energy, i.e., the source of rotational energy rotates the input port. The output
port may be coupled to the third input port of the second mechanical differential for rotating the
third input port.

[0025] Optionally, the mechanical actuator system may also include a fourth adjustable-
engagement clutch. The fourth adjustable-engagement clutch may have an input port and an
output port. The input port may be coupled to the source of rotational energy for rotation with the
source of rotational energy, i.e., the source of rotational energy rotates the input port. The output
port may be coupled to the fourth input port of the second mechanical differential for rotating the
fourth input port.

[0026] The third and fourth clutches may be coupled to the source of rotational energy
and to the second mechanical differential so as to simultaneously provide antagonistic rotational
energy to the third and fourth input ports of the second mechanical differential. Mechanical

impedance of the output port of the second mechanical differential may depend on a sum of: (a)
-5-
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a degree of engagement of the third adjustable-engagement clutch and (b) a degree of
engagement of the fourth adjustable-engagement clutch, i.e., relative degrees to which the third
and fourth adjustable-engagement clutches are engaged.

[0027] Optionally, the mechanical actuator system may also include a controller coupled
to the first, second, third and fourth adjustable-engagement clutches. The controller may
independently automatically control: (a) the degree of engagement of the first adjustable-
engagement clutch, (b) the degree of engagement of the second adjustable-engagement clutch,
(c) the degree of engagement of the third adjustable-engagement clutch and (d) the degree of
engagement of the fourth adjustable-engagement clutch, i.e., the relative degrees to which the
third and fourth adjustable-engagement clutches are engaged.

[0028] Optionally, the mechanical actuator system may also include a shaft. The shaft
may be coupled to the source of rotational energy for rotation with the source of rotational
energy, i.e., the source of rotational energy rotates the shaft. The shaft may be coupled to the
input ports of the first, second, third and fourth adjustable-engagement clutches for rotating the
respective input ports of the first, second, third and fourth adjustable-engagement clutches. The
shaft may extend through respective centers of the first and second input ports of the first
mechanical differential. The shaft may also extend through respective centers of the third and

fourth input ports of the second mechanical differential.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING

[0029] The invention will be more fully understood by referring to the following Detailed
Description of Specific Embodiments in conjunction with the Drawings, of which:

[0030] Figs. 1 and 2 are respective perspective schematic exploded-view illustrations of
counterfacing plates of an electrorheological fluid clutch, according to an embodiment of the
present invention.

[0031] Fig. 3 is a cross-sectional schematic illustration of an electrorheological fluid
clutch that includes the counterfacing plates of Figs. 1 and 2, according to an embodiment of the
present invention.

[0032] Fig. 4 is a schematic diagram of a mechanical actuator system, according to an

embodiment of the present invention.
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[0033] Fig. 5 is a schematic block diagram of a controller of the mechanical actuator
system of Fig. 4, according to an embodiment of the present invention.

[0034] Fig. 6 is a schematic flowchart summarizing operations performed by a processor
of the controller of Fig. 5.

[0035] Fig. 7 is a schematic diagram illustrating three mechanical actuator systems (each
referred to as a one-degree-of-freedom (DOF) actuator), driven by a single motor, according to
an embodiment of the present invention.

[0036] Fig. 8 is a perspective illustration of one type of differential gear train, according

to the prior art.

DETAILED DESCRIPTION OF SPECIFIC EMBODIMENTS

[0037] Disclosed herein is a mechanical actuator system that has wvariable and
controllable mechanical impedance. Such a mechanical actuator system may be used to
effectuate a degree of freedom in a robot, i.e., to control speed, torque and direction of
movement of a robotic component, such as a joint, wheel, arm, wrist or grabber. Furthermore,
mechanical impedance, i.e., an amount of “resistance” the robot presents to a human user, can be
controlled for safety and rehabilitation purposes, and the mechanical impedance does not depend
on the component attached to the mechanical actuator.

[0038] The mechanical actuator system includes a mechanical differential and two
adjustable-engagement clutches driven by motor. Advantageously, the motor may turn at a
constant speed and direction, yet the mechanical actuator system can be controlled to turn in
either direction. The adjustable-engagement clutches may be electrorheological (ER) fluid
clutches, magnetorheological (MR) fluid clutches, conventional dry friction clutches or any other
type of clutch whose degree of engagement can be controlled.

[0039] As used herein, the following terms have the following meanings.

[0040] A “differential” is a gear train with three shafts, such that the angular velocity of
one shaft is the average of the angular velocities of the two other shafts, or a fixed multiple of
that average.

[0041] A “clutch” is a mechanical device that selectively engages and disengages power

transmission, especially from a driving shaft to a driven shatft.

-7-
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[0042] An “adjustable-engagement clutch” is a clutch that can be engaged in a non-
binary fashion. Thus, an adjustable-engagement clutch is capable of more than two degrees of
engagement, i.e., disengaged and fully (or maximally) engaged. For simplicity of explanation,
“fully engaged” means a maximum extent to which a clutch can be engaged. For example, a
rheological fluid clutch may slip, i.e., its output shaft may turn slightly slower than its input
shaft, or the output shaft may deliver less torque than the input shaft receives, despite the
viscosity of the rheological fluid being maximum and the clutch being fully engaged. An
adjustable-engagement clutch is not limited to being either disengaged or fully engaged. Instead,
an adjustable-engagement clutch can be partially engaged. A degree to which the adjustable-
engagement clutch is engaged is controllable to several intermediate values between disengaged
and fully engaged. In some embodiments, the degree of engagement can be infinitely adjusted
between disengaged and fully engaged. In some embodiments, the degree of engagement is

adjustable in discrete steps, for example in 1024 steps, although the steps need not be equal.

Clutches

[0043] An electrorheological (ER) fluid is a fluid whose apparent viscosity changes
reversibly in response to an electric field. An electrorheological fluid clutch is a clutch that
utilizes an electrorheological fluid to selectively transfer force from an input port to an output
port. Principles of operation of electrorheological fluid clutches are well known.

[0044] Figs. 1 and 2 are perspective schematic exploded-view illustrations of
counterfacing plates 100 and 102 of an electrorheological fluid clutch, as may be used in
embodiments of the present invention. The counterfacing plates 100 and 102 have a common
axis of rotation 104. One of the counterfacing plates 100 is mechanically coupled to a shaft 106
that connects to, or acts as, an input port. The other counterfacing plate 102 is mechanically
coupled to another shaft 108 that connects to, or acts as, an output port. The input and output
ports 106 and 108 are interchangeable. That is, the clutch is symmetric, with respect to input and
output. The input and output ports 106 and 108 can rotate, as suggested by arrows 110 and 112,
although the input and output ports 106 and 108 can rotate in either direction.

[0045] Each plate 100 and 102 includes a plurality of concentric rings, exemplified by
rings 114, 116, 118 and 120. Fig. 3 is a cross-sectional schematic illustration of an

electrorheological fluid clutch 300 that includes the counterfacing plates 100 and 102. As can be
-8-
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seen in Fig. 3, the rings 114-116 of one counterfacing plate 100 interdigitate (in cross-section)
with the rings 118-120 of the other counterfacing plate 102, leaving a small gap, exemplified by
gap 302, between counterfacing surfaces of the counterfacing plates 100 and 102. In some
embodiments, the gap is about 0.3 mm wide. However, in other embodiments, other appropriate
gap sizes may be used.

[0046] A suitable electrorheological fluid, represented by dot pattern 304, fills the gap
302 between the two counterfacing plates 100 and 102, in particular between the rings 114-120.
The electrorheological fluid 304 is contained within a housing 306. The electrorheological clutch
300 includes appropriate seals and bearings, which are omitted from the drawings for clarity.
[0047] A variable voltage source 308 is electrically connected across the two
counterfacing plates 100 and 102, thereby generating an electric field to influence the
electrorheological fluid 304. Varying the voltage of the voltage source 308 causes the viscosity
of the electrorheological fluid 304 to vary, which varies a degree to which the input shaft 106 is
mechanically coupled to the output shaft 108 by frictional drag between the electrorheological
fluid 304 and the two counterfacing plates 100 and 102. The electrorheological fluid clutch 300
is an example of an adjustable-engagement clutch.

[0048] A central bore 122 is defined through the two counterfacing plates 100 and 102
and through the input and output shafts 106 and 108. The central bore 122 permits a drive shaft
(not shown), whose outside diameter is smaller than the inside diameter of the central bore 122,
to extend through, and rotate independently of, the electrorheological clutch 300, as discussed
herein.

[0049] A magnetorheological (MR) fluid is a fluid whose apparent viscosity changes
reversibly in response to a magnetic field. A magnetorheological fluid clutch operates much as
the electrorheological fluid clutch 300, except the electric field is replaced by a magnetic field
(not shown), such as a magnetic field generated by an electric current flowing through a coil (not

shown).

Mechanical Actuator System

[0050] Fig. 4 is a schematic diagram of a mechanical actuator system 400, according to
an embodiment of the present invention. The mechanical actuator system 400 may be used to

drive a mechanical load, such as a wheel, wrist or other joint of a robot. The mechanical actuator
0.
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system 400 includes a motor 402, a drive shaft 404, two adjustable-engagement clutches 406 and
408 and a differential gear train 410. Each adjustable-engagement clutch 406 and 408 may be an
electrorheological fluid clutch, a magnetorheological fluid clutch, a dry friction clutch or any
other suitable adjustable-engagement clutch.

[0051] The motor 402 may be an electromagnetic motor or any other suitable motor. The
motor 402 turns the drive shaft 404 in a direction indicated by an arrow 412, although the
direction is arbitrary. In other words, the motor 402 may turn the shaft 404 in either direction,
although the direction need not, and should not, change. The shaft 404 extends through the
system 400, as shown by dash lines, and the shaft 404 may extend further to drive additional
mechanical actuator systems (not shown), as indicated by ellipses at the left side of the drawing,
and as discussed herein. Thus, either the motor 402 or the drive shaft 404 may be considered to
be a source of rotational energy.

[0052] The differential gear train 410 includes three bevel gears 414, 416 and 418. The
first bevel gear 414 is mechanically coupled to a first input port 420 of the differential gear train
410, and the second bevel gear 416 is mechanically coupled to a second input port 422 of the
differential gear train 410. The third bevel gear 418 is engaged with the first and second bevel
gears 414 and 416. The third bevel gear 418 is also mechanically coupled to an output port 424
of the differential gear train 410.

[0053] The two input ports 420 and 422 may include hollow shafts with inside diameters
larger than the outside diameter of the drive shaft 404 to permit the drive shaft 404 to extend
through the two input ports 420 and 422 and to turn within the two input ports 420 and 422,
without contacting, i.e., independently of, the input ports 420 and 422. Similarly, the first and
second bevel gears 414 and 416 may define central apertures through which the drive shaft 404
extends. The central apertures are larger in inside diameter than the outside diameter of the drive
shaft 404.

[0054] In other embodiments, the differential gear train 410 may include another well-
known differential implementation. For example, Fig. 8 is a perspective illustration of one type
of well-known differential gear train 800. The differential gear train 800 includes a first sun gear
802 coupled to the first input port 420 for rotation therewith, i.e., the first input port 420 rotates
the first sun gear 802. The differential gear train 800 also includes a second sun gear 804 coupled

to the second input port 422 for rotation therewith, i.e., the second input port 422 rotates the
-10-
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second sun gear 804. A ring gear 806 is coupled to the output port 424 via a pinion gear 808 for
rotating the output port 424. Two carriers 810 and 812 are coupled to the ring gear 806 for
rotation therewith, i.e., the ring gear 806 rotates the two carriers 810 and 812. Two planet gears
814 and 816 are respectively mounted on the carriers 810 and 812. The two planet gears 814 and
816 engage with the first and second sun gears 802 and 804.

[0055] Other examples of differential gear trains include epicyclical differentials (not
shown) and spur-gear differentials (not shown).

[0056] Returning to the embodiment illustrated in Fig. 4, the first adjustable-engagement
clutch 406 has an input port 426 mechanically coupled to the drive shaft 404. Thus, the drive
shaft 404 rotates the input port 426 of the first adjustable-engagement clutch 406 in a direction
indicated by an arrow 427. The first adjustable-engagement clutch 406 has an output port 428
mechanically coupled to the first input port 420 of the differential gear train 410.

[0057] A controller 430 is coupled to the first adjustable-engagement clutch 406 to
control a degree to which the first adjustable-engagement clutch 406 is engaged. For example, if
the first adjustable-engagement clutch 406 is an electrorheological fluid clutch, the controller
430 may vary a voltage of an electric field within the adjustable-engagement clutch 406 and,
thereby, the controller 430 may vary the viscosity of the electrorheological fluid and, therefore, a
degree of mechanical engagement between the input port 426 and the output port 428, as
discussed with respect to Figs. 1-3.

[0058] If the first adjustable-engagement clutch 406 is partially or fully engaged, the
output port 428 is driven, or at least urged to turn, in a direction indicated by an arrow 429. The
degree to which the first adjustable-engagement clutch 406 is engaged influences the speed of,
and amount of torque transferred to, the first input port 420 of the differential gear train 410.
[0059] However, if the first adjustable-engagement clutch 406 is disengaged, the output
port 428 is free. That is, the output port 428 may remain still or the output port 428 may rotate in
either direction, depending on rotation of the first input port 420 of the differential gear train 410.
In other words, if the first adjustable-engagement clutch 406 is disengaged, the first input port
420 of the differential gear train 410 may back-drive the output port 428 of the first adjustable-
engagement clutch 406.

[0060] Similarly, the second adjustable-engagement clutch 408 has an input port 432

mechanically coupled to the drive shaft 404. Thus, the drive shaft 404 rotates the input port 432
-11-
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of the second adjustable-engagement clutch 408 in a direction indicated by the arrow 412. The
second adjustable-engagement clutch 408 has an output port 434 mechanically coupled to the
second input port 422 of the differential gear train 410.

[0061] The controller 430 is also coupled to the second adjustable-engagement clutch
408 to control a degree to which the second adjustable-engagement clutch 408 is engaged. If the
second adjustable-engagement clutch 408 is partially or fully engaged, the output port 434 is
driven, or at least urged to turn, in a direction indicated by an arrow 435. The degree to which the
second adjustable-engagement clutch 408 is engaged influences the speed of, and amount of
torque transferred to, the second input port 422 of the differential gear train 410.

[0062] However, if the second adjustable-engagement clutch 408 is disengaged, the
output port 434 is free. That is, the output port 434 may remain still or the output port 434 may
rotate in either direction, depending on rotation of the second input port 422 of the differential
gear train 410. In other words, if the second adjustable-engagement clutch 408 is disengaged, the
second input port 422 of the differential gear train 410 may back-drive the output port 434 of the
second adjustable-engagement clutch 408.

[0063] The controller 430 independently controls the degrees of the engagements by the
two adjustable-engagement clutches 406 and 408. That is, the two adjustable-engagement
clutches 406 and 408 need not be equally engaged. As noted, if the first adjustable-engagement
clutch 406 is disengaged, the first input port 420 of the differential gear train 410 may back-drive
the output port 428 of the first adjustable-engagement clutch 406. In this case, rotation of the
output port 424 of the differential gear train 410 is controlled solely by the second input port 422
of the differential gear train 410 which, in turn, is driven by the second adjustable-engagement
clutch 408. Therefore, the output port 424 rotates in a direction indicated by an arrow 436.

[0064] On the other hand, if the second adjustable-engagement clutch 408 is disengaged,
the second input port 422 of the differential gear train 410 may back-drive the output port 434 of
the second adjustable-engagement clutch 408. In this case, the rotation of the output port 424 of
the differential gear train 410 is controlled solely by the first input port 420 of the differential
gear train 410 which, in turn, is driven by the first adjustable-engagement clutch 406. Therefore,
the output port 424 rotates in a direction indicated by an arrow 438, which is opposite the
direction of the arrow 436. Thus, selectively engaging one of the two adjustable-engagement

clutches 406 or 408 controls the direction of rotation of the output port 424. Consequently, the
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output port 424 can be selectively rotated in either direction, as indicated by a two-headed arrow
440.

[0065] Engaging both of the two adjustable-engagement clutches 406 and 408
simultaneously provides opposing (“antagonistic”) drives to the two input ports 420 and 422,
respectively, of the differential gear train 410. Output torque, and to an extent rotational speed,
of the output port 424 of the differential gear train 410 depends on relative degrees to which the
first and second adjustable-engagement clutches 406 and 408 are engaged. Because the two input
ports 420 and 422 of the differential gear train 410 drive the output port 424 in opposite
directions 436 and 438, the more equally the two adjustable-engagement clutches 406 and 408
are engaged, the lower the output torque and, generally, the slower the output port 424 turns. If
the two adjustable-engagement clutches 406 and 408 are equally engaged, the output torque is
zero and the output port 424 does not turn at all, at least not as a result of drive from the motor
402. Conversely, the greater the difference in the degrees to which the two adjustable-
engagement clutches 406 and 408 are engaged, the higher the output torque, and generally the
faster the output port 424 turns. The output torque is proportional to the difference in the degrees
to which the two adjustable-engagement clutches 406 and 408 are engaged. The speed of the
output port 424 depends on the output torque and what is attached to the output port 424. For
example, acceleration of a wheel attached to the output port 424 depends on the output torque
and moment of inertia of the wheel, and speed of the wheel depends on the acceleration and
length of time the wheel is accelerated, according to well-known formulas.

[0066] The direction 436 or 438 in which the output port 424 turns depends on which of
the two adjustable-engagement clutches 406 and 408 is more engaged, i.e., engaged to a greater
degree. If the first adjustable-engagement clutch 406 is engaged to a greater degree than the
second adjustable-engagement clutch 408 is engaged, the output port 424 turns in the direction of
the arrow 438. However, if the second adjustable-engagement clutch 408 is engaged to a greater
degree than the first adjustable-engagement clutch 406 is engaged, the output port 424 turns in
the direction of the arrow 436.

[0067] Conceptually, the input and output ports of a clutch can be swapped, without
affecting operation of the clutch, because the clutch merely controls an extent to which the two
ports are mechanically coupled to each other. Thus, a clutch transfers torque both from its input

port to its output port, and from its output port to its input port. Furthermore, for any given
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degree of engagement, the amount of forward torque transfer and the amount of reverse torque
transfer are equal.

[0068] Thus, the degree of engagement of either adjustable-engagement clutch 406 or
408 controls both: (1) forward torque transfer, i1.e., torque transfer from the input port 426 or 432
to the output port 428 or 434, and (2) backward torque transfer, i.e., torque transfer from the
output port 428 or 434 to the input port 426 or 432. For each adjustable-engagement clutch 406
or 408, at any given time, the degrees of forward and backward torque transfer are equal.

[0069] Mechanical impedance of the output port 424 depends on the sum of the degrees
to which the two adjustable-engagement clutches 406 and 408 are engaged. Most running
conventional electromagnetic motors resist acceleration and deceleration by external forces,
thereby exhibiting mechanical impedance. To the extent each adjustable-engagement clutch 406
or 408 is engaged, the adjustable-engagement clutch 406 or 408 transfers the mechanical
impedance of the motor 402 to the respective input port 420 or 422 of the differential gear train
410. The differential gear train 410 transfers mechanical impedance from its two input ports 420
and 422 to its output port 424. Thus, the total mechanical impedance of the output port 424 of the
differential gear train 410 is proportional to a sum of the degrees to which the two adjustable-

engagement clutches 406 and 408 are engaged.

Controller

[0070] The controller 430 may be implemented by a processor executing instructions
stored in a memory. Fig. 5 is a schematic block diagram of the controller 430, according to an
embodiment of the present invention. An interconnect bus 500 electronically interconnects a
processor 502, a memory 504 and two digital-to-analog converters (DACs) 506 and 508. Each
digital-to-analog converter 506 and 508 is electronically coupled to a respective power amplifier
510 and 512.

[0071] The processor 502 executes instructions stored in the memory 504. The
instructions include instructions to calculate appropriate voltages or currents to be applied to the
two adjustable-engagement clutches 406 and 408 (Fig. 4). The instructions also include
instructions to cause the digital-to-analog converters 506 and 508 to generate signals, such as
voltages, proportional to voltages or currents to be applied to the two adjustable-engagement

clutches 406 and 408. The power amplifiers 510 and 512 amplify respective signals from the
-14-



WO 2019/018079 PCT/US2018/036592

digital-to-analog converters 506 and 508 sufficiently to drive the adjustable-engagement clutches
406 and 408, for example, sufficiently to alter the viscosity of electrorheological fluid in the
adjustable-engagement clutches 406 and 408 to alter the amount of torque transferred by the
adjustable-engagement clutches 406 and 408.

[0072] Fig. 6 is a schematic flowchart 600 summarizing operation performed by the
processor 502, such as by executing instructions. Operation 602 calculates a desired output
torque and direction of rotation/movement of the actuator. Operation 604 calculates a desired
impedance of the actuator. The output torque, direction and impedance depend, of course, on the
function of the robot and are, therefore, application specific and, consequently, beyond the scope
of this document.

[0073] Once the desired output torque, direction and impedance have been calculated,
parameters for the two antagonistically driven adjustable-engagement clutches 406 and 408 (Fig.
4) may be calculated by operations 606-616. The parameters include: (1) a difference (A)
between the degrees of engagement for the two adjustable-engagement clutches 406 and 408; (2)
which of the two adjustable-engagement clutches 406 and 408 is to be more engaged than the
other; and (3) a sum (S) of the degrees of engagements of the two adjustable-engagement
clutches 406 and 408. These parameters, and possibly other parameters, such as the speed,
available torque and direction of rotation of the drive shaft 404 and the impedance of the motor
402, are then used to calculate degrees of engagements for the two adjustable-engagement
clutches 406 and 408. Then, operation 618 may generate signals to set the degrees of
engagements for the adjustable-engagement clutches 406 and 408. Operations 608-618 are
described in more detail below.

[0074] Operation 606 calculates the difference (A) between the degrees of engagement
for the two adjustable-engagement clutches 406 and 408. As noted, the greater the difference in
the degrees to which the two clutches are engaged, the higher the output torque, and generally
the faster the output port 424 turns. Thus, operation 606 calculates a difference (A) that is
proportional to the desired output torque. As noted, the speed of the output port 424 depends on
the output torque and characteristics of an item attached to the output port, including the moment
of inertia of the item and the length of time the item is accelerated.

[0075] Operation 608 determines in which direction the rotation/movement is to occur. If

the rotation/movement requires the output of the differential gear train 410 to be in the direction
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of the arrow 436, control passes to operation 610 (the second adjustable-engagement clutch 408
is to be engaged more than the other adjustable-engagement clutch 406), otherwise control
passes to operation 612 (the first adjustable-engagement clutch 406 is to be engaged more than
the other adjustable-engagement clutch 408).

[0076] Operation 614 calculates a sum (S) of the degrees of engagement by the two
adjustable-engagement clutches 406 and 408. As noted, the impedance of the output port 424 is
proportional to the sum of the degrees of engagements of the two adjustable-engagement
clutches 406 and 408. Thus, operation 614 calculates a sum (S) that is proportional to the desired
impedance.

[0077] Once the parameters have been determined, operation 616 essentially solves
multiple simultaneous equations in multiple unknowns to calculate degrees of engagement (D1
and D2, respectively) for the two adjustable-engagement clutches 406 and 408. Operation 618
commands the digital-to-analog converters 506 and 508 (Fig. 5) to generate signals according to
the calculated values of D1 and D2. After amplification by the power amplifiers 510 and 512,
respectively, the signals are fed to the two adjustable-engagement clutches 406 and 408 to

control their respective degrees of engagement.

Multiple Degree-of-Freedom (DOF) Mechanical Actuator System

[0078] The mechanical actuator system 400, described with respect to Fig. 4, may be
used to control a single degree of freedom (DOF) of a robot, such as wrist rotation. A plurality of
mechanical actuator systems may be connected together by a common drive shaft to provide a
plurality of degrees of freedom, such as shoulder rotation, elbow rotation and wrist rotation, all
powered by a single motor turning in an unchanging direction.

[0079] Fig. 7 is a schematic diagram illustrating three mechanical actuator systems 700,
702 and 704, each referred to as a one-degree-of-freedom (DOF) actuator, all driven by a single
motor 706, according to an embodiment of the present invention. A drive shaft 708 extends from
the motor 706 to and through the mechanical actuator systems 700-704. Although three
mechanical actuator systems 700-704 are shown, other numbers of mechanical actuator system
may be similarly connected together and to the common drive shaft 708 and motor 706.

[0080] Each of the mechanical actuator systems 700-704 may be implemented by a copy

of the mechanical actuator system 400 described with respect to Fig. 4. The drive shaft 708 in
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Fig. 7 corresponds to the drive shaft 404 in Fig. 4. Each mechanical actuator system 700-704 has
a respective output port 710, 712, or 714, which corresponds to the output port 424 in Fig. 4.
Each of the mechanical actuator systems 700-704 may have its own controller (not shown), or a
common controller 716 may control all the mechanical actuator systems 700-704. Although one
control line 718, 720 and 722, respectively, is shown extending from the common controller 716
to each mechanical actuator system 700-704, each control line 718-722 carries signals to control
both adjustable-engagement clutches (not visible) in each mechanical actuator system 700-704.
The common controller 716 controls each of the mechanical actuator systems 700-704 as
described with respect to Figs. 4-6.

[0081] Optionally, one or more of the mechanical actuator systems 700-704 may be
mechanically coupled to respective linear translators to convert rotary output of the respective
mechanical actuator system 700-704 into linear motion, as exemplified by an arrow 724. As an
example of a linear translator, a lead screw and nut assembly 726 is shown coupled to the
mechanical actuator system 700. However, other suitable linear translators, such as rack and
pinion gear assemblies and Scotch yokes (also known as slotted link mechanisms) may be used.
[0082] While the invention is described through the above-described exemplary
embodiments, modifications to, and variations of, the illustrated embodiments may be made
without departing from the inventive concepts disclosed herein. For example, although specific
parameter values, such as dimensions and materials, may be recited in relation to disclosed
embodiments, within the scope of the invention, the values of all parameters may vary over wide
ranges to suit different applications. Unless otherwise indicated in context, or would be
understood by one of ordinary skill in the art, terms such as “about” mean within £20%.

[0083] As used herein, including in the claims, the term “and/or,” used in connection
with a list of items, means one or more of the items in the list, i.e., at least one of the items in the
list, but not necessarily all the items in the list. As used herein, including in the claims, the term
“or,” used in connection with a list of items, means one or more of the items in the list, i.e., at
least one of the items in the list, but not necessarily all the items in the list. “Or” does not mean
“exclusive or.”

[0084] Although aspects of embodiments may be described with reference to flowcharts
and/or block diagrams, functions, operations, decisions, etc. of all or a portion of each block, or a

combination of blocks, may be combined, separated into separate operations or performed in
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other orders. All or a portion of each block, module or combination thereof may be implemented
as computer program instructions (such as software), hardware (such as combinatorial logic,
Application Specific Integrated Circuits (ASICs), Field-Programmable Gate Arrays (FPGASs),
processor or other hardware), firmware or combinations thereof.

[0085] Embodiments, or portions thereof, may be implemented by one or more
processors executing, or controlled by, instructions stored in a memory. Each processor may be a
general purpose processor, such as a central processing unit (CPU), a graphic processing unit
(GPU), digital signal processor (DSP), a special purpose processor, etc., as appropriate, or
combination thereof.

[0086] The memory may be random access memory (RAM), read-only memory (ROM),
flash memory or any other memory, or combination thereof, suitable for storing control software
or other instructions and data. Instructions defining the functions of the present invention may be
delivered to a processor in many forms, including, but not limited to, information permanently
stored on tangible non-transitory non-writable storage media (e.g., read-only memory devices
within a computer, such as ROM, or devices readable by a computer I/O attachment, such as
CD-ROM or DVD disks), information alterably stored on tangible non-transitory writable
storage media (e.g., floppy disks, removable flash memory and hard drives) or information
conveyed to a computer through a communication medium, including wired or wireless
computer networks.

[0087] Disclosed aspects, or portions thereof, may be combined in ways not listed above
and/or not explicitly claimed. In addition, embodiments disclosed herein may be suitably
practiced, absent any element that is not specifically disclosed herein. Accordingly, the invention

should not be viewed as being limited to the disclosed embodiments.
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CLAIMS

What is claimed is:

1. A mechanical actuator system for interacting with a mechanical load, the system
comprising:

a first mechanical differential having first and second input ports and an output port, the
first and second input ports each being configured to receive respective rotational energy and the
output port being configured to output the rotational energy received by the first and second
input ports to the mechanical load;

a source of rotational energy;

a first adjustable-engagement clutch having an input port and an output port, the input
port being coupled to the source of rotational energy for rotation therewith and the output port
being coupled to the first input port of the first mechanical differential for rotating the first input
port; and

a second adjustable-engagement clutch having an input port and an output port, the input
port being coupled to the source of rotational energy for rotation therewith and the output port
being coupled to the second input port of the first mechanical differential for rotating the second
input port;

wherein the first and second clutches are coupled to the source of rotational energy and to
the first mechanical differential so as to simultaneously provide antagonistic rotational energy to
the first and second input ports of the first mechanical differential, and mechanical impedance of
the output port of the first mechanical differential depends on a sum of: (a) a degree of
engagement of the first adjustable-engagement clutch and (b) a degree of engagement of the

second adjustable-engagement clutch.

2. A mechanical actuator system according to claim 1, further comprising a controller
coupled to the first and second adjustable-engagement clutches to independently automatically
control: (a) the degree of engagement of the first adjustable-engagement clutch and (b) the

degree of engagement of the second adjustable-engagement clutch.
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3. A mechanical actuator system according to claim 2, wherein the controller is configured
to automatically:

calculate a difference between the degree of engagement of the first adjustable-
engagement clutch and the degree of engagement of the second adjustable-engagement clutch,
wherein the difference is proportional to a desired output torque of the output port of the first
mechanical differential;

select one adjustable-engagement clutch of the first and the second adjustable-
engagement clutches to engage to a greater degree than the other of the first and the second
adjustable-engagement clutches, depending on a desired direction of rotation of the output port
of the first mechanical differential; and

calculate a sum of the degree of engagement of the first adjustable-engagement clutch
and the degree of engagement of the second adjustable-engagement clutch, wherein the sum is
proportional to a desired mechanical impedance of the output port of the first mechanical

differential.

4. A mechanical actuator system according to any previous claim, wherein:

the first adjustable-engagement clutch comprises a first electrorheological fluid clutch;

and

the second adjustable-engagement clutch comprises a second electrorheological fluid
clutch.
5. A mechanical actuator system according to any one of claims 1-3, wherein:

the first adjustable-engagement clutch comprises a first magnetorheological fluid clutch;
and

the second adjustable-engagement clutch comprises a second magnetorheological fluid
clutch.
6. A mechanical actuator system according to any one of claims 1-3, wherein:

the first adjustable-engagement clutch comprises a first friction clutch; and

the second adjustable-engagement clutch comprises a second friction clutch.

-20-
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7. A mechanical actuator system according to any previous claim, wherein the source of

rotational energy comprises an electromagnetic motor.

8. A mechanical actuator system according to any previous claim, wherein the first
mechanical differential comprises:

a first bevel gear coupled to the first input port for rotation therewith;

a second bevel gear coupled to the second input port for rotation therewith; and

a third bevel gear engaged with the first and second bevel gears and coupled to the output

port for rotating the output port.

9. A mechanical actuator system according to any one of claims 1-7, wherein the first
mechanical differential comprises:

a first sun gear coupled to the first input port for rotation therewith;

a second sun gear coupled to the second input port for rotation therewith;

a ring gear coupled to the output port for rotating the output port;

a carrier coupled to the ring gear for rotation therewith; and

a planet gear mounted on the carrier and engaged with the first and second sun gears.

10. A mechanical actuator system according to any one of claims 1-7, wherein the first

mechanical differential comprises an epicyclical differential.

11. A mechanical actuator system according any one of claims 1-7, wherein the first

mechanical differential comprises a spur-gear differential.

12. A mechanical actuator system according to any previous claim, further comprising a

linear translator coupled to the output port of the first mechanical differential.

13. A mechanical actuator system according to claim 12, wherein the linear translator

comprises a lead screw.
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14. A mechanical actuator system according to any previous claim, further comprising:

a second mechanical differential having third and fourth input ports and a second output
port, the third and fourth input ports each being configured to receive respective rotational
energy and the second output port being configured to output the rotational energy received by
the third and fourth input ports to a second mechanical load;

a third adjustable-engagement clutch having an input port and an output port, the input
port being coupled to the source of rotational energy for rotation therewith and the output port
being coupled to the third input port of the second mechanical differential for rotating the third
input port; and

a fourth adjustable-engagement clutch having an input port and an output port, the input
port being coupled to the source of rotational energy for rotation therewith and the output port
being coupled to the fourth input port of the second mechanical differential for rotating the
fourth input port;

wherein the third and fourth clutches are coupled to the source of rotational energy and to
the second mechanical differential so as to simultaneously provide antagonistic rotational energy
to the third and fourth input ports of the second mechanical differential, and mechanical
impedance of the output port of the second mechanical differential depends on a sum of: (a) a
degree of engagement of the third adjustable-engagement clutch and (b) a degree of engagement

of the fourth adjustable-engagement clutch.
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15. A mechanical actuator system according to claim 14, further comprising a controller
coupled to the first, second, third and fourth adjustable-engagement clutches to independently
automatically control: (a) the degree of engagement of the first adjustable-engagement clutch, (b)
the degree of engagement of the second adjustable-engagement clutch, (c) the degree of
engagement of the third adjustable-engagement clutch and (d) the degree of engagement of the
fourth adjustable-engagement clutch.

16. A mechanical actuator system according to claim 14 or 15, further comprising a shaft
coupled to the source of rotational energy for rotation therewith, the shaft being coupled to the
input ports of the first, second, third and fourth adjustable-engagement clutches for rotating the
respective input ports of the first, second, third and fourth adjustable-engagement clutches, the
shaft extending through respective centers of the first and second input ports of the first
mechanical differential and through respective centers of the third and fourth input ports of the

second mechanical differential.
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