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includes a plurality of arm sections that are joined one to another at a plu-
rality of joints to form an articulated arm, and a hose coupling an end ef-
fector of the programmable motion robotic system to a vacuum source.
The hose is attached to at least one arm section of the articulated arm by
a pass-through coupling that permits the hose to pass freely through the
coupling as the plurality of arm sections are moved about the plurality of
joints.
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SYSTEMS AND METHODS FOR MAINTAINING VACUUM HOSE LIFE IN HOSE
ROUTING SYSTEMS IN PROGRAMMABLE MOTION S5YSTEMS

PRIORITY

The present application claims priority to U.S. Provisional Patent Application Ser. No.
62/838,747, filed April 25, 2019, the disclosure of which is hereby mcorporated by reference in

its entirety.

BACKGROUND

The invention generally relates to programmable motion systems, and relates in particular
to robotic systems, such as robotic pick-and-place systems whose task is to move cbiects from
one location to another. The apphication for such systems could include any kind of material
handhing svstem that might benefit from automation, mcluding automated package handling,
automated order fulfillment, or automated store stock replenishment.

Some such robotic pick-and-place systems may employ vacuum gripping to pick items.
Many common vacuum systems generate a vacuum at the end effector vemg a Venfuri pump,
which mvolves providing high pressure (typically 80 psi} air blown over an aperture to generate
a vacuum at the aperture, and which vacuum is used for picking up objects, such as products,
packages, boxes, shipping bags, etc. These systems require a low enough guantity of air that a
small diameter (e.g., less than 1/47) hose can be used to supply the ligh-pressure air at the end-
cffector. Such small diameter hoses are flexsble encugh, e.g., have a small encugh bending
radius, that thev may be casily routed to the end-effector in a way that accommodates the motion
of the robot e.g., an arficulated arm in a large workspace. In such systems, the routing of the
hose, for example, tvpically follows the contowurs of the articulated arm, bending or rotating with
gach joint of the articolated arm.

On the other hand, some robotic pick-and-place systens have been designed to gup items
where leaks cannot be prevented. In order to sustain a vacuum, the svstem needs o compensate
for the air loss from leaks. Such systems therefore must be able to pull a large amount of air
through the vacoum gripper compared with the aforementioned Venruri pump-generated vacuum
approach. These higher flow vacuum sources cannot typically be generated at the end-effector,
and instead are often generated by a stationary blower placed near the robot. In such svstems,
however, mstead of having a small amount of high-pressure air being pushed to the end-effecior

through a small hose, significantly more air is pulied from the end-cffector by a lower pressure
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vacuum over a much larger hose. Because friction in the hose increases with the square of the
air speed, the higher air flow necessitates a larger hose. Doubling the hose diameter halves the
required air speed for the same volumetric air flow, thus larger diameter hoses reduce friction
and losses.

Larger diameter hoses, however, are problematic. Larger diameter hoses are less flexible,
they take up more space, and thev are heavier, all of which makes it difficult to provide the robot
with the freedom of movement within a large workspace. Larger hoses need to be rigid enough
to withstand collapse under vacuum, yet pliable enough to provide enough flexibibity to
accommodate the movement of the robot arm in its workspace. Many such hoses are made of
plastic and attain their imited flexibility by being designed in a helical configuration, where, for
example, a continvous helical hip s provided along the length of the hose. Figure 1, for example,
shows two such hoses at 10 and 12, The hose 10 mehides a helical lip 14, and may have an mner
diameter o7 of about 2 cm to about 4 cm. The hose 12 includes a helical lip 16, and may have an
muer diameter ¢ of about 4 cm to about & cm.

Where a bend forms in the hose, the bend in the lip has some freedom of movement that
gives the overall hose some bending compliance. The bend in the continuous hip, however, may
fail under cyclic loading, e.g., if the hosc is repeatedly bent beyond its intended bending radius,
ot if it 15 repeatedly bent and unbent over a relatively long period of time. A robotic pick-and-
place system, for example, may sndergo millions of back-and-forth movements per year, and a
poorly designed air handling design that subjects a hose to millions of bends per vear will cause
the hose to fail. Such movements may also result in significant torsional stresses. Additionally,
because the bend portion of the hose is part of any overall hose system, there will be torques that
are applied to the hose, inclading the bend portion of the hose, that will also directly affect the
overall performance of the hose section.

Further, the energy {potential energy) stored in a hose bend mereases quadratically with
the amount of bend in the hose (by comparison of course, a straight hose would have no such
potential energy). A hose with a bend, for example, of 10 degrees at a bend location, would have
four times the amount of potential energy at the bend location than it would if the degree of bend
was only 5 degrees. The storage (and release) of potential energy in portions of a hose is not
desired for a number of reasons including

o0

it may produce forces on other portions of the hose,
it oreates stress af the bend location of the hose, and some of the stored potential energy is
converied to heat in the hose, further potentially degrading the guality of the hose material at the
bend.
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Figures 2A - 2D show a pair of adjacent arm sections 20, 22 of an articulated arm
programmable motion system, where each amn section 20, 22 is connected to a joint 24 having
an axis of rotation 4 about which the arm sections 20, 27 may be rotated with respect to each
other as shown. A section of the hose that is near the joint, referred to herein as a joint section
of the hose 26, moves with the arms sections, but may become bound up agamst itself as shown
at 28 in Figure 2D when the arm sections are rotated very close to one another. The hose section
shown in Figure 2D for example, would have substantial potential energy stored in the hose
section, causing wear and potential degradation of the hose matenial.

With reference to Figures 3A and 3B, a hose section 36 mounted on the outside of a jomt
34 as arm sections 30, 32 rotate, may even bind against the joint ttself as shown in Figure 3B
As the robot’s arm bends at the joint, the hose bends in the same plane. In other words, as the
robot’s arm rotates about the axis during a motion, the hose bends with it causing significant
changes in the bending of the hose. Further, as the joint rotates from an angle {e.g., 90 degreces)
to vertical {c.g., 180), and then further to an opposite angle, the hose must accommodate the
changes in angular positions. As mentioned above, such an operation may be repeated many
millions of times, which will cause significant strain on common plastic hoses. Certam further
tvpes of hose routing systems involve having a mechanism for gathering or releasing ahose {e.g.,
slack) as the articulated arm extends or rotates.

The requirements for mobility and freedom of movement within the workspace are
particularly challenging. ln addition to needing the hose to bend, a robot that swings up to 360
degrees about tis base will need the bose to twist. The end-effector often needs to attamn a large
number of possible orientations in certain applications, which means that the attachment from
the end-effector to the hose needs to accommodate the maltitude of directions m which the hose
mount needs to point as the robot moves from one place to ancther, for example, picking up
tiems in arbitrary origntations.

Again with reference to systems that employ smaller hoses at high vacuum, such systems
may even employ hose and cable guides that closely follow the articulated sections of the robot,
and in such systems, the length of the cable guides is not as much a concern as compared to the
need to gather and dispense cable guide lengths as the high vacuum robot moves. Such system
however, are not suitable for high vacuum flow systems employing large diameter hoses that
permit objects to be grasped without having the end effector fully seal against an object.

While cable routing schemes exist for numerous types of cables therefore, and are

suttable for narrow hoses, none satisfies the needs of using a large diameter hosing system on a
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small scale robot. There remains a need therefore, for a hose routing scheme for large diameter

hoses in programmable motion devices.

SUMMARY

In accordance with an aspect, the invention provides a programmable motion robotic
system that mchudes a plurality of arm sections that are joined one to another at a phurality of
joints to form an articulated arm, and a hose coupling an end effector of the programmmable
motion robotic system 1o a vacuum source. The hose is attached to at least one arm section of
the articulated arm by a pass-through coupling that permits the hose to pass freely through the
couphing as the plurality of arm sections are moved about the plurality of joints.

In accordance with another aspect, the invention provides a programmable motion robotic
system that includes a plurality of arm sections that are joined one to another at a plurahity of
jomts to form an articdated arm, and a hose coupling an end effector of the programmable
motion robotic system to a vacuum source. The hose 15 attached, in a joint portion of the hose,
to at least two arm sections with a joint between the at least two arm sections, such that the hose
is coupled to one arm section of the at least two armm sections by a pass-through coupling that
permits the hose to pass freely through the coupling when the one arm section is rotated about
the joint with respect to another arm section of the at least two arm sections.

In accordance with a further aspect, the invention provides a method of miminmizing forces
on a hose in a programmable motion system that includes an end effector on an articulated arm
that is coupled to a vacuum source by the hose. The method includes providing a pass-through
coupling on an arm section of the articulated arm, moving the arm section of the articulated arm,
and permitting the hose to move through the pass-through coupling to reduce any of binding or

bending of the hose.

BRIEF DESCRIPTION OF THE DRAWINGS

The following description may be further understood with reference to the accompanying
drawings in which:

Figurc 1 shows an illustrative diagrammatic view of two large diameter hoses;

Figures 2A — 2D show stlustrative diagrammatic views of two arm sections of an
articulated arm with a section of a hose attached to the arm sections of the prior art with the hose

section inside of a bend joint;
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Figures 3A and 3B show illustrative diagrammatic views of two arm sections if an
articelated arm with a section of hose attached to the arm sections of the prior art with the hose
section cutside of the bend joint;

Figure 4 shows an illustrative diagrammatic view of an articulated arm system employing
pass-through couplings in accordance with an embodiment of the present invention;

Figures 5A and 5B show illustrative diagrammatic views of a portion of the articulated
arm svstem of Figure 4 showing a pair of adjacent arm sections m different respective positions;

Figures 6A and 6B show illustrative diagrammatic views of pass-through couplings for
use i connection with various aspects of the present invention,

Figures 7A and 7B show illustrative diagrammatic views of the articulated arm system
of Figure 4 in different positions while processing objects near a vacuum source in accordance
with an aspect of the present invention,

Figures 8A and 8B show iHustrative diagrammatic views of the articulated am system
shown n Figures 7A and 7B from different views, showing different views of the hose routing;

Figures YA and 9B show stlustrative diagrammatic views of the articulated arm svstem
of Figure 4 in different positions while processing objects near a base of the articulated arm
system in accordance with an aspect of the present invention;

Figures 10A and 10B show illustrative diagrammatic views of the articulated arm system
shown in Figures 9A and 9B from different views, showing different views of the hose routing;

Figure 11 shows an tllustrative diagrammatic view of a rotational coupling for use in the
articulated arm system of Figure 4;

Figure 12 shows an illustrative diagrammatic sectional view of the rotational coupling of
Figure 11;

Figure 13 shows an itlustrative diagrammatic enlarged view of a portion of the sectional
view of the rotational coupling shown m Figure 12;

Figures 14A and 14B show dlustrative diagrammatic views of the articulated arm system
of Figure 40 showing a restricted area from difforent side directions;

Figurc 15 shows an illustrative diagrammatic top view of the articulated arm systent of
Figures 14A and 14B;

Figure 16 shows an illustrative diagrammatic flowchart of processing steps in an
articelated arm system in accordance with an aspect of the present invention; and

Figures [7A and 178 show ilfustrative diagrammatic views of an articulated arm system
m accordance with a farther aspect of the present invention that includes a robot base that is

suspended from an above position.

W
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The drawings are shown for illustrative purposes only.

DETAILED DESCRIPTION

In accordance with various aspects, the invention provides a method of mounting a large
diameter cabling or hose on a mult-hink mechanical system that (1) mimnimizes changes to the
bending of a hose durtng motion, and (2} minimizes the maximum bending of such a hose 1n
potential robot configurations. Further, since the vacuum decreases with the length of the hose
{due, in part, to friction against the mner hose surface), and the vacuum decreases with the
amount of bend in a hose {again duc to friction against the bent mner hose surface), it has been
generally desirable to provide a hosc that is as short as possible and has the least amount of
bending.

With reference to Figure 4, in accordance with an embodiment, the invention provides a
system 40 that includes a programmable motion device such as an articulated arm 42 that
ncludes an end effector 44, such as a flexible bellows, that 1s coupled viaa vacuum hose 46 to a
vacuum source 48, In accordance with various aspects, the vacuum at the end effector may have
a flow rate of at least 100 cubie feet per minate, and a vacuum pressure of no more than 65,000
Pascals below atmospheric {¢.g., about 50 Pagscals below atmospheric or 7.25 psi}. The hose may
have an mner diameter of at least 1 inch, ¢.g., 2 inches, {or at least 3 inches), and may include a
helical nibbing as discussed above.

The articulated arm 42 includes arm sections 50, 52, 54, as well as a base 56 and an end
cffector section 58 to which the end offector 44 is attached. In accordance with certain aspects
of the mvention, the vacuum hose 46 15 coupled to certain hose sections by pass-through
couplings 60, 62, 64. Significantly, the pass-through couplings 60, 62, 64, permit the vacuum
hose 46 to move freely through the couplings as the articulated arm 42 is moved. Further, each
pass-through coupling mayv also be mounted to a respective arm section such that the pass-
through coupling may pivot with respect to the respective arm section. The system 40 may also
mehude a first rotational coupling 66 that couples the hose 46 to the end effector section 58, as
well as a second rotational coupling 68 that couples the hose 46 to the vacuum source 48 ag
discussed in further detail below with reference to Figures 11 - 13, Movement of the articulated
arm may be controlled by one or more processing systems 100 that communicate via a wired or
wireless communication system with the articulated arm, with any cameras in the environment
of the articulated arm, and with a communication device 110 that may include a display 112 and

a re-set bution 114, The communication device 110 may provide information regarding the
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articulated arm system to any human personnel in the robotic environment, and may permit any
human personnel to re-set the articulated arm to 2 home position in the event of a high nigk
situation such as if the articulated arm has turned about the base more than 360 degrees and may
bind the hose.

With reference to Figures SA and 5B, when adjacent arm sections {e.g., 52, 54} move
with respect to each other, a section 70 of the vacuum hose 46 that is positioned between two
pass-through couplings 60, 62 will move. In particular, the section of the vacuum hose 46 may
become larger as shown at 72 in Figure 5B due to the movement of the arm sections of the
articelated arm 42, The pass-through couplings permit the vacuum hose to move in ways that
relieve stress and strain on the hosc as the articulated arm sections move,

¢ pass-through couplings may be fixed, may provide swivehing, and/or mav provide
translation of the hose through the attachments i vanous aspects. The swivel attachments may
also have more than one degree of freedom (BOF). While the swivel may only allow rotation of
the hose about an axis that is in the plane of the motion, a swivel joint may accommodaie other
additional DOFs including: the hose may twist through the mount o reduce torsion on the hose,
the hose may ship through the mount o lengthen or shorten the hose segment between attachment
points, and the attachment may permit small deflections of the rotation axis also to reduce total
bendmg encrgy.

Figures 6A and 6B show pass-through couplings for vacuum hoses in accordance with
various aspects of the present invention. The pass-through coupling 60 of Figure 6A includes a
ring 80 as well as optional inner rollers 82 that facilitated the passing through of a vacuum hose
through the coupling 60. The rmg 80 may include a mounting post 84 for mounting to an arm
section of an articulated arm. The mounting post 84 may be free to rotate with respect to the arm
section to which it is mounted, permitting the coupling 60 to rotate with the mounting post 84.
The pass-through coupling 607 of Figure 6B may mclude a ring 80 as well as optional mner
rollers 82 that facilitated the passing through of a vacuum hose through the coupling 607, and
may further inclade a keved edge 86 that engages a slot in an articulated amm, to prevent the pass-
through coupling 607 from rotating with respect to the amm section to which it 1s attached in
accordance with a further aspect of the imvention.

Figure 7A shows the system 40 mclading an articulated arm 42 engaging objects 94, 86,
08, 99 in its environment, and in particular shows the end effector 44 on the end effecior section
50 about to engage the object 94. The svstem 40 includes the pass-through hosc couplings 60,
62, 64 that pernut the hose 46 to freely pass throungh the couplings while the articulated arm

moves about its environment.
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There may be situations however, in which the high vacuum flow hose undergoes stress,
even though the end effector 44 may be accessing an area that i well within the reach of the
articulated amm.  Figure 7B for example, shows the end ctfector 44 of the articulated arm 42
accessing a low object 96 that i1s well within the reach of the end effector section of the articulated
arm. Asthe arm section 52 moves with respect to the arm section 54, the pass-through couplings
64, 62 permit the hose to relieve build-up of stress and potential energy on the hose as shown at
90 m Figure 7A and 92 in Figure 78. Although the object 96 is well within the reach of the end
cffector section 50 and the end effector 44, accessing such a position may impart unwanied stress
on the hose. For example, the hose 42 may bind up on a joint 102 in a portion 104 of the hose
as shown in Figure 7B. While the hose may be flexible and the helical configuration may
facilitate accommodating bending, such actions repeated over time will decrease the hife of the
hose. It 1s important, therefore, that the hose be free to move through the couplings n order to
reduce any such binding on joints.

Figures 8A and %8 show altemate views of the systen 40 as shown in Figures 7A and
7B. As shown in Figure 8A, the hose remains fairly free of stress and build-up of potential
energy when the end effector 44 13 accessing the object 94, but when the end effector 44 accesses
the fower object 96, the section 104 of the hose binds up on the joint 102 between arm sections
50, 52. Agamn, such actions repeated over time will decrease the life of the high flow vacuum
hose which is why 1t 15 important for the hose to be able to reduce any buildup of potential energy
i the hose.

Figure 9A shows the system 40 including an articulated arm 42 again engaging objects
94, 96, 98, 99 1n 1is environmeni, and in particular shows the end effector 44 on the end effector
section 50 engaging the obiect 99. The system 40 includes the pass-through hose couplings 60,
62, 64 that permit the hose 46 to freely pass through the couplings while the articulated arm
moves about its environment. Again, there may be situations however, in which the high vacoum
flow hose undergoes stress, even though the end effector 44 may be accessing an area that 15 well
within the reach of the articulated arm, and the freedom of the hose to move reduces this stress.

Figurc 98 for example, shows the ond effector 44 of the articulated arm 42 accessing a
fow and close-by object 98 that is well within the reach of the end effector section 58 of the
articulated arm.  As the arm section 50 and the end effector section 58 move close to the central
section 54, the pass-through couplings 62, 64 permit the hose to relieve build-up of stress and
potential energy on the hose. Although the object 98 is well within the reach of the end cffector
section 30 and the end effector 44, accessing such a position may impart unwanted stress on the

hose. For example, the hose 42 may bend too much in one or more portions 106, 108 of the hose

&
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as shown in Figure 9B. Again, whilc the hose may be flexible and the helical configuration may
facilitate accommodating bending, such actions repeated over time will decrease the life of the
hosc, which is why permitting the hose to move through the couplings is important in accordance
with certain aspects of the present invention.

Figures 10A and 10B show altemate views of the system 40 as shown in Figures 9A and
SB. As shown in Figure 10A, the hose remains fairly free of stress and build-up of potential
encrgy when the end effector 44 1s accessing the object 99, but when the end cffector 44 accesses
the lower and close-by obiect 98, the sections 106, 108 may bend too much. Again, such actions
repeated over time will decrease the life of the high flow vacuum hose, and permitting the hose
to move through the couplings reduces the hose fatigue.

As noted above with reference to Figure 4, the svstem 40 may also include a first
rotational coupling 66 that couples the hose 46 to the end effector section 38, as well as a second
rotational coupling 68 that couples the hose 46 to the vacuom source 48. With nitial reference
to Figure 11, the rotational couplings 66 (and 6R) may cach include a collar 120 that may be
friction fit {or otherwise adhered) onto the hose end such that an end surface 128 of the hose end
abuts against an inner wall 124 and mnper ledge 126 within the collar 120, The collar 120 includes
one or more sealing rings 130, 132 {c.g., of anv of rubber, plastic or metal), as well as an outer
surface 134 of a bearng race set. The sealing rings 130, 132 may seat within annular grooves
140, 142 of the end effector section 38, and with further reference to Figure 12, the outer surface
134 of the bearing race set may friction fit against an inner surface 144 of the end effector section
58. An end surface of the coupling 120 may sit against an inner ledge 146 on the end effector
section 58,

Figure 12 shows a partial sectional view of the rotational coupling that shows the bearing
race set including the cuter surface 134, as well as bearing balls 150 within a bearing cavity 152,
and an inner surface 154 that 1s attached to the coupling 120, With reference to Figure 13, when
the coupling 120 18 mmserted into the end effector section 58, the scaling rings 130, 132 nde along
an nner surface 144 of the end effector section 38 until they seat into grooves 131, 133 When
this happens, the outer surface 134 of the coupling 120 cogages the inner surface 144 of the end
effector section 58.

The rotational coupling 68 attaches an opposite end of the hose 48 to the vacuum source
48 in the same fachion as that of rotational coupling 67 attaching the hose 48 to the end effector
section 58. The rotational couplings 66, 68 further facilitate the release of any stress on the hose

46 as the articulated arm 42 moves about 1o 1ts environment.
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Ag discussed above, even with the pass-through couplings and rotational couplings, in
certain aspects it is further provided that the control system processor 100 may identify one or
more restricted arcas 160 that, although the end effector 44 may be able to reach objects in the
restricied area(s) 160, doing so would present unwanted forces on the high flow vacuum hose as
discussed above. For example, as shown in Figure 14A and with reference to Figures 7A, 7B,
3A and 8B, it may be scen that although the top of the object 94 is not within the restricted area
160, the object 96 is within the restricted area. As discussed with regard to Figures 7B and 8B,
accessing the object 96 is considered to impose too much stress and/or forces on the high flow
vacuum hose 46, As shown m the view of Figure 14B, and with reference to Figures 9A, 9B,
10A and 108, although the top of the object 99 is not within the restricted arca 160, the object
98 1s within the restricted area. As discussed with regard to Figures 9B and 10B, accessing the
obiect 98 1s considered to impose too much stress and/or forces on the high flow vacuum hose
46,

In accordance with further aspects and with reference to the plan view m Figure 15, for
cach current position of the ariculated arm 42, the system may additionally identify one or more
restricted arcas 170 that are not desived areas for the end effector 44 to reach given the use of the
high flow vacuum hose even though the articulated arm may readily be able to position the end
effector within the one or more restricted areas 170, In particular, for each stopped position of
the articulated arm prior to a move, the system may determine a desired or optimal route fo a
current destination {(e.g., either to move foward a new object or to bring a current object 1o its
destination location). Such restricted area(s) 170 include arcas i which, were the ond effector
to move mto them, would cause the hagh flow vacuum hose {o undergo unwanted stress or forces
on the hose, reducing the life of the hose.

The process, for example, may involve a dvnamic process of determining whether a
planned path from any current position would impart too much force {e.g., stress, strain, bending,
torsion or compression}. The process may start (step 200} by determining all routes from a start
position to a planned destination position (step 202). Each route is then classified {step 204),
c.g., interms of time and risk}, and routes that tall below a predetermined threshold for time or
risk are ehiminated (step 206). The process then determines (step 208) whether an acceptable
route 18 available, and if so (step 210) the system then sorts the routes into an ordered list
according to any of a variety of schema {¢.g., shortest time, shortest risk and combmations
thereof), and a present {optimal) route is chosen. if no available route remains {(step 208), then
the system sends a system alert (step 212) and will determine whether a further destination is

available (step 222},

1
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If an acceptable route 1s available {step 210}, the system then, for the proposed route
determines the amount of hose bending, hose torsion, and any hose binding that is expected to
occur along the proposed route (step 214). In accordance with various aspects, this may be done
by digitally modeling the hose movement during movement of the articulated arm. Tn further
aspects, the system may determine how much each joint would be required to bend or rotate, and
if the bend or movement of arm sections about any joint is too restrictive, the system may
deternune that to hose would be placed under too much stress (bending, torsion or binding). If
the amount of hose bending, hose torsion, and any hose binding that 1s expected to occur along
the proposed route {for example, determined hose stress data for the proposed rouie) is
determined to be too high (step 216), the system will remove the route from the list (step 218)
and retumm to step 208 and determine agam whether any route is left available for the destmation
position. If the amount of hose bending, hose torsion, and any hose binding that is expected to
oocur along the proposed route 18 not determined to be too high (step 216}, the system will move
the end effector to the destination position (step 220},

Afier the end effector 1s moved fo the destination position, the systern will determine
whether a new move 1o a new destination (step 222}, and if not, the process ends (step 226}, If
a further destination position is required (step 222), the system will assign the new destination
posttion and will substitute the position of the end effector to be the current position {(step 224),
and will retum to step 202 and determine all routes from the current position to the new
destination posiion.

If objects remain 1 the environment but no new destination position is available, the
system may request belp from human personnel. The system, for example, may include the
communication device 110 (shown in Figore 4} that includes the display 112 for displaying
mformation regarding any movement of objects that necds to be performed. as well as the re-set
buiton 114 that a person may depress when finished executing the mstructions. The system
would then begin again from the current position.

With reference to Figures 17A and 17B, in accordance with a further aspects, the
mvention provides a system 240 that includes a programmable motion device such as an
articulated arm 242 that includes an end effector 244, such as a flexible bellows, that is coupled
via a vacoum hose 246 to a vacuum source 248, The articulated arm mav be mounted at its base
256 to a high position such that the articulated arm may operate in an environment below the
base 256. Again, and in accordance with various embodiments, the vacuum at the end effector
may have a flow rate of at least 100 cubic feet per minute, and a vacuum pressure of no more

than 65,000 Pascals below atmospheric {¢.g., about 50 Pascals below atmospheric or 7.25 psi).

il
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The hose may have an inner diameter of at least T inch, e.g., 2 mches, (or at least 3 inches), and
may include a helical ribbing as discussed above.

The articulated arm 242 includes arm sections 250, 252, as well as a base 256 and an end
effector section 238 to which the end effector 244 15 attached. In accordance with certain
embodiments of the invention, the vacuum hose 246 is coupled to certain hose sections by pasa-
through couplings 260, 262. Significantly, the pass-through couplings 260, 262 permit the
vacuum hose 246 to move freely through the couplings as the articulated arm 242 1s moved.
Further, each pass-through coupling may also be mounted to a respective arm section such that
the pass-through coupling may pivot with respect to the respective arm section as discussed
above. The system 240 may also include a first rotational coupling 266 that couples the hose
246 to the end effector section 258, as well as a second rotational coupling 268 that couples the
hose 246 to the vacuum source 248 as discussed above. Movement of the articulated arm may
be controlled by one or more processing systems 300 that communicate {e.g., via wired or
wircless communication) with the articulated arm, any cameras in the robotic environment, and
the communication device 110, The system 240 may operate as discussed above with the
previously discussed systems, and in particular, may cvaluate different positions of the
articulated arm 242 to deternune whether any destination positions will cause too much stress
(e.g., bendmg, torsion or binding) on the high flow vacaoum hose.

Hose routing approaches of various aspects of the wmvention allow for a chain of such
kinds of attachments and hose segments to be provided that would exploit pass-through couplings
for a multi-link robot, with the objective of mimimizing the maximum bending energy, and reduce
the amount of cychic loading to which the hose would be subjected.

Those skilled in the art will appreciate that numerous modifications and variations may
be made to the above disclosed embodiments without departing from the spirit and scope of the
present invention.

What is claimed is:
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CLAIMS

1. A programmable motion robotic system comprising a plurality of arm sections that are
joined one to another at a plurality of joints to form an articulated arm; and a hose coupling an
end effector of the programmable motion robotic system to a vacuum source, said hose being
attached to at least one arm section of the articulated arm by a pass-through coupling that permits
the hose to pass freely through the coupling as the plurality of arm sections are moved about the

plurality of jomnts.

2. The programmable motion robotic system as claimed in claim 1, wherein the pass-
through coupling 1s rotatable with respect to the at least one arm section to wiich the pass-

through coupling is attached.

3. The programmable motion robotic system as claimed in claim 1 or claim 2, wherein the

pass-through coupling mclades rollers.

4. The programmable motion robotic system as claimed i any of claims 1 - 3, wherem the
vacuum source provides, via the hose, a vacuum at the end effector having a flow rate of at least

100 cubic feet per minute.

5. The programmable motion robotic svsiem as claimed in any of claims 1 — 3, wherein the
vacuum source provides, via the hose, a vacuum at the end effector having a vacuum pressure of

ng more than 65,000 Pascals below atmospheric,

6. The programmable motion robotic system as claimed in any of the preceding claims,

wherein the hose has an inner diameter of at least 1 inch.

7. The programmable motion robotic system as claimed in any of the preceding claims,

wherein the hose has an inner diameter of about 2 tnches.

8. The programmable motion robotic system as claimed in claim 1, wherein the hose has a

helical nibbing.

. The programmable motion robotic system as claimed in any of the preceding claims,
wherein the programmable motion robotic system further ncludes a ring collar to which the hose
may be attached, said ring collar permitting free rotational movement of the hose with respect to

the collar.

—
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10.  The programmable motion robotic system as claimed in any of the preceding claims,
wherein the programmable motion robotic system includes a position dependent movement
restriction svstem for restricting moverent of the articulated arm from a particular position to a
potential target position when such movement 1s determined to potentially cause unwanted action

of the hose.

11, The programmable motion robotic system as claimed in any of the preceding claims,

wherein the end effector meludes a flexible bellows.

12. A programmable motion robotic system comprising a plurality of arm sections that are
joined one to another at a phurality of joints to form an articulated arm; and a hose coupling an
end effector of the programmable motion robotic syster to a vacuum source, said hose being
attached, in a joint portion of the hose, to at least two arm sections with a joint between the at
least two armn sections, such that the hose 1s coupled to one arm section of the at least two arm
sections by a pass-through coupling that permuts the hose to pass freely through the coupling
when the one arm section s rotated about the joint with respect to ancther arm section of the at

least two arm sections.

13, The programmable motion robotic svstem as claimed m claim 12, whercin the pass-
through coupling is rotatable with respect to an arnm section to which the pass-throagh coupling

is attached.

14. The programmable motion robotic svstem as claimed in claim 12 or claim 13, wherein

the pass-thorough coupling includes rollers.

15, The prograrnmable motion robotic systom as claimed in anv of claims 12 — 14, wherein
the vacuum source provides, via the hose, a vacuum at the end effector having a flow rate of at

least 100 cubic feet per minute.

16. The programmable motion robotic system as claimed m any of claims 12 — 14, wherem
the vacoum source provides, via the hose, a vacoum at the end effector having a vacuum pressure

of no more than 65,000 Pascals below atmospheric.

17. The programmable motion robotic system as claimed in anv of claims 12 — 16, wherein

the hose has an inner diameter of at least | mch.

14
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8. The programmable motion robotic system as claimed n any of claims 12 — 17, wherein

the hose has an mner diameter of about 2 inches.

19. The programmable motion robotic system as claimed in anv of claims 12 — 18, wherein

the hose has a helical nibbing.

20. The programmable motion robotic system as claimed 0 any of claims 12 ~ 19, wherein
the hose includes at least three joint portions of the hose, each of which jount portion of the hose
is attached fo at least two adjacent arm sections mutually attached to a respective jomt such that
the hose is coupled to each arm section by a pass-through coupling that permuis the hose to pass

freely through the coupling.

2L The programmable motion robotic system as claimed i any of claims 12 — 20, wherein
the hose mehudes no portions of the hose that is attached to at lcast two adiacent arm sections
mutually attached to a respective joint such that the hose 1s coupled o an arm section by other

than a pass-through coapling that permits the hose to pass freely through the coupling.

22 The programmable motion robotic system as claimed in claims 12 - 21, wherein the end

effector includes a flexible bellows.

23, A method of minimizing forces on a hose in aprogrammable motion system that inclodes
an end effector on an articulated arm that is coupled to a vacuum scurce by the hose, said method
comprising the steps of’

providing a pass-through coupling on an arm section of the articulated amm;

moving the arm section of the articulated arm; and

permitting the hose to move through the pass-through coupling to reduce any of binding

or bending of the hose.

24, The method as claimed in claim 23, wherein the method further includes the step of
permitting the pass-through coupling 1o rotatable with respect to the at least one arm section to

which the pass-through coupling is attached.

25, The method as claimed in claim 23 or claim 24, wherein the pass-through coupling

inchides rollers.
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26. The method as clammed n any of claims 23 - 25, wherein the method further includes the
step of providing, via the hose, a vacuum at the end effector having a flow rate of at least 100

cubic fect per minute.

27, The method as claimed in aov of claims 23 — 25, wherein the method further includes the
step of providing, via the hose, a vacuum at the end effector having a vacuum pressure of no

more than 65,000 Pascals below atmospheric.

28, The method as claimed in any of claims 23 — 27, wherein the hose has an inner diameter

of at least 1 inch.

29. The method as claimed in any of claims 23 — 28, wherein the hose has an tnner diameter

of aboui 2 inches.

30. The method as claimed in any of claims 23 — 29, wherein the hose has a helical ribbing.
31 The method as clammed n any of claims 23 - 30, wherein the method further includes the

step of pernutiing the hose to move with respact to a ring collar to which the hose is attached.

32.  The method as claimed i any of claims 23 - 31, wherein the method further incudes the
step of restricting movement of the articulated arm from a particular position o a potential target

position when such movement is determined to potentially cause unwanted action of the hose.

33. The method as claimed m any of claims 23 ~ 32, wherein the method further includes the

step of sorting a plurality of optional routes and selecting a route.

34, The method as claimed in anv of claims 23 — 33, wherein the method further includes the
step of determining any of hose bending and hose binding for a selected route and providing hose

stress data in connection with the selected route.

35, The method as claimed in claim 34, wherem the method further includes the step of
rejecting the selected route based. at least in part, on the hose stress data associated with the

selected route.

36.  The method as claimed in any of claims 23 — 35, wherein the end effector includes a

flexible bellows.

16
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