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ROBOTIC ARM WITH FIVE-BAR SPHERICAL LINKAGE
FIELD

The embodiments of the invention relate generally to robotic surgical svstems. More

particularly, the embodiments of the invention relate to hnkage 1o robotic arms,

BACKGROUND

Minimally mvasive surgery (MIS) provides surgical techniques for operaling on a patient
through small ncisions using a camera and elongale surgical instruments wiroduced to an
mntemal surgical site, often through trocar sleeves or cannulas. The surgical site often comprises
a body cavily, such as the patient's abdomen. The body cavity may optionally be distended using
a clear fhad such as an msulflation gas. In tradibonal manimally invasive sargery, the surgeon
manipulates the tissues using end effectors of the elongate surgical instruments by actuating the
mstrument's handles while viewing the surgical site on g video monitor,

A common form of mimmally invasive surgervy is endoscopy. Laparoscopy 18 a type of
asndoscopy for performung mintmally invasive inspection and surgery inside the abdominal
cavily. In standard laparoscopic surgery. a patient's abdomen is insutflated with gas, and cannula
sleeves gre passed through small (generally 1/2 inch or less) incisions to provide entry ports for
taparoscopic surgical instruments. The laparoscopic surgical instruments generally include a
taparoscope (for viewing the surgical feld) and working tools. The working tools are similar to
those used in conventional {open) surgery. except that the working end or end elfector of each
tool 1s separated from its handle by a tool shaft. As used herain, the term "end effector” means
the actual working part of the surgical instrument and can include clamps, graspers, scissors,
staplers, umage capture lenses, and needle holders, for example. To perform sargical procedures,
the surgeon passes these working tools or instraments through the cannala sleeves 1o an internal
surgical site and manipulates them from ouiside the abdomen. The surgeon monitors the
procedure by means of a monitor that displavs an image of the surgical site taken from the
laparoscope. Simular endoscopic techmigques are emploved in other types of surgeries such as
arthrogcopy, retroperitoneoscopy, pelviscopy, nephroscopy, Cvstoscopy, CIstemoscopy.

sinoscopy, hysteroscopy ., urethroscopy, and the like,
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BRIEF SUIMMARY

The embodiments of the Invention are summarized by the claims that follow below.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 s a plan view of a surgieal suite in which embodiments of the invention are used.

FIG. 2 is a plan view of a portion of the operating suite of FI1G. 1.

FI1G. 3 s a cross-section view slong Hone 3-3 in FIG. 2.

FIG. 4 s a plan view of an embodiment of the invention.

FIG. 5 15 a side view of the embodiment of the invention shown in FIG. 4.

FIG. 6 13 an end view of the embodiment of the invention shown in FIG. 4.

FIG. 7 1s a schematic view of a paraliel five-bar linkage.

FIG. 8 15 a schematic view of a paralial spherical Ove-bar hinkage.

FIG. 9 is a schematic view of another paraliel spherical live-bar hnkage.

FIG. 1015 a schematic view of another paratlel spherical five-bar hinkage and a
controlier.

FIG. 11 1s g end view of a parallel spherical five-bar linkage.

FIG. 1215 8 schematic view of the parallel spherical five-bar hinkage of FIG. 11

FIG. 13 15 anather schematic view of the paraliel spherical five-bar hinkage of FIG. 11

FI(G. 14 1s a schematic view of another paraliel spherical five-bar linkage that mcludes an
fsertion axis.

FIG. 13 is a pctonal view of an embodiment of the invention.

FIG. 1615 a pretonial view of a motor assembly.

FIG. 17 is a pretonial view of a detail of the embodiment of F1G. 15,

FIG. 1815 a pictorial view of an optical encoder.

DETAILED DESCRIPTION OF THE INVENTION

The detailed description deseribes the invention as il may be used m a laparoscopic
surgery. 1t1s 1o be understood that this is merely one example of the types of surgeries in which
the invention mav be used. The mvention is not limited to laparoscopy nor to the particular
structural configurations shown which are merely examples to aid in the understanding of the
mvention. Traditional pmmally invasive surgery requuses a high degres of surgical skill
because the surgeon's hand movements are controthing a surgical tool at a substamtial distance

from the surgeon's hands, often requiring unnatural and non-intuitive hand motions, In
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roboticadlv assisted susgery, a surggon may operale a master controller fo control the motion of
surgical instruments at the surgical site. Servo mechanisms may move and articulate the
surgical instrument based on the surgeon’s manipulation of the hand mnput devices. The robotic
assistance mav allow the surgeon o control the motion of surgical instruments more easily and
with greater precision.

Figure 1 shows a schematic plan view of a surgical suite in which the invention may be
used. A patient 114 15 shown on an operating table 112 undergoing robotically assisted
laparoscopic surgesy. A surgeon 120 mayv use a master controlier 122 to view a video image of
the internal surgical stle and control one or more sargical nstruments and a laparoscopic camera
by means of robobic servo wechamisms. The masler controller 122 will typically miclude one or
more hand input devices {such as joysticks, exoskeletal gloves, or the like) which are coupled by
a servo mechanism 10 a surgical instrument.

One or more wbolic arms 106, 102 that embody the myvention mav be ased {o support
and move surgical imstrioments 104 at the surgical site duting robotically assisted surgery. Ttis
desirgble to support the surgical instrument such that the tool shalt 118 of the instrument pivols
about a center of spherical rotation positioned in space along the length of the ool shaft. An
additional robotic arm 116 may support and move the laparoscopic camera. The robotic arm
116 for supporting the camera 1s of a different form than the robotic armgs 100, 102 for
supporiing the surgical instruments 104,

Each robotic arm 100, 102, 116 may be supported by an articulated set-up arm 130, 132,
134, The set-up arms may be attached to the operating table 112, Fach set~up arm may include
a mumnber of segments coupled by joints that provide one or more degrees of [reedont that altow
the robotic arm 1o be positioned within a defined range of monion. One or more locking
mechanisms may be provided 1o fix the segments and joints of the set-up arm when the robotic
arm is m the desired position. The set-up arms may allow the robotic arms 1%L, 102 1o be fixed
at an arbitvary position with respect to the operating table and the patient thereon. Joinl angle
sensors mayv be provided on the set-up arm to altow the pose of the set-up armt and the resulting
position of the supported robotic anm to be determined.

Each robotic arm 100, 102 may be fixed at a positton where the center of spherical
rotation s substantially at the access point 114 to the internal surgical site (for example, with the
incision that provides entry for the trocar or cannula 106 at the abdominal wall during
laparoscopic surgery ). An end effector of the surgical instrument 104 supported by the robotic
arm 1¢K} can be positioned safely by moving the proximal end of the tool shaft 118 with the

robotic anm 100 without imposing dangerous forces against the abdominal wall,
3
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Each robotic arm KX, 102 will support one surgteal mstrument which may be detachable
from the robotic arm. A vanlety of surgical instruments 108 may replace the surgical instrument
104 on the robotic army 100 during the course of a single surgery. Each robotic arm 100 may
support a cannula 106 that passes through an mncision 114 into the bodv of the patient 110. The
tool shalt 118 of the surgical mstrument 104 passes through the cannula 106 {o the intemnal
surgical site.

The robotic arm 100 may support the surgical mstrument 104 such that the cannula 106
and the ool shaft 118 of the instrument pivot about a center of spherical rotation positioned in
space along the length of the cannala 106, The center of sphenical rotation may also be called
the remote center of spherical rotation because it 1s the sphernical center of rotational motion for
the robotic arm while being spaced apart from the structure of the robotic arm. Motion about the
center of spherical rotation may be described as spherical motion because a pomt at a radial
dastance from the center of spherical rotation will move on a spherical surface having the radiat
distance as 1ts radins. The cannula 106 defines an insertion axis that passes through an access
pointi, such as an mcision {14 in the abdominal wall of the patient 110, to the intemal surgical
site. The tool shaft {18 extends along the insertion axis,

Each robotic arm 1$4), 102, 116 may include one or more servo motors o move the arm
10 a desived posttion. Each robotic arm may include one or more additional servo motors 1o
move the surgical instrument 104 andfor an end elfector on the surgical mstrument. One or
more control cables 124 may provide signals between the computer 123 in the master controlier
122 and the servo molors of the robolic arms 106, 102, 116, The master controlier 122 may
mnclude a computer 123 to provide signals that control the servo mechanisnis of the robouc arms
and the surgical instruments based on the surpeon's input and received feedback from the servo
mechanising,

Figure 2 shows an enlarged view of a portion of Figure | including the patient 110 and
the robotic arms 1060, 102, 116, Figure 3 shows an end view of the robotic arms 100, 102
fooking from the patient's head toward the feet. A schematic cross-section of the patient 11015
shown in the area where the cannula 196 1s inserted. The tool shafl 118 of the surgical
mstrament 104 may be seen emerging from the end of the cannula 196 intemal to the patient
110, An end effector 300 at the miernal end of the tool shaft 118 mav provide any of a variety
of surgical tools which may be actuated by servo mechanisns 200 (shown in Figure 2) which
may be supported by the robotic arm 100,

A specific position assumed by a robotic arm may be referred {0 as a pose. Placing a

rohotic anm i a specific position may be referred to as posing the robotic arm. Figures 4, 5, and
3
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& are orthogonal views of the robotic asm 100 used on the patient’s right hand side o the same
pose as shown i Figures 1.3, Figure 4 15 a plan view. Figure 5 is a side view. Figure 615 an
end view,

Referring again to Figures 2 and 3, the robotic arm 100, 102 inchudes a spherical linkage
1o support the surgical mstrument 104, as will be discussed wn greater detad below. The
spherical inkage constrams the motion of the msertion axis 1o rofation about a remote center of
spherical rotation 206 which may be located along the length of the cannula 106, By locating
the remote center of spherical rotation 206 at or near the incision 114, the insertion axis may be
moved without significast motion at the ncision.

The end effector 300 is passed through the cannula 106 {o the internal surgical site along
the insertion axis. The end effector 300 15 supported by the tool shaft 118 and coupled to serve
mechanisnis 200 through the tool shaft. The servo mechanisms 200 nigy manipulate the end
affector 300 and mav allow a variety of motions which may nclude rotation about the msertion
axis and translation along the insertion axis, Translation of the end effector 300 may be
accomplished by translation of the surgical mstrument 104 with the tool shaft 118 and attached
end effector.

The end effector 300 mayv be moved in two additional dimensions by moving the tool
shaft 118 about 1ts remote center of spherical rotation 206, The robotic arm 100 will control
these two dimensions of motion by moving the tool shaft 118 to change its angular postiion in
space. The motion of the tool shafl 118 may be described n terms of the position of the
msertion axis in a spherical coordinate system. A poit in space may be specified in terms of
two angles and a distance from a center of a spherical coordinate systeny 1t will be appreciated
that ordy the two angles are necessary 1o specify an insertion axis that passes through the center
of the spherical coordinate system.

The robotic arm 100 of the present wvention includes a parallet spherical five-bar
hnkage to move and support the surgical instriement 104 such that the ool shaft 118 of the
mstrument pivots about & remote center of sphencal rotation 206 positioned in space along the
msertion axis and generally along the length of the cannula 106.

Figure 7 shows a simphified, 2-dimensional schematic diagram of a parallel five-bar
finkage 700, This example iilusirates the hnkage operating n essentially a flat plane. The
mventive linkage operates similarly in 3-dimensional space and will be described subsequently.
A paraliel five-bar linkage is a svstem of four rigid bars or hinks 701, 702, 703, 704 pivoted to
each other and to a fixed base link 705, The fixed base hink may be referred to as the ground

Hnk. 1t 1s 1o be anderstood that the ground link 705 1s fixed only in the sense that it provides a
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Gxed frame of reference for the remaining fow hinks. The ground link 703 mayv be positioned in
space to wove the entire five-bar linkage.

Each hink includes two pivotaxes. The two pivot axes 712, 713 of the ground link may
be coincident thereby creating a zero length ground link. The remaining four hinks all have a
substantial distance between the two pivol axes on each link. Al of the pivot axes 711, 712,
T3, 714, 715 are perpendicular to a common surface. The links are coupled at the pivot axes
such that the links can rotate relative to each other gbout the pivot axis at which they are
coupled. The rotatable coupling of the hinks at a prvot axis can take any of a variety of forms
that Hmits the motion of the coupled hinks to rotation aboul the pivol axis. A number of axey are
described for the parallel spherical five-bar linkage. The lerm “axas™ may be used
mterchangeably 1o refer to a "joint" or a "pivot” except for the insertion axis.

The ground link 703 provides two inboard axes 712, 713, An inboard link 701, 704 18
privotally coupled to each of the mboard axes 713, 712, Each inboard link 701, 704 has an
ntermediate axis 714, 711 spaced apart from the inboard axis 713, 712, Each inboard link 701,
704 15 pivotally coupled to an outboard hink 702, 703 at the intermediate axis 714, 711, Each
outhoard link 702, 703 has an outboard axis 713 spaced apart from the intermediate axis 714,
711, The two outboard finks 702, 703 are pivotally coupled at their outboard axes 715, The
outboard axis 715 can be posttioned perpendicudar o the comimon surface {in thus 2-dimensional
iltustrative example) anywhere withan its range of motion thus providing an endpomt motion at
the outboard axis 715 with two degrees of freedom. I motors are provided to rotate each of the
mboard links 701, 704 about their inboard axis 713, 712, as suggested by the arrows, the
outhoard axis 715 may be positioned anywhere within 1is range of motion by rotating the two
inboard links with the motors. Converselv, movement of the outboard axis 713 within i1s range
of motion franskates into rotation of the pwo inboard links 701, 704 about their inboard axis 713,
712,

A linkage that couples rotation of two ground-referenced independent Hnks with two
dimensional movement of an axis 1s a paraliel linkage. The rotary motion provided by the two
motors to the two mboard links mav be described as parallel rotary motion inputs. I should be
noted that "paraliel” is used here to indicate two mpuis that are provided independently of one
another and not in the geometne sense to mndicate the direction of the inputs. In a paraliel
linkage, the two independent parallel inputs act upon the same body at soine distal pomnt where
finks coupled to the inpuls join to drive the same object or link.

A spherical hnkage for the purposes of this description is a 3-dimensional version of the

2-dimensional mechanical linkage described above. In the 3-dimensional linkage, all prvot axes
f



<&

10

15

ees

30

WO 2007/120952 PCT/US2007/060950

pass through a common remote center of sphearical rotation. "Pass through” includes axes that
may be shghtly displaced (due to slight errors i manufactaring of the physical hinks, for
example) from the remote center of spherical rotation to acconunodate the structural finutations
of the robotic arm where the displacement 13 small encugh that the linkage has substantially the
same Kinematics {charactenistic motions} as if the axes actually included the precise, theoretical
remote center of spherical rolation. Nole that axes that pass through a remote center of spherical
rotation arg glso perpendicular to a spherical surface centered on the remote center of spherical
rotation.

Reflerring now o the original 2-dimensional Imkage of Figure 7, 1t will be appreciated
that there are lwo possible positions for each of the inboard links 701, 704 1o a [ive-bar hinkage
for most of the possible posttions of the outboard axis. For example, the mboard link 701 could
also be positionad as indicated by the dashed line 701 This position for the inboard Hink 18
generatly considerad undesirable because the distance between the inlermediate axes 714, 711 13
reduced and the angle between the outboard tinks 7027, 703 is reduced. Tt s normally desirable
to maximize the distance between the intermediate axes 1o provide a broad base of support for
the owtboard axis 713, It is also normally desirable to have the outboard finks 7027, 703 as close
{0 being at right angles to one another as possible fo support the outboard axis 715, While the
conventional configuration of a five-bar linkage provides good structural support for the
outboard axis 713, the resuling structure requires a substantial amount of space in which to
move. The alternative configoration as indicated by the dashed 7017, 7027 position necupies a
smaller area (as projected onto the plane) and 15 therefore a more compact mechanical
conliguration.

Figure 8 shows a schematic diagram of a paraliel spherical five-bar linkage 800, As with
the previously discussed planar five-bar linkage, the parallel sphenical five-bar linkage 80015 2
svstem of four rigid Hinks 801, 802, 803, 804 pivoted to each other and to a fixed base or ground
hnk 805 When a parallel five-bar linkage is constracted in a spherical form, all of the pivot
axes 811, 812, 813, 814, 815 are perpendicular to a common spherical surface and therefore pass
through a remote center of spharical rotation 820 of a sphere . In particular, the outboard axis
815 will alwayvs pass through the remote cenler of spherical rotation 824 within is range of
motion. Thus, a parallel spherical five~bar linkage 800 provides the desired constramed motion
for a surgical instrument such that the tool shaft of the instrument pivots about a remote center
of spherical rofation when supported and moved by the cutboard axis 8135 of the linkage B

The molors to move the sargical instrument are placed at the inboard axes 813, §12 of the
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eround link 805, This avouds the need 1o move one motor with the other motor as meght be
required if a serial arm mechanism were used.

As shown schematically in Figure 9, it has been discovered that a parallel spherical five-
bar linkage %0 can be constrained so that the intermediate axes 914, 911 cannol assume the
conventional configuration whare the intermediale axes are at thair maximum possible
separation and, surprisingly, provide good structural support for the outboard axis 913, This
resulis in a more compact configuration that 1s better sutted for use as a robotic arm to support a
surgical instrument where it1s often necessary 10 use two or more such arms in close proximity
within a linuied amount of space as shown by the exemplary systermn in Figures 1-3.

The schematic linkage %00 shown includes a ground lik 903, two miboard links 901,
904, and two outboard links 802, 603, The first inboard hink 901 includes g frst axis of rotation
913 and a first intermediate axis Y14 at a first distance from the fivst axis of rotation. A first
outheard hink 902 is pivotally coupled to the first mboard fink 901 al the Srst intermediate axis
14, The first outboard link 902 has an outboard axis 913 at a second distance from the first
mtermediate axis 914,

A mechanical stop 916 may limit the rotation of the first outboard link %02 about the first
intermediate axis 914 such that a third distance from the first axis of rotation 913 {o the outboard
axis 915, when the first outhoard hink 15 rotated to the Hmit of the mechanical stop, 1s
substantiaily less than the first distance plus the second distance, In another embodiment (not
shown), the mechanical stop may be in two parts, each of which limits the rotation of one of the
fwo inboard hinks.

For links that are simple arcuate segments, such as the hinks 901-905 shown in Figure 9,
the mechanical stop 916 constraing the motion of the links such that the angle between the first
inboard hink 901 and the first outboard link 902 13 alwavs substantially fess than 180 degrees.
More generally, the angle between the line segraent from the first axis of rotation 913 to the first
mtermediate axis 914 and the line segment from the first intermediate axis 914 to the outboard
axis 815 is constrained to be substantially less than 180 degrees,

A second inboard hink 904 has a second axis of rotation 912 at a fourth distance from the
first axis of rotation 913 and a second intermediate axis 911 at a filth distance from the second
axis of rotation 912, A second outhoard link 903 is pivotally coupled to the second inboard link
204 at the second intermediate axis 911 and 1o the first outboard hnk 202 at the outboard axis
915, The owthoard axis 913 15 at a sixth distance from the second inlermediate axis 911, The
mvenbive spherical fve-bar hinkage is further constrained to have the first and second

mtermediate axes 914, 911 on the same side of a plane that includes the outboard axis 915 and
8
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etther of the first 913 or second 912 axis of rotation. This constraind may be achieved by the
construction and assembly of the second mboard hink 904 and the second outhoard link H03.

1f the combined length of the second mboard hink 904 and the second outboard link 903
is sufficiently long with consideration for the distance between the first axis of rotation 913 and
the second axis of rolation 912, the constraint of the motion of the first inboard link 901 and the
first outboard link 902 will constrain the second inboard hink 904 and the second outhoard link
203 to remain 0 the inventive configuration. For a given length of the {irst inboard link 901 and
the first outboard link 902, a grven constraint on the angle between the first pair of links 901,
902, and & given distance between the first axas of rotation 913 and the second axis of votation
912, there 15 a maximum distance from the second axis of rotation 912 1o the outboard axis 9135,
If the combined lengths of the second inboard link 904 and the second outbogrd fink %03 18
greater than the maximum distance the second pair of links 904, Y03 will be constrained (o
remamn i the configuration in which they were assembled with regard 1o the relative posttions of
the imtermediate axes 914, 911,

The paraltel spherical five-bar linkage may be houted m its motion such that the two
mtermediale axes 914, 911 ave relatively close together compared {0 the maximum separation
possible for anv given pose of the robotic arm Y00, Both the first pair of links 901, 902 and the
second pair of Hinks 904, 903 will have the same “handeduness.™ That is, the “elbow™ at the
mlermediate axes 914, 911 for both pairs of links bends to the same side of the army. The rebotic
arm 200 thus formed has the characteristic of being either right handed or left handed depending
o how the machanical stop 91615 arranged.  The exemplary embodiment shown in Figure 9
may be considered right handed because the first intermediate joint and the second intermediate
joint are maintained on the right side to point in a direction o the right. Likewise, a left handed
robotic arm will have the first intermediate joint and the second mtermediate joint maintained on
the left side to point in a direction {o the left. A parallel five-bar spherical linkage constructed
according 1o the above constraints mav be desenbed ag being limited to a range of compact
POSES.

As suggesied by the embodiment shown in Figure 9, the robotic arm 9808 may be further
compacted by making the fourth distance between the first 913 and second 912 axis of rotation
substantially less than the distance between the axes on any of the moving links 901, 903, 903,
S04

Figure 10 shows another embodiment of a parallel spherical five bay linkage 1000 for a
sobotic army. The parallel spherical five bar linkage 1000 for the robotic mav be still farther

compacted by arranging the hinkage so that the primary range of motion for the outhoard axis
G
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1013 is generally on one side of a plane that includes either the first 1013 or second 1012 axis of
rotalion and the outhoard axis 1015,

In some embodiments, such as the embodiment of the parallel sphenical five bar hinkage
1000 shown in Figare 10, the first 1613 and second 1012 ads of rotation are driven by motors
connected to a controller 1018 o provide signals to the first and second motors. The furst motor
rotates the first inboard link 1001 and the second motor rotates the second mboard ink 1004,
The controller 1018 may limit the motion of the inbogrd hinks 1081, 1004 such that the first and
second intermediate axes 1014, 1011 are on the same side of a plane that includes the cutboard
axis 1013 and evther of the first 1013 or second 1012 axis of rotation. The controller 1018 can
provide the same constraint on the range of motion of the hinks 1001-1004 as the mechanical
stop 916 provides or the links 901-904 of the embodiment shown in Figure €.

The paraliel spherical five bar linkage 1000 may be used to move the outboard axis to a
desired position by controllably rotating the inboard links, such as by use of a servo motor or
stepper motor. In another embodiment, the parallel sphencat five bar inkage 1000 may be used
to sense a position of the outboard axis by determining the bearings of the two inboard axes that
result from manipulation of the outhoard axis. For example, rotary encoders, or other sensors,
may be placed at the fivst 1013 and second 1012 axis of rolation of the parallel spherical five bar
hinkage iflustrated by Figure 10, The controlter 1018 may be replaced by a computer coupled fo
the two rotary encoders o receive the bearing of each of the inboard finks 1031, 1004, The
computer mayv then compute the position of the outboard axis, which may be manipulated by an
operator to provide a position input. 1 will be appreciated that the outboard axis s constramed
to rotate about the remote center of spherical rotation 1020 of the spherical hinkage. Thus, the
parallel spherical five bar linkage may also be used in the control console 122 of Figare 1 o
receive position input for the outboard axis 1015 from the surgeon 120 The position input will
have the same constrained motion as the outboard axis of the robotic arm 100,

Figure 11 shows a parallel spherical five-bar linkage 1100 that emshodies the invention
that has a structure similar to the robotic arm 100 shown in Figures 1-6. The parallel sphencal
five-bar linkage 13100 is stmlar i structure and pose to the schematic of the parallel spherical
five-bar linkage 1000 of Figare 0. Five pivot axes 1111-1115, about which the four movable
finks 1101-1104 rotate, all pass throagh a conumon remote center of spherical rotation 1120,
The illustrated mechanism inclodes two motors 1123, 1122 respectively coupled to the first
mboard {ink 1101 and the second inboard link 1104 such that the motors can rotate the links
about the first 1113 and second 1112 axes of rotation. The two motors 1123, 1122 are coupled

{ogether to form the fifth hink 1105, which is the ground link.
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The mboard link 1101 s shown as having a generally arcuate form. The remaining three
Hnks 1102, 1103, 1104 are shown as baving irregular shapes. which may include arcuate
segments, to accommodate placement of the pivoted connections 1111, 1114, 1115 such that the
finks and pivots can pass one another. it will be appreciated that the links mav have any desired
form without affecting the function of the invention. The hinkage will function as a spherical
linkage as long as the axes of the pivoled connections 1111, 1312, FUI3 1114 1115 all pass
substantially through a conunon remote center of spherical votation 1120,

Figure 12 is a schematic representation of the parallel spherical five-bar hinkage 11460 of
Figure 11 to show the velationships of the links 1101, 13102, 1103, 1104, 1183 and pivoted
counections T, 1112, VH13, T4 1115 more clearty. Figure 12 shows the links in an arcuale
form to emphasize the spherical nature of the structure. Figure 13 shows the links in a
schematic form that suggests the form of the links in the embodiment of Figure 11, It may be
seen that the wregular shapes of the Hnks shown in Figure 13 increases the separation between
the first pair of links 1101, 1102 and the second paiv of Huks 1104, 1103, I will be appreciated
that the form of the links s unimportant as long as they support the pivot axes such that thev
pass substantially through the remote center of spherical rotation 1120,

In the compact configuration of the inventive parallef spherical five bar linkage, it may
be desivable to configure the linkage such that the first pair of Hoks 1101, 1102 coupling the first
axis of rotation 1113 to the outboard axis 1113 can {reely pass the second pair of links 1104,
03 coupling the second axis of rotation 1112 to the outboard axis 1115, Singe the only
requirement of the paraflel spherical five-bar hinkage s that all the pivol axes pass substaniially
through the common remote center of sphencal rotation 1120, the first pair of links 1101, 1102
and the first intermediate pivot 1114 may be configured so that a first volume swept out by the
first pair does not itersect & second volume swept out by the second pair of links 1104, 1103
and the second intermediate pivot 1111 The ondy connections between the first and second
vohnes are  the vicimly of the outhoard axis 1113 and the ground Hink 1103, The form of the
hinks in the embodinment Hlustrated by Figures 11 and 13 are an example of a configuration that
permits the first pair of links 1101, 1102 10 pass the second pair of links 1104, 1103

Figure 14 shows another embodiment of a paralle] sphenical five-bar linkage 1400 for a
robotic arm. In comparison with the linkage 1000 of Figure 10, the parallel sphenical five-bar
tinkage 1400 includes an outboard hink 1402 having an insertion axis 1419 that 1s spaced apart
from the owtboard axis 1415 by an offset distance. Ideally the insertion axis 1419 is coincident
with the outboard axis 1415, Mechanical packaging advantages can be obtained, however, by

separating the insertion axis 1419 from the outboard axis 1413,
11
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Preferably the insertion axis 1419 will be placed on the ouwthoard hink 1402 lusther from

the intermediate axis 1414 than the outboard axis 1415 As long as the insertion axis 14191

perpendicular to the surface of the sphere centered on the remote center of spherical rotation
1420 and therefore passes throughs the remote center of spherical rotation 14240, then the
msertion axis will have the same kinematic characteristies as the ptvot axes 1411-1415 of the
parallel spherical five-bar inkage 1400, That is, the msertion axis 1419 will move relative to
the remote center of spherical rotation 1420, The insertion axis 1419 mav or may not hie in the
plane defined by the mtermediate axis 1414 and the outboard axis 1415

The placement of the insertion axis 1419 ouiboard from the pivot axes of the parallel
sphercal five-bar linkage may allow the surgical tool to be supporied and mampulated without
mterfermg with the motion of the hinkage1400. Ht may also simplify the construction,
installation, removal, and stertle boundary construction of cannyla 106 and 1ts associated
mechanical attachment means.

In some embodiments baving a spaced apart inserfion axis, such as the one ilustrated in
Figure 14, the msertion axis 1419, the outboard axis 1415, and the wtermediate axis 1414 mav
be coplanar. This arrangement may simplify the relationship between the positions of the twe
inboard finks 1401, 1404 and the position of the outhboard axiz 1415, Note that the insertion axis
1419 can be placed on erther of the two outboard finks 1402, 1403,

The paraliel spherical fve-bar inkage of the mvention may be described using spherical
geomelry, which is a plane geometry on the surlace of a sphere. While the links of the inventive
{inkage need not lie of the same spherical surface, or any spherical swrface, thev can be projected
onte a commen spherical surface for the purpose of describing the linkage. In spherical
geontelry, distances may be measured as angles because the geometric relationships on the
spherical surface are unaffected by changing the radius of the sphere. Angular distance remains
the same regardless of the radius of the sphere.

Navigation on the surface of the Earth is 8 common example of spherical geometry.
Latitude and longitude as used in global navigation are a familiar system for describing locations
and directions 1n a sphernical system. The equator defines the pomnts at 0° {atitede. The notth
pole defines 90 latitude and the south pole defines ~907 latitade. Longitude is the angular
distance on a circle of constant latitude from an arbitrandy defined line of 0° longitude.
Longitude is conventionally expressed as heing in the range 180° west 1o 180° east of the (°
longitude line. Bearings are lines of direction from a point expressed as the angle between the
bearing and a line of direction o the north pole. The following is a description of an

embodiment of the invention expressed in terms of a spherical geometry,
12
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Referving to Figure 14, the frst axis of rotation 1413 of the first inboard link 1401 wall
be considered as being at 0° latitude and 0° longitade. The second axis of rotation 1412 of the
second inboard link 1404 15 shown as being at the same longitude and at a negative latitude,

The first intermediate axis 1414 may be spaced apart Grom the first axis of rotation 1413
by 607, The first outboard axis 1413 may be spaced apart from the first mtermediate axys 1414
by 407, The insertion axas 1419 may be spaced apart from the outboard axis 1415 by 307, The
second axis of rotation 1412 may be at a fixed position of 0° longitude and 18° negative latitude.
It should be remembered that a fixed position means fixed within the frame of reference of the
spherical geometry of the linkage and that the entire linkage with il frame of reference may be
freely positioned in space. The second intermediale axis 1411 may be spaced apart from the
second axis of rotation 1412 by 45°. The second infermediate axis 1411 may be spaced apart
from the outhoard axis 1413 by 53°,

The range of rotation of the first mboard link 1401 about the first axis of rotation 1413
may be bearings from 80° through -30°. The robotic army 100 in Figures 1-6 is shown with the
first inhogrd link baving & bearing of about 157 The angle between the first mboard link 1401
and the first outboard link 1402 may be from 110° through 307, The robotic arm 188 Figures
1-6 15 shown with an angle of about 75° between the fivst inboard link and the first outboard
hnk.

These dimension are merely by way of example. The invention may be practiced with
finkages having substantially different dimensions and substantially different ranges of motion.
The invention 18 only limited by the claims. It may be desirable to use different dumensions and
different ranges of motion to adapt the invention for needs of particular types of surgeries which
have particular requirements for the range of motion of the insertion axis and for the space
occupied by the device through its range of motion,

Figure 15 shows an embodiment of a robotic arm 1300 having a geometry that is sinmlar
10 Lhe schematic geometsy of the paratlel spherical five-bar hinkage 1400 shown i Figuwre 14
The view in Figure 13 15 related to the view in Figure 14 as looking generally from the left
toward the nght of Figure {4 (0 see the view of Figure 13, The ground hink 1503 may be
considerad to be the proximal end of the robotic arm 1500, A fisst motor assembly 1523 may be
coupled to the ground link 1503 at a first axis of rolation 1313 of the first motor. A second
motor assembly 1522 mav be coupled to the ground link 1505 at a second axis of rotation 1512
of the second motor separated from the first axis of rotation by a first distance. Note that the

axes of rotation 1512, 1513 e within the motors assemblies 13522, 15323 and that the axes have

—
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bean dravwn as though the motors were transparent 30 that the relationshup of these axes o the
structure of the embodiment can be more clearly seen.

Figure 16 shows g motor assembly 1522 that may be used in an embodiment of a robotic
armn. The assembly may include a motor 1602 1o provide rotary motion. The molor mav be
coupled to a shafl 1616 centerad on the axis of rotation 1312 of an inboard hnk throwh a
gearbox 1604 that may reduce the rotation of the motor 1602, A brake 1606 may be coupled to
the motor 1602 to stop and hold the motor when it is not moving, An éncoder disk 1610 may be

coupled to the motor 1602, An optical sensor 1618 mav sense the angular motion or posttion of

the encoder disk 1610 and provide a signal on an electrical connector 1614 that may be coupled

{0 a controller for the robotic arm.

A first mboard Iink 1301 is pivotally coupled to the ground hink 1505 at the first axis of
rotation 1513, The first inboard link 1381 has a first intermediate axis 15314 at a second distance
dastal from the first axis of rotation 1313, A first cuthoard link 1302 15 pryvotally coupled {o the
first inboard link 1501 at the first itermediale axis 1514, The first outboard link 1302 hags an
outhoard axis 1515 at a third distance distal from the first intermediate axis 1514, The first
outhoard link 1302 further includes an insertion axis 1319 spaced apart from the outboard axis
13135 and the intermediale axis 1514 The msertion axis 1519 15 at the distal end of the robotic
arm 1500. The first outhoard link 1502 may support & canmala 1306 that is centered on the
msertion axis 1519, Note that the msertion axis 1519 passes through the cannula 1500 and that
the msertion axis has been drawn as though the cannula was transparent so that the relationship
of the inserfion axis to the axes of rotation and the stracture of the embodiment can be more
clearly seen.

As shown in Figure 17, a constraint may linut the rotation of the {irst outboard hink 1502

about the first intermediate axis 1514 The maximum extent of the variable distance between

the first axis of rotation 1513 at which the first motor 1523 15 coupled to the ground hnk 1503

and the outboard axis 1515 15 constrained to be substantially less than a sum of the distance from
the first axis of rotation 1513 to the first intermeadiate axis 1314 and from {irst intermediate axis
1514 to the owtboard axis 1315, Figure 17 shows a detail of the first intermediate axis 15314 that
pivatally couples the frst inboard link 1301 (o the first outboard ok 153020 A stop pin 1716
may be coupled to the first outboard hink 1502 such that #t moves with the first outhoard link. A
slot 1718 mav be provided on the first inboard fink 1501 within which the stop pin 171618
constramad, thus limiting the rotation of the first outboard link 15302 about the {irst mtermediale

axig 1514,
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A second inboard link 1304 13 pivotally coupled to the ground hink 1303 at the second
axis of rotation 1512, The second inboard link 1504 has a second intermediate axis 151l at a
fifth distance distal from the second axis of rotation 1312, A second outbogrd link 150315
pivotally coupled {o the second inboard link 1504 at the second intermediate s 1311, The
second outboard link 1303 15 also pivotally coupled to the (st outhoard link 1302 at the
outboard axis1513, thus closing the parallel spherical five bar linkage. All of the pivotal axes of
the parallel spherical five bar linkage pass through the remote center of spherical rotation 1520,

The first 15314 and second 1511 intermediate axes are on the same side of a plane that includes

the outboard axis 1313 and esther of the first 1313 or second axis of redation 15312, which are

collocated with the first 1523 and second 1322 motors. I the fivst 1514 and second 1511
mtermediate axes are viewed as elbows, both albows remain bent in the same direction
throughout the constrained range of motion of the robotic arm {306,

I 15 to be wndarstood that the inventive parallel sphernical five-bar linkage may be
embodied in both powered and unpowered configurations. In powered embodiments, devices
such as servo motors rotate the inboard hnks, The paraliel sphenical Give-bar linkage transiates
those rotations into two dimensional movement of the outboard axis. In unpowerad
embodiments, two dimensional movement of the cutboard axis 1s fransiated by the parailel
sphencal five-bar linkage into rotations of the inboard links. Devices such as rotary encoders
nay sense the beanings of the inboard links and that information may be used to compute the
position of the outhoard axis. Constraining the rotation of an mtermediate axis as previously
described s advantageous in unpowered embodiments becanse the constramt fimits the position
of the outboard axis to one of the two possible positions that correspond to the bearings of the
inboard finks,

Figure 18 shows an encoder assembly that may be used in an unpowered entbodiment of
a parallel spherical five bar linkage. A position of the ocutboard axis may be sensed by
determining bearings of the two inboard axes of the parallel sphercat five bar hokage thal result
from maniputation of the outhoard axis. An encoder disk 1810 may be coupled to a shaft 1816
centered on the axis of rotation 1812 of each of the two mboard hinks of the parallel spherical
five bar linkage. The encoder disk 1810 mayv be coupled through a gearbox 1804 that may
merease the rotation of the encoder disk.  An optical sensor 1818 mayv sense the angular motion
or position of the encoder disk 1810, The optical sensor 1818 may provide a signal on an
electrical connector 1814, The signals from the two rotary encoders may be coupled to &

computer to determine the bearing of each of the inboard {inks.

—
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The computer may defermine the position of the outboard axis from the two beanngs. B
should be noted that there will generally be two possible positions for the outboard axis fora
given patr of bearings of the inboard links. The computer may be provided with the range of the
rotation of one of the ouwtbeard links abowt the intermediate axis as limited by a constraint. The
additional input of the range of rotation may aliow the compauter 1o uniquealy deternune the
position of the outboard axis.

While certain exemplary emboediments have been described and shown in the
accompanying drawings, it is 1o be understood that such embodimeants are merely illustrative of
and not restuictive on the broad mvention, and that this invention not be lumted to the specific
constructions and arrangements shown and deseribed, since various other modilications may
ogcur to those ordinarly skilled in the art. Tostead, the embodirnents of the invention should he

construed according 1o the claims that follow below.
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CLAIMS

What 1 clmmed is;

Lad

A paratlel spharical five-bar inkage with a remote center of sphencal rotation, the

linkage comprising:

a ground link having two axes of rotation;

two mboard links, each inboard link prvotally coupled to the ground link at one of the
two axes of rotation, sach inboard hnk having an intermediate axis spaced apart
from the asis of rofation, the two axes of rofation and the two miermediate axes
all passing through the remote center of spherical rotation;

two outhoard links, each outboard link pivotally coupled to one of the inboard links at
the inboard link's intermediate axis. the two cuthoard hinks pivolallv coupled
together at av outboard axis that is spaced apart from the mtermediale axes and
passes through the remote center of spherical rotation; and

a constraint to Himit the rotation of a first one of the cutboard links about the intermediate
axis of the coupled mnboard link such that a masimum angle between the links
substantially less than one undred and eighty degrees;

wherein a second one of the outboard links and the coupled inboard link are constructed
and assembled such that the two intermediate axes are constrainad to be on the
same side of a plane that includes the outboard axis and one of the axes of

rolation.
The linkage of claim 1, wherein the constraint further includes a mechanical stop.

The linkage of claim 2, wherein the mechanical stop directly linuis the rolation of one of

the outboard links about the mtermediate axis of the coupled nboard link.

The linkage of claim 2, wherein the mechanical stop directly limits the rotation of each
of the inboard links aboui the axis of rotation at whieh the inboard Hink 1s pivotally

coupled to the ground hnk,

The linkage of claxm 1. wherein the constraint meludes:
two motors, each motor coupled to the ground link and 1o one of the two inboard links at

one of the two axes of rotation; and

o
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a controller 1o cause each of the two motors 10 rotale the coupled inbeard hink about one

of the two axes of rotation with a limited range of rotation.

The binkage of claim 1, wherein the two inboard links and their regpectively couplad
outboard finks are constructed and coupled such that one of the two inboard links and its
coupled outboard link can freelv pass the other of the two inboard links and its couplad

outhoard Hink.

The linkage of claim 1, fucther comprising:

two rotary encoders, each rotary encoder coupled to one of the inboard hinks at its axis of
rotation; and

a computer coupled to the two rotary encoders {o receive the bearing of each of the

mboard hinks and compute the position of the outboard axis.

The linkage of claim 1, wherzin one of the outboard links further includes an msertion
axis spaced apart from the cutboard axis and the intermediate axis, the insertion axis

passing through the remote center of spherical rotation.

The tinkage of claim 1, wherein one of the outboard links further mcludes an ingertion
axis coincident with the outboard axis, the msertion axis passing through the remote

center of spherical rotation,

The linkage of claym 1. wherein the two axes of rotation are spaced apart on the ground

link.

The linkage of claim 1, wherein the two axes of rofation are coincident on the ground

fink.

A parailel spherical five-bar linkage with a remote center of spherical rotation, the

linkage compusing:

a ground link having a [rst axas of rolation and a second axis of rotation at a first
distance from the first axis of rotation;

a first inboard link prvotally coupled to the ground hink at the first axs of rotation and
having a first intermediate axis at & second distance from the fivst axis of rotation:

a first outboard fink pivotally coupled to the first inboard link at the first inlermediate

axis, the first outboard hink having an outboard axis at a third distance from the

i8
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first intermediate axis and a vanable fourth distance from the first axis of
rolation;

a constramt to limit the rofation of the first outboard link about the first ntermediate axis
such that a maximum extent of the variable fourth distance is substantially less
than a sum of the second distance and the third distance when the first outboard
{ink is rotated to the limit of the constraint;

a second mboard lnk pivotally coupled to the ground tink at the second axis of rotation
and having a second intermedhiate axis at a fifth distance from the second axis of
rolation;

a second outhoard link pivotally coupled to the second inboard hink at the second
mitermediate axis and 1o the first outboard hink at the outboard axis, the outboard
axis being a sixth distance from the second intermediate axis: and

wherein all the axes pass through the vemote center of spherical rotation and the first and
second intermediate axes are on the same side of a plane that includes the

cutboard axis and either of the first or second aas of rolation,

The hinkage of claim 12, wherein a sum of the maximum extent of the variable fourth
distance and the first distance is substantially less than a sum of the fifth distance and the

sixth distance.
The binkage of claim 12, wherain the constramnt includes a mechancal stop.

The hinkage of claim 14, wherein the yoechanical stop directly Himits the rotation of one

of the outboard hinks about the intermediate axis of the coupled mboard link.

The linkage of claim 14, wherein the mechanical stop directly Himits the rotation of each

of the inboard links about their respective axes of rotation.

The hinkage of claim 12, wherein the constraint includes:

a first motor coupled to the first inboard hink at the first axis of rotation;

a second motor coupled to the second inboard tink at the second axis of rotation; and

a cortrotler to cause the first motor to rotate the first inboard hink about the first axis of
rolation within g first limited range of rotation and to cause the second motor to
rotate the second inboard link about the second axis of rotation within a second

Hmited range of rolation.
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The linkage of claim 12, wherain the first inboard link and the first outhoard link are
constracted and coupled such that they can frealy pass the second inboard link and the

second outhoard link.

The linkage of claim 12, further comprising:

two rotary encoders, each rotary encoder coupled to one of the inboard links at its axis of
rotation; and

a compuier coupled to the two rotary encoders to receive the bearing of each of the

inboard links and compute the position of the cutboard axis.

The inkage of claim 12, wherein one of the outboard hinks further includes an insertion
axis spaced apart from the outhoard axis and the intermediate axis, the inserfion axis

passing through the remote cenler of spherical rotation.

The hinkage of claim 12, wherain one of the outboard links hurther inclhudes an insertion
axis coincident with the outboard axis, the insertion axis passing through the remote

center of spherical rotation.
The hinkage of claim 12, wherein the first distance i zero,

The lmmkage of claim 12, wherein the first distance is less than each of the first, second,

{fifth, and sixth distances.

A robotic arm comprising:

a first motor having a first axas of votation;

a second motor having a second axis of rotation;

a ground hink coupling the first motor to the second motor;

a first inboard hink coupled to the first motor at the first axis of rotation, the first inboard
tink having a first infermediate asis spaced apart from the first axis of rotation;

a first outboard hnk pivotally coupled to the first inboard link at the first intermediate
axis, the first outbeard link having an outboard axis spaced apart from the first
intermediate axis;

a second mboard link coupled o the second motor at the second asis of rotation, the
second inboard ink having a second intermediate axis spaced apart from the

second axis of rotation:

20
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a second outboard hink pivetally coupled to the second mboard hink at the second
mtermediate axis and {o the first outboard hink at the outboard axis;

wherem the five axes all pass through g remote center of spherical rotation that 18 spaced
apart from all five links,; and

a controller to provide signals to the st and second motors to respectively rotate the
first inboard link and the second inboard link such that the first and second
mtermediate axes are on the same side of a plane that includes the outboard axis

and either of the first or second axis of rotation,

The robotic arm of claim 24, wherein the first outboard link further includes a support
for a surgical instrument having a tool shaft with an mserlion axis, the ingsertion axis
being spaced aparnt from the outhoard axis and the first intermediate axis, the insertion

axis passing through the remote center of spherical rotation,

The robotic arm of claim 24, wherein the insertion axis 1s spaced further gpart from the
first intermediate axis than the outboard axis 1s spaced apart from the first intermediate

axis.

The robotic arm of claim 26, wherein the insertion axis, the outboard axis, and the fixst

intermediate axis are coplanar.

The robotic arm of claim 24, wherein the first outboard link farther includes a support
for a swgical instrument having a tool shaft with an insertion axis, the insertion axis
being coincident with the ontboard axis, the insertion axss including the remote center of

spherical rotation.

The robotic arny of claim 24, further comprising a constraint 1o linut the rotation of the
first outboard link about the first intermediate axis such that an angle between the first
axis of rotation, the first mtermadiate axis, and the outboard axis cannot exceed 160

degrees.

The robotic arm of claim 24, further comprising a constrainl to limit the rotation of the
first outboard link about the first imermediate axis such that an angle between the first
asis of rotation, the first intermediate axis, and the outboard axis cannot exceed 120

degress.
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The robotic arm of elaim 24, further comprising a constraint to it the maximum
distance between the second axis of rolation and the outboard axis to substantially less
than a sum of the distance between the second axis of rotation and the second
intermediate axis and the distance between the second intermediate axis and the cutboard

axis.

The robotic arm of claim 24, wherein the first axis of rotation and the second axis of

rotation are spaced apart on the ground link by a fixed distance.

The robotic arm of ¢laim 24, wherein the first axas of rotation and the second axis of

rotation are coincident on the ground link.

A svstem comprising;
a first robotic arm meluding a first parallel spherical five-bar inkage having
a ground Hnk;
two motors coupled to the ground link. each motor having an axis of rotation, the
two axes of rotation mntersecting at & first remote center of spherical
rotation,
two inboard links, each inboard link coupled to one of the motors at the motor's
axis of rotation, each inboard link having an intermediate axis spaced
apart from the motor's axis of rotation, the two miermediate axes passing
through the first remote center of spherical rotation, and
two outboard links, each outhoard link pivotally coupled to one of the inboard
links at the inboard Iink's intermediate axis, the two outboard hinkg
pivotally coupled together at an cutboard axis that 1s spaced apart from
the intermediale axes and passing through the first remote center of
spherical rotation; and
a controller to cause each of the two motors of the first robotic arm to rotate the
respectively coupled inboard links about the niotors’ axes of rotation such that the
two inlermediate axes are on the same side of a plane that inctudes the outboard

axis and the axis of rotation of either one of the motors,

The svstem of claim 34, wherein one of the outboard links finther includes a surgical
instrument having an isertion axis spaced apart from the cutboard axis, the insertion

axis passing through the {irst remote center of spherical rotation.

23

s



(]

10

20

WO 2007/120952 PCT/US2007/060950

36.

i
b

43,

41

The svstem of claim 33, wherein the insertion aas is spaced further apast from the
intermediate axis of the ove of the outboard links than the outboard axis is spaced apart

from that intermediate axis.

The svstem of claim 36, whereinn the msertion axis. the outboard axis, and the

intermediate axis of the one of the outboard links are coplanar.

The system of claim 34, wherein one of the outboard links further includes a surgical
instrument having an insertion asis comcident with the outboard axis, the insertion asis

passing through the first remote center of spherical rotation.

The system of clanm 34, wherein the first robotic arm further inclades a mechamcal stop
o humit the rotation of one of the outhboard links about the intermediate axis such that an
angle between the molor's axis of rotation, the inlermediate axis, and the outboard aas

cannot exceed 160 degrees,

The system of claim 34, wherein the first robotic arm further includes a mechanical stop
to Himit the rotation of one of the outboard links about the intermediate asis such that an
angle between the motor's axis of rotation, the intermediate axis, and the outboard axis

cannot exceed 120 degrees.

The system of claim 34, wheren the two axes of rotalion are spaced apart on the ground
hink,

The svstem of claim 34, wherein the towo axes of rotation are coincident on the ground

link.

The svstem of claim 34, lurther comprising a second robotic arm including a second

parallel spherical five-bar {inkage having:

o motors, each motor having an axis of rotation, the two axes of rotation intersecting at
a second remote cenler of spherical rotation,

two inboard links, each mboard link coupled 1o one of the motors at the motor's gxis of
rotation, each inboard link having an intermediate axis spaced apart from the
motor's axis of rotation, the two intermediate axes passing through the second
remote cender of spherical rotation, and

two outhoard links, each outboard link pivotally coupled to one of the mboard links at

the mmboard link's intermediate axis. the two outboard links pivotallv coupled

-y
23



WO 2007/120952 PCT/US2007/060950

5
44
10
15
45,
20
46,
25 47,
48,
30

{ogether at an outboard axis that 13 spaced apart from the intermediale axes and
passing through the second remote center of spherical rotation;

the controlier to further cause each of the two motors of the second robotic arm o rotate
the respectively coupled mboard links about the motors’ axes of rotation such that
the two intermediate axves are on the same side of a plane that includes the
outhoard axis and one of the axes of rotation, and further such that the two
mtermediate axes of the second robotic arny are on the opposite side of the plane

as they would be for the first robotic arm.

A robotic arm for a nunimally invastve surgical svstem, the robotic arm comprising:

a paraliel five-bar spherical linkage baving a range of compact poses, the pavaliel five-
bar spherical linkage to sphentcally rotationally move a robotic surgical tool
coupled to the parallel five-bar spherical linkage about a remote center of
spherical rotation; and

a constraint coupled {0 the robotic arm, the constraint lo limit the parallel five-bar

sphertcal linkage to the range of compact poses.

The robotic arm of claim 44, wherein

the robotic arm includes a first motor and a second motor to provide two parallel rotary
motion inputs {o the parallel five-bar spherical linkage; and

the conslramt is a controller coupled to the first motor and the second motor to control

the paraliel fve-bar spherical linkage to mantain the range of compact poses.

The robotic arm of ¢laim 44, wherain
the parallel five-bar spherical linkage has a first imtermediate joint, and
the constraint includes a mechanical stop coupled to the first intermediate joint to limit

the parallel five-bar spherical linkage to the range of compact poses.

The robotic arm of claim 44, wheremn
the constrant includes a mechanical stop on each of two parallel rotary motion inputs to

the paratlel five-bar spherical inkage to mamtain the range of compact poses.

The robotic arm of claim 44, wherein
the robotic arm includes a first pair of links pivotally coupled at a first intermediate joint

and a second pair of links pivotally coupled at a second mtermediate joint; and
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the conslraant hmits the range of compact poses of the paralied five-bar spherical linkage
such that both the first paiv of links and the second pair of links bave the same

“handedness.”

The robotic arm of claim 48, wherein
the fivst intermediate joint and the second intermediate joint are maintainad on the right

side to point in a direction to the right.

The robotic arm of claim 48, wherein
the first intermediate joind and the second intermediate joint are maintained on the left

side to point in a direction to the left.

The robotic arm of ¢laim 48, wheran

the robotic arm lurther includes a ground link;

the first parr of links 18 coupled at a first end of the first pair of links lo the ground hnk;

the second pair of serial pivotally coupled Hnks 1s coupled at a fivst end of the second
pair of links to the ground hink: and

a second end of the first pair of links and a second end of the second pair of links are

coupled together at an cutboard joint.

The robotic arm of claim 48, wheremn
the first pair of links and the second pair of hinks have arcuate shapes hving on a plurality

of spheres of differing radit,

The robotic arm of claim 44, wherein

the constraint provides clearance for other surgical equipment around the robotic arm.

The robotic arm of claim 44, wherein
the parallel five-bar spherical linkage has a ground link 1o couple o g table {o support the

robolic arm over a patient.

The robotic arny of claim 54, further comprising:
a set~up arm coupled between the parallel five-bar spherical linkage and the table to

support the robotic arm over a patient.

A method (or a robotic arm in & mimimally invasive surgical system, the method

COTPrising:
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posing a parallel [ive-bar spherical linkage inlo a compact pose:

moving the parallel five-bar spherical linkage with a spherical motion about & remote
center of spherical rotation; and

constraining the spherical motion of the parallzl five-bar spherical Hinkage within a range

of compact poses.

The method of claim 36, wherein
poiats of the pavallel Sve-bar spherical linkage move over differing sphencal surfaces to

sphertcally move the paraliel five-bar spherieal inkage.

The method of ¢claim 56, wherein
the method further includes
coupling a link of the paraflel five-bar sphenical Hnkage {0 a lable {0 support the robotic

arm over a patient.

The method of claim 36, further comprising:
couphing alink of the parallel five-bar spherical linkage 1o a table with a set-up arm to

=

support the robotic arm over a patient.

The method of claim 56, wherein posing the paraliel five-bar spherical linkage in the
compact pose inchudas
positioning a first pair of hioks having a first intermediate joint and a second pair of Links

having a second ifermediate joint with a same "handedness.”

The method of ¢laim 60, wherein

in constraining the spherical motion of the paraliel five-bar spherical inkage within the
range of compact poses,

mechanically {iriting motion of the first intermediate joint and the second intermediale

joint o mamtain the same “handedness.™

The method of claim 56, wherain

the robotic arm has a first motor and a second motor coupled to the parallel five-bar
spherical linkage, and

in constraining the spherical motion of the parallel five-bar spherical hinkage within the

range of compact poses, confrolling the fivst motor and the second motor to
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constrain the sphercal motion of the paraliel five-bar sphencal linkage within the

range of compact poses.
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