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Abstract

This paper describes the control and ergonomic evaluation

of a ceiling mounted (or support frame suspended) 7-azis
surgical robot (HISAR) for laparoscopic camera navigation.
A key feature of the robot is that it incorporates a passive
wrist for natural compliance with the port of entry into
the patient. The use of a previously reported constrained
Cartesian controller is motivated and demonstrated, and
the results of successfully applying this control methodol-
ogy to the manipulator are presented. The significance of
the control strategy is the ease with which control of pas-
sive azes, the fulcrum constraint, and the motion inversion
effect created by the fulcrum are accommodated. We also
report on the results of laboratory evaluations of the arm in
terms of its work volume, ergonomic factors, ease of con-
trol, and overall design within the contezt of laparoscopic
camera control.

1 Introduction

A number of key technologies, among them 3D mod-
eling and registration, teleoperation, image process-
ing, sensing and image-based control, have recently
reached sufficient levels of maturity and convergence
to make their application in medicine, and surgery in
particular, practical. This is evidenced by a significant
and steadily increasing amount of effort expended in
introducing robotic and computer-assisted technology
into the operating room by various research groups
throughout the world [1}{2][3][4][5][6]

One of the medical areas receiving particular atten-
tion has been that of minimally invasive surgery, es-
pecially laparoscopic surgery. Laparoscopic surgery is
characterized by restricted access to the patient’s in-
ternal organs, loss of direct visualization of the work
volume and unnatural hand-eye coordination required
of the surgeon to perform these surgeries. To address
these problems, a number of computer and robot based
systems to assist the laparoscopic surgeon have been
recently built and demonstrated in pre-clinical and
even clinical settings [7][8][9]. One of these systems
([7]) has been granted FDA approval and is commer-
cially available at the present time.
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IBM Research and Johns Hopkins Medical Cen-
ter are engaged in an ongoing research and develop-
ment program in image-guided therapy, with the ini-
tial focus on laparoscopic surgery. A Laparoscopic
Assistant Robot System (LARS) surgical robot was
designed and developed at IBM and is currently in
pre-clinical in-vivo evaluations at the Johns Hopkins
Medical Center[10][11]. LARS is based on a parallel
four-bar linkage mechanism with a remote center-of-
motion to accommodate the port of entry into the pa-
tient. Concurrently with the evaluation of LARS we
decided to explore the ergonomic trade-offs offered by
other classes of manipulators. To this end we designed
the Hopkins-IBM Surgical Assistant Robot (HISAR),
which was built at the prototype level and interfaced
to the existing hardware and software architecture of
the LARS system.

This paper reports on preliminary evaluations of
the kinematic and ergonomic trade-offs offered by
HISAR in the context of laparoscopic camera navi-
gation. HISAR is a 7-axis ceiling-mounted (or sup-
port frame-suspended) surgical robot for laparoscopic
surgery and laparoscopic camera navigation in partic-
ular. The arm consists of an active extra-corporeal
instrument positioning linkage and a passive two-axis
wrist to allow free compliance with the port of entry
into the patient. A number of other systems have made
use of passive axes to accommodate compliance of the
instrument with the port of entry[12][7][8]. In this pa-
per we will motivate and describe the application of
constrained Cartesian control to the HISAR arm and
report on the results of preliminary investigation of
the arm’s ergonomic factors. The key contribution
of the paper is in demonstrating a method of effec-
tively controlling a surgical robot comprising both ac-
tive and passive joints. The control formulation is also
shown to accommodate additional kinematic and task
constraints in an elegant and straightforward manner.
This is demonstrated for the case of the HISAR arm,
where the control must accommodate not only the hy-
brid active/passive nature of the mechanism, but must
also account for the constraint that all manipulation
proceed through a fulcrum and for the resulting mo-
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tion inversion effect.

The remainder of the paper is organized as follows.
Section 2 summarizes the general formulation of the
Constrained Cartesian control methodology. In Sec-
tion 3 we describe the geometry and kinematics of
the HISAR arm and demonstrate the use of the con-
strained Cartesian control strategy to control the mo-
tion of the robot. This control strategy is then further
illustrated (Section 4) on a set of representative view
adjustment tasks, typically required for effective nav-
igation of a laparoscope during laparoscopic surgery.
Section 5 summarizes the results of the laboratory
evaluations of the arm with respect to issues of control
and ergonomics. The conclusions are summarized in
Section 6.

2 Constrained Cartesian control

A number of approaches to controlling redundant
mechanisms have been proposed in the literature
[13]{14][15]. A comparative analysis of these ap-
proaches is beyond the scope of this paper. We have
recently reported a novel constrained Cartesian con-
trol methodology, designed for effective control of both
kinematically redundant and deficient robots which
must maneuver in constrained workspaces[16]. This
section briefly summarizes the control method.

The key problem in controlling kinematically defi-
cient or kinematically redundant mechanisms is deter-
mining how best to use the available degrees of free-
dom (whether too many or too few) of the mecha-
nism in order to accomplish a particular task, while
respecting geometric constraints on the work volume,
robot mechanism, and the specific task requirements.
Let {f1},...,{fx} denote a set of k Cartesian coor-
dinate frames (task frames), associated with various
portions of the robot linkage and its instruments, and
which are relevent for the surgical task at hand. Then,
any desired displacement of the robot or an instrument
can be described in terms of displacements of one or
more task frames, along with a (possibly null) set of
additional linear constraints, restricting the displace-
ment of each task frame in certain critical DOF to
fall within strict user-defined bounds. For situations
where a kinematically deficient mechanism is used to
perform a task, the formulation allows specification of
weights, which can be used to force Cartesian tracking
errors in certain DOF to be smaller at the expense of
errors in other directions. Having specified the desired
Cartesian displacements of a set of task frames, the
control problem is to compute the corresponding set
of robot’s joint displacements Aq which will strictly
satisfy the specified set of constraints and result in a
minimum deviation from the desired motion of the ro-

bot and attached instruments in task space. We pose
the problem as a quadratic optimization problem of
the form:

minimize
Wi, 713(q) afixg
Wiz fa1(a) afaxy
Aq — .
Wi SLEICY afkxy
. . (1)
subject to the constraints
Hyy f13(a) hry
Hyy 123(q) Ry
. Aq > . (2)
Hypp f51(a) L

The objective function of Eq. (1) is a weighted Eu-
clidean two-norm of the task frame displacement er-
ror, where Afx,; denotes the 6-vector of desired po-
sitional and orientational displacements of the task
frame {f}, A'x = J(q)Aq denotes the actual (com-
puted) Cartesian displacement of {f}, and the diago-
nal matrix W; gives the relative importance (weight)
of minimizing displacement errors in the individual de-
grees of freedom of the task frame {f}. The notation
fJ(q) is used to represent the differential Jacobian
mapping expressed in the task frame {f}. Note that a
joint space objective function can be specified by des-
ignating the i-th task frame as the joint space frame
and letting £ J(q) = Inxn, Afixg = Aqa.

Eq. (2) comprises a constraint equation of the form

H;-‘J(@)-Aq = H;-A'x > h; (3)

for each of the k task frame displacements Afx. In
each case Hy denotes the matrix of (constant) con-
straint coefficients for the task frame {f} and h; rep-
resents the vector of specified (constant) constraint
bounds. As above, joint space constraints can be spec-
ified by letting **J(q) = Lixn.

By consolidating the above matrices Egs.(1,2) re-
duce to a linearly constrained quadratic optimization
problem of the form

minimize ||E-Aq—f]| , subject to G:Aq > h (4)

where the vector of unknowns to be solved for is the
n-vector of joint displacements Aq. Iterative numeri-
cal procedures can be employed to solve this problem
in real-time on a personal computer[17][16]. If a so-
lution exists, then the solution to the problem is the
n-vector of the optimal robot joint displacements Agq,
which satisfies the specified constraints and minimizes
the residual Cartesian motion error as defined by the
optimization function. While the formulation could
accommodate the requirements and constraints per-
taining to the dynamic behavior of the manipulator as
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well, these generally need not be considered for sur-
gical robots, as the motions are deliberately slow for
safety reasons.

3 The HISAR manipulator

3.1 HISAR kinematics

The kinematic structure of HISAR consists of a se-
rial chain of torso (1), shoulder (62), elbow (63), and
wrist (64, 05) revolute axes (see Figure 1). Mounted at

Fig. 1: HISAR robot and its kinematics (at 6; = 0),
where {0}, {r}, {e} denote the base frame, robot frame,
and end-effector frame, respectively, and AOV indi-
cates the angle of view of the telescope.

the wrist is an instrument holder, which allows rota-
tion of the instrument (laparoscope) along its primary
axis (fg). In order to allow maintaining the “upright”
camera orientation at all times, the rotation of the
camera on the eyepiece of the telescope is also motor-
ized (07). A key feature of the mechanism is that the
two wrist axes (04, 85) are passive, i.e., they are en-
coded but not actuated. This allows the laparoscope
to freely comply with the port of entry into the pa-
tient, should the patient move during the procedure,
thus guaranteeing that the forces exerted by the in-
strument against the port of entry will be minimal at
all times.

Despite the fact that the wrist axes are not actuated,
the instrument tip can be positioned accurately as long
as the location of the port of entry (fulcrum point) is
known exactly and no external forces are acting on
the instrument inside the patient. This is because the
robot’s wrist (which can be precisely positioned any-
where in its workspace) and the instrument tip form
an inverted pendulum with the fulcrum point at the
port of entry of the instrument into the patient. Thus,

under the above assumptions, the position of the in-
strument tip inside the patient is uniquely determined
by the position of the robot’s wrist outside the patient.
The remaining error (if any) is due to the extent to
which the entry portal deviates from an ideal single
point pivot.

The kinematic equation for HISAR is given by
Eq. (5),

T, = R(2,6.)R(z,6:)T(z,—a) R(z,8:) T(z, —b)
T(y, c) R(z,64) R(y, 05) T(y, d) T(z, —e)
R(z,—a')T(y, f) R(2,06) "T: R(2,67) (5)

where o' = o —90° and "T is the robot-to-camera co-
ordinate transformation as obtained by the extrinsic
camera calibration procedure (e.g., [18]) for the par-
ticular laparoscope being used.

3.2 Control of HISAR

In this section we will apply the constrained Carte-
sian control formulation of Section 2 to the task of
controlling the HISAR manipulator.

Figure 2 illustrates the geometric arrangement of
task frames for laparoscopic camera navigation using
the HISAR arm. All view adjustment tasks, such as

y
y ﬁ
X AoV

Fig. 2: Task frames for laparoscopic camera navi-
gation. {f},{e}, {g} denote the fulcrum frame, end-
effector frame, and gaze frame, respectively.

panning, zooming, rotating view, etc. can be specified
with respect to one or more of these frames (see Ap-
pendix I). Since all camera navigation tasks must be
performed through a portal in the patient’s abdominal
wall and since the HISAR arm has no mechanical re-
mote center of motion to accommodate this constraint,
the fulcrum constraint must be enforced by the control
software. In particular, in order to be able to correctly
control the motion of the instrument tip inside the pa-
tient, the control software must be made “aware” of
the inverted pendulum effect created by the fixed port
of entry of the instrument into the patient. Within the
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framework of the constrained Cartesian motion con-
troller as outlined in Section 2 above, this is easily
accomplished by associating a coordinate (task) frame
{f} with the fulerum point and adding a correspond-
ing constraint restricting the motion of the fulcrum
frame {f}, i.e.,

n (fJ(q)Aq) ‘ [l) 1) 01 0) 07 O]T” S €f (6)

€5 denotes the computational threshold of the control
algorithm and was set to 0.0001 mm in our experi-
ments. Note that only the ¢ and y components of
the translational motion of the fulcrum frame are re-
stricted. This is done to allow the instrument to zoom
in and out along the instrument axis.

Note that the fulcrum frame {f} is not statically
affixed to the kinematic structure of HISAR. Rather,
the fulcrum frame moves with the instrument, such
that its origin is always coincident with the fulcrum
point (port of entry) and its orientation is identical to
that of the robot task frame {r} (see Figure 1). This
implies that the control software needs to determine
the fulcrum point in order to properly predict the in-
stantaneous location of the fulcrum frame. The more
accurately the location of the fulerum frame is esti-
mated, the more accurately the instrument (camera)
tip will track the desired trajectory. Since the orien-
tation of the fulcrum frame {f} is the same as that
of task frame {r}, and since the origin of the fulcrum
frame lies on the instrument axis, the instantaneous
pose of the fulcrum frame is uniquely defined by a
scalar parameter )\, where

Ty = Y, T(2,-2) ; A>0 (7)

Figure 3 illustrates a method of reestimating the para-
meter A on-line as the surgical robot is moved about.
In the figure xo and wo denote the initial instrument
tip and wrist locations, respectively, and {f}o corre-
sponds to the actual instantaneous location of the ful-
crum frame. Let x4 be the desired Cartesian goal po-
sition of the instrument tip and let {f}. be the current
(incorrect) estimate of the fulcrum’s location. Under
these assumptions, the target wrist location required
to place the instrument tip at x4, will be computed
as wg. However, because the fulcrum point is in fact
located at {f}o, the passive wrist joints will conform
to this constraint and place the instrument tip at x,,
rather than x4, resulting in a Cartesian tool placement
error. In order to minimize such errors, the control al-
gorithm continuously reestimates the location of the
fulcrum point by computing the intersection! p of the

!Since the two lines may not actually intersect, a least
squares method is used to compute the 3D point midway along
the shortest line segment connecting the two lines.

Wa=Wa

Fig. 3: Real-time tracking of HISAR’s fulcrum point.

lines ¥g, Xp and T3, X,, where all 3D coordinates have
been expressed in a common coordinate frame and r;
denotes the origin of the frame {r};. The fulcrum pa-
rameter A can then be computed as

A=|p-ral| (8)

The coordinates of r and x are by-products of the com-
putation of the forward kinematics and can thus be
updated at no extra cost at each control cycle. In or-
der to improve the numerical stability of the fulerum
point estimation (3D line intersection), the fulcrum
point is recomputed only after the wrist has moved at
least 5 mm in the zy plane of the fulcrum frame, i.e.,
orthogonally to the current instrument axis.

4 Experimental results

Four representative laparoscopic view adjustment
tasks have been chosen to illustrate the behavior of the
HISAR arm employing the control strategy outlined
above. The detailed formulations of the four control
tasks in terms of the constrained Cartesian control for-
malism are given in Appendix I. Figure 4 illustrates
the tracking performance of the HISAR arm for the
four control tasks. A 30° laparoscope was used in all
experiments reported below.

For each of the tasks the desired (thin lines) and
actual computed (thick lines) trajectories of the gaze
frame {g} are shown, as well as the translational mo-
tion of the fulcrum frame (dashed lines). Figure 4
shows that the translational displacement of the ful-
crum point (e.g., origin of fulcrum frame) indeed con-
forms to the fulcrum constraint (Eq. (6)) and is effec-
tively zero in the  and y directions, as required. The
z direction of the fulcrum point motion is not con-
strained and is in general non-zero. Also evident from
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Fig. 4: Experimental results of the four view control tasks using the HISAR surgical robot. Actual computed
gaze-frame (thick lines) trajectories are shown against their commanded trajectories (thin lines). The motion of
the fulcrum point is shown in dashed lines. A9x, gives the desired incremental motion (mm, rad) at each step of
the iteration.
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the figure is the fact that the HISAR arm is kinemati-
cally deficient for three of the four control tasks. This
is to be expected since an unarticulated instrument
operating through a fulcrum only has 4 degrees-of-
freedom (DOF) of motion (three rotational, one trans-
lational) about the fulcrum. Of the four tasks, only
rotate-view task can be executed without error as this
task corresponds to the rotation of the camera on the
eyepiece of the telescope. The constrained Cartesian
controller is thus able to find an exact solution and
the trajectory tracking is exact. On the other hand,
the plotted trajectories of the gaze-frame (solid lines)
in all other modes exhibit varying amounts of track-
ing error in different Cartesian degrees of freedom, as
expected. For instance, in translate-gaze mode, very
close tracking of the positional gaze-frame trajectories
comes at the expense of rotational errors in # and y
directions. Similarly, zoom-gaze mode provides good
tracking of the key translational DOF but incurs a sub-
stantial rotational error about the = axis of the gaze
frame. Predictably, the poorest tracking behavior is
exhibited by pivot-gaze task, as the necessary degrees
of freedom to accomplish the pivoting task are effec-
tively unavailable to the mechanism.

In general, for 6-DOF view adjustment tasks, track-
ing errors are unavoidable as the HISAR mechanism
is kinematically deficient for the task. However, the
importance of the above trajectories is that they
optimally approximate the desired trajectories, sub-
ject to the constraints imposed by the robot, the work
volume, and the task. The trade-offs in the tracking er-
rors in the different DOF reflect the particular choice
of optimization weights given in Appendix I. Other
choices of weights could be used to force errors in cer-
tain DOF to become smaller at the expense of errors
in other DOF.

5 Discussion

We have successfully implemented and demon-
strated the above control methodology on the proto-
type HISAR arm. The laboratory experimental setup
consisted of a laparoscopic simulator with rubber por-
tals for instruments, and the prototype HISAR arm
suspended from a frame above the simulator (Fig-
ure 5). Both 0° and 30° telescopes were used in the
laboratory experiments.

During the course of experimentation we found that
the ceiling-mounted {or frame-suspended) mechanical
structure of HISAR was relatively unintrusive into the
surgical workspace and that the range of motion of
the mechanism was sufficient to allow the operator
to position the instrument in any configuration which
would have been reachable manually. The only signif-

Fig. 5: The experimental setup for HISAR evalu-
ations. The LARS surgical robot (to the right of
HISAR) is holding a surgical instrument.

icant kinematic deficiency of HISAR is that the extra-
corporeal linkage, which is used to position the robot’s
wrist (and thus the instrument carrier) exhibits a kine-
matic singularity when the wrist lies along (or close to)
the axis of the “torso” joint (61), i.e., when

a-sin(fz) +1-cos(8) =0 (9)
where
l=+/b2+c2

as illustrated in Figure 6. In this singular configuration

B = 6 — 03 + arctan(b/c) (10)

Fig. 6: HISAR’s kinematic singularity.

wrist motions in the directions perpendicular to the
plane of the linkage are not possible. Unfortunately,
this singularity is located in the central and potentially
often traversed portion of the mechanism’s workspace
and is thus very undesirable. A possible solution would
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be a modification of the “upper” arm of the linkage to
include a torsional degree of freedom along the axis of
the link, yielding a redundant 4 DOF extra-corporeal
positioning mechanism, which could then be controlled
so as to avoid singular configurations.

Real-time fulcrum tracking was successfully demon-
strated, but we found that the computation of the esti-
mated fulcrum point location was subject to small but
significant non-systematic error due to the deviation
of the physical fulcrum from the ideal point pivot (as-
sumed by the mathematics). This was exacerbated by
the buckling of the rubber portals used in our labora-
tory simulator. The proper way to address this prob-
lem would be to use a more sophisticated and more ro-
bust on-line fulcrum point estimation algorithm. We
have found, however, that this was not necessary as
the error in estimation of the instantaneous fulcrum
point (and the corresponding error in the interpreta-
tion of the commanded joystick input) did not affect
the subjective feel and qualitative response of the sys-
tem for the simple task of positioning and navigating
a laparoscopic camera.

In general, we found that the control of the system
is good and sufficiently accurate for the task of la-
paroscope navigation so long as no external forces are
acting on the instrument inside the patient. When the
instrument comes into contact with the tissue and its
motion is thus restricted, subsequent motion of the in-
strument is unpredictable, as passive axes tend to com-
ply with any and all existing constraints on the motion
of the instrument. Thus, while the use of passive axes
offers the inherent safety of the instrument comply-
ing with the location of the entry portal, it makes the
system unsuitable for applications where precise posi-
tioning of an instrument which forcibly interacts with
tissues 18 necessary.

6 Conclusion

An effective control methodology for control of a sur-
gical robot comprising both active and passive joints
has been demonstrated on a 7-axis robot for laparo-
scopic camera navigation. The constrained Cartesian
control formulation has been shown to provide a pow-
erful and convenient language for describing arbitrary
goals in the task space of the manipulator, subject to
any number of absolute constraints on the allowable
motion envelope. These constraints can be dictated
by the robot mechanism itself (e.g., joint limits), work
space limitations, or the nature of the task. The fact
that the HISAR arm consists of a combination of active
and passive axes and that the compliance of the passive
axes with the port of entry creates a motion inversion
effect was shown to be easily accommodated within

the framework of the constrained Cartesian control.
We have successfully demonstrated the control of the
task-deficient HISAR arm on a number of typical tasks
within the domain of laparoscopic camera navigation.
The results confirm the correctness, effectiveness and
flexibility of the control strategy. When the DOF of
motion to accomplish a particular task are available
to the mechanism, the desired motion trajectories are
tracked exactly, as expected. On the other hand, when
the mechanism is kinematically deficient for the task,
the controller makes mathematically optimal and in-
tuitively predictable trade-offs between tracking errors
in the various DOF, subject to user specified penalty
weights. Finally, we have shown that the HISAR
mechanism is ergonomically well suited for the surgical
environment and can be successfully used for laparo-
scopic camera manipulation. However, the existence
of a centrally located kinematic singularity and the
fact that instrument motion is not predictable in the
presence of external forces make it unsuitable for ap-
plications such as biopsies or therapy injections, where
precise control of an instrument is necessary while the
instrument is forcibly interacting with the tissue.

Appendix I Formulation of the four
view control tasks

The four control tasks discussed in Section 4 were
implemented as the following constrained Cartesian
motions. See Section 2 for a description of the con-
trol methodology.

frm | ¢/o | translate-gaze

{1 ¢ [1(ATx)-11,1,0,0,0,0]"] < 0.0001
{c} | o |-
{9} [ o | [IWy(A9x— A9x4)||, wy = [HHHLLH]
{i}] ¢ |a-a<Aq<q-—q

o | [W;Aq]|, w; =[L...I]
frm | c/o | zoom-gaze
{7} [ < [ 1(A7x)-[1,1,0,0,0,0]"]] < 0.0001
{c} | o | |[W.(A°x - A%x)[], w. = [LLHLLH]
{at | o | [[W,(A7x + A°xy)[], w, = [LLHLLH]
{7} ¢ |[a-a<Aqa<q—q

o | IW;Aqll, w; =[L...L]

frm | c/o | rotate-view, pivot-gaze

Y ¢ | TI(A%%)11,1,0,0,0,00] < 0.0001

{e} | -

{g} Ilwg(Agx — A9xy)|[, w, = [LLLHH H]

q—q<Aq<q—q

{7} q
[|W;Aql|, w; =[L...L]

o 0olo
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For each of the four control tasks, the tables above
list the set of objectives (0) and constraints (c) with
respect to the various task frames (frm), which are
relevant to the task. {f}, {c}, {g}, {;} denote the ful-
crum frame, camera frame, gaze frame, and the “joint
space frame”, respectively. The diagonal weight matri-
ces Wy are given as vectors wy of diagonal elements,
where H, M, and L denote high, medium, and low
weight, respectively. Note that for the first three tasks
the desired motion is given in terms of the motion
of the gaze frame, whereas in the case of zoom-gaze,
the desired motion is more naturally expressed with
respect to the camera frame. Also note that in the
case of zoom-gaze task, the displacement of the gaze
frame is the negative of the camera frame displacement
Ax = [0,0,dz,0,0,0]7, since the z-axes of the cam-
era and gaze frames are colinear but opposite. Since
the HISAR arm is kinematically deficient for the gen-
eral 6 DOF view adjustment, no absolute constraints
on the accuracy of the gaze-frame trajectory tracking
have been specified. Finally, all control tasks include
a joint space constraint (making sure that joint lim-
its are respected) and a joint space objective (which
attempts to minimize the total joint motion).
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