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Abstract

This paper presents the development and evaluation of concurrent control of a robotic system for
less-invasive treatment of osteolytic lesions behind an acetabular implant. This system implements
safety constraints including a remote center of motion (RCM), virtual walls, and joint limits while
operating through the screw holes of the acetabular implant. The formulated linear constrained
optimization problem ensures these constraints are satisfied while maintaining precise control of
the tip of a Continuum Dexterous Manipulator (CDM) attached to a positioning robot.
Experiments evaluated the performance of the tip control method within an acetabular cup. The
controller reliably reached a series of goal points with a mean error of 0.42 mm and a worst-case
error of straying 1.0 mm from our path.

Index Terms
Dexterous manipulation; medical robots and systems; optimization and optimal control

[. Introduction

We have developed a continuum dexterous manipulator [1, 2] (cDM) for use in orthopaedic
applications, with a focus on treating osteolysis due to polyethylene liner wear during hip
revision surgery [3-5]. The less-invasive treatment of osteolysis involves the manipulation of
instruments through the screw holes of a well-fixed acetabular cup component. The surgeon
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can remove a larger amount of the lesion through the use of the cDM with flexible tools [6-
9] that are fed through its instrument channel, because of their high degree of dexterity [10]
as shown in Figure 1.

The CDM may be paired with a robotic arm to ensure precise entry into the acetabular cup’s
screw hole. A typical osteolytic lesion removal procedure using our CDM device will begin
by passing a flexible surgical drill through the instrument channel, and excavating the
majority of the lesion pre-operatively identified via a preoperative CT scan through the
screw hole. After this is complete, the drill will be removed and a flexible orthopedic bone
curette will be mounted to the CDM. The surgeon will then scrape away the remaining
lesion, ensuring all lesion material inside of this cavity is loose. This material will be
removed via a surgical suction pump. Surgeons will tele-operate the CDM to control its
motion and that of the attached tools. Motions of the robot and CDM will be calculated
using constrained optimization techniques to properly follow the surgeon’s commanded
CDM tip velocity while enacting a series of virtual fixtures [11], or safety constraints on
robotic motion. While guiding the CDM, the surgeon will receive visual feedback of the
CDM within the hip interior and force feedback from the haptic device. Fiber Bragg grating
(FBG) sensors inserted into holes running the length of the CDM wall will allow
visualization of the CDM within the lesion cavity by providing shape-sensing functionality,
and the haptic device will gently guide the surgeon to avoid unsafe movements based on the
optimization output. By guiding the surgeon’s movements of the robot and CDM with
virtual fixtures in this manner, the osteolytic lesion treatment process can be made both safer
and more effective.

The use of concurrent control between a robotic arm and CDM has been proposed for other
medical applications such as minimally-invasive throat procedures [12, 13]. This work,
however, is novel in the CDM used, its kinematic model, and our targeted surgical
application. The CDM used [1, 2] was developed by our group and so is unique to our work.
This CDM is designed as two nested nitinol tubes with notches removed from the sides as
shown in Figure 1, whereas the CDM used in the work cited above is composed as a
multibackbone unit [12, 13]. As the construction of this CDM is unique, a new kinematics
model [14] was developed to precisely control its motions. The use of the concurrent control
of a robot arm and CDM is also novel within the osteolysis treatment application, which
necessitates a set of safety constraints different from other applications. There has been
preliminary work with this proposed setup [15], but these tests only used a simulation with a
simpler set of constraints that did not avoid collisions of the robotic arm or CDM. Manual
control of the CDM within a workspace as enclosed as an osteolytic lesion is a challenging
task, due to limited visibility of the CDM workspace and the amount of surgeon’s manual
interaction needed to control both the CDM and the tool passing through it; therefore, the
guidance offered by the additional virtual fixtures in this work are essential for properly
taking advantage of the high dexterity capable of the CDM. Using a physical setup instead
of the aforementioned simulation also shows that our system can handle errors in the robot
and CDM control.

We seek to evaluate the performance of our concurrent control of the CDM and robotic arm
by having the CDM tip follow a predetermined path behind an acetabular cup. We aim to

IEEE Robot Autom Lett. Author manuscript; available in PMC 2018 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wilkening et al.

Page 3

show that we can closely follow an arbitrary path with the CDM within its workspace behind
the acetabular cup without violating any of a series of safety constraints. Safely following a
path in this manner demonstrates that our system may be precise enough for clinical
applications. Section Il outlines our future plans for a robotic system for osteolytic lesion
removal and section 111 explains the calculation of the kinematics of the coupled UR5 and
CDM. Section IV describes the calibration experiments performed to relate the acetabular
cup and goal points to robot coordinates, and section V shows the mathematical formulation
of the virtual fixtures used to guide and constrain the motion of the CDM and robotic arm.
Section VI gives details on the experiment evaluated in this paper, and section VII analyzes
the results of this experiment and its significance. In section VIII, we show the areas of our
experiment that need improvement and our next steps towards clinical applications.

[l. Kinematics

For proper concurrent control of the UR5 and CDM, kinematics of the combined system
needs to be defined. Forward kinematics and Jacobian functions of the combined system are
calculated using the individual kinematics of the UR5 and cDM.

A. Positioning Robot

B. CDM

The robot arm selected for this experiment was the UR5 (Universal Robots, Inc., Odense,
Denmark). It has been used in a multitude of other applications and shown to place its end
effector with a precision of 0.1 mm [16]. It also has a tooling plate that supports mounting a
custom actuator (Figure 3) used to control the cDM.

The kinematics of the UR5 is defined by a series of 6 revolute joints. The frame of the UR5
end effector is given by a function of the current joint positions Fz5(qur5) determined
using the Denavit-Hartenberg convention. The Jacobian function for the UR5, Jygrs, defines
the relationship between joint velocities of the UR5, ¢z, and the velocity of the end
effector in Cartesian space, xgg, as

JUR5 (QURg ) * C]URS :I.EE .

The CDM'’s design [1,2] consists of a superelastic nitinol tube with alternating notches on
two sides and an instrument channel. The notches are positioned to allow bending along a
single plane (Figure 1). Stainless steel cables are threaded through channels in two opposing
sides of the CDM wall and tied off at the end of the manipulator. Pulling these cables
controls the shape of the CDM along its bending plane.

We previously performed an experiment in free space [10] which calculated Bernstein
polynomials that relate the cable length of the CDM and its tip position. Taking x to be the
CDM’s bending direction, we have the functions

pCDM.v;:Bn(Z)
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3
Peopw, - :ZaiSin(bipcDM,y +ci).
=1

Here pcpnr xand pepp 2 are the xand zcomponents of the CDM tip position relative to its
base (Figure 1), /is the cable length of the CDM, B, represents an nh order Bernstein
polynomial, and g, b, ¢ are parameters of the sinusoid that fit the x component of the CDM
tip position to its zcomponent. Differentiating this function gives us the velocity of the
CDM tip. The CDM Jacobian becomes

dp,,,,, ()/dl
‘]CDM (l): LE?}dt

This Jacobian function was constructed based on the results of a series of experiments
performed in free space [10], so it may not be reliable for shapes of the CDM that are the
result of contact forces. Nonetheless, this is representative of a real scenario where our
Jacobian may only be reliable for “direction”. For example, repeatedly bending CDM cables
may alter the friction between the CDM interior and the cable or cause plastic deformation
in the cable, and inaccuracies in the manufacturing process of the CDM may change its
properties. These differences in the CDM configuration introduce a noticeable error term in
this Jacobian function, but we hypothesize the Jacobian is still functional enough to guide
the CDM tip in the direction of its destination. Thus, the addition of real-time feedback on
the CDM tip location is able to correct any remaining errors in our CDM shape estimation.

C. Coupled UR5 and CDM

The separate kinematics of the UR5 and CDM are then combined into a form that can be
used in a constrained optimization framework: the CDM tip location relative to the UR5
base and a combined Jacobian. The frame of the CDM tip relative to the UR5 base is defined
as

FCombined (q):FURS (qURS) * FBase * pCDM :

Fpase is the transformation between the UR5 end effector and the base of the snake, and it
remains constant. This transformation will be calculated during the calibration step. The
Jacobian of the CDM tip when paired with the UR5 is defined as

6x7
JCmnbinod (Q): [']UR5 <Q) JCDM (QH ;’]Comhinod (Q) € R**.

Note that gis defined as

a=[qun; ;g R
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lll. CDM Tip Tracking and Control

In the surgical scenario outlined in section I, FBGs [17-19] will be used for real time closed-
loop control and occasional x-ray images [20] will be taken to correct for errors and
reconfirm relation of the snake to the anatomy. Since real-time sensing with FBGs was still
under investigation during this work, we chose to instead track an optical marker mounted to
the tip of the CDM using a Polaris optical tracker (Northern Digital Inc., Waterloo, Canada).
The use of an optical tracker requires line-of-sight between the tracker and markers and so
would not be useful in clinical applications, but our ultimate plan of using x-ray imaging
and/or FBGs instead solves this issue. For the CDM tip to follow a path closely, we
calculated the next movement of the UR5 and CDM together using constrained optimization
techniques. The constraints used in the optimization process prevent collisions or other
unsafe movements, ensuring that the relationship between cable lengths and CDM shapes
match those measured during free-bending tests (i.e., bending the manipulator without any
external force) as closely as possible.

V. Calibration

Concurrent control of the CDM tip with a robot arm is only possible with knowledge of the
relationship between the robot and CDM coordinates. Similarly, the CDM cannot be
navigated within the acetabular cup without first calculating the transformation between the
coordinate system of its tip and that of the robot. Several preliminary experiments were
performed to calculate these transformations using a Polaris optical tracker. The Polaris is
able to achieve a RMS error of 0.35 mm [21]. We have constructed several Polaris tools for
use with this system, including a reference body. To avoid maintaining a fixed relationship
between the tracker and other objects in the experimental setup, all tracker measurements are
defined in the coordinates of a fixed, global reference body attached to the base of the table
(Figure 3).

A. CDM Tip Calibration

To properly understand the translational and rotational offset between the robot’s end
effector and the CDM tip (Fpase), @ calibration jig was designed (4A). If the jig is inserted
fully into the CDM’s instrument channel, the CDM tip frame will be located at the origin of
the calibration jig, with its zaxis aligned with that of the UR5 end effector frame. This
means that a “hand-eye” [22] calibration between the robot and tracker performed with this
calibration jig inserted into the CDM defines the value of Fg,s for the actuation unit. Using
this value of Fg,s, We can derive the fixed transformation between tracker coordinates and
robot coordinates Fyr as

Ly F

Base

F_..=F,

TR URS

x F

Tracker *

Frracker 1S the location of the calibration jig with respect to the tracker reference tool given a
pose of the UR5 end effector ~; 5 This transformation allows us to relate the locations of
the Polaris tools in further tests to the robot’s coordinate frame.
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B. Acetabular Cup Digitization

We manufactured a digitizer (Figure 4B) specifically for locating the center of a screw hole
in the acetabular cup. Instead of tapering to a point, the tip of the digitizer’s rod ends in a
sphere with a 5 mm radius, capable of fitting in the acetabular cup used for the experiment.
Once inserted, a pivot calibration [23] is performed with readings from the Polaris to find
the optimal RCM point ppcy Once the CDM tip calibration is performed as outlined in the
previous section, we can easily relate this RCM point to robot base coordinates (Figure 2).

V. Constrained Optimization Control

For a concurrent control of the robotic arm and CDM, we used a constrained optimization
framework [11] that periodically calculates the next incremental movement of a robot by
minimizing a series of linear objective functions in a way that does not violate any of its
constraints. The general form of this optimization problem is:

argmindq‘ | Moy, +dq — vg,,|

s.t.

M, xdq>v

Ineq

M,

£ * dq= Vg

Ineq?

Where M denotes an 7, by 711, matrix, where 7, is the number of rows (as long as we have
some objective), 71, is the number of “joints” for the system (77, = 7), and v denotes a vector
of length n,. The “Obj”, “Ineq”, and “Eq” labels refer to the optimization problem’s
objective, inequality constraint expression, and equality constraint expression respectively.
Note that each term listed here can have multiple entries.

The control algorithm uses this framework to compute motions of the UR5 and CDM as
follows:

1 Query the UR5 and CDM for the current joint values and cable length
measurement.

2. Using the combined kinematics model of the UR5 and CDM as discussed in
section 11 [15] and the values of Fgzse and prcps from the calibration tests in
section 111, calculate the position and orientation of the CDM tip Feompinea |f We
see error between the location of Frympinegand the CDM tip marker, correct the
translational term of Feympines SO that it matches the location of the marker.

3. Calculate the desired incremental motion of the CDM tip in Cartesian space dx
based on the difference between the current CDM tip position and the next point
on the goal path.

4, Solve the constrained optimization problem outlined in the following sections
that minimizes the difference between the calculated incremental motion and the
desired incremental motion while satisfying all constraints.

IEEE Robot Autom Lett. Author manuscript; available in PMC 2018 July 01.
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5. Send joint velocities to the UR5 and a new cable length to the CDM according to
the values returned by the constrained optimization solver. The magnitude of this
movement is limited by velocity limits and the period of the control algorithm
loop.

6. Check the proximity of the CDM tip marker to the next goal position. If it is
within an acceptable distance (set to 1 mm for this experiment), change our
desired position to the next point in the path.

7. Repeat from step 1.

A. Objective Function

Our objective function minimizes the difference between the desired incremental motion in
Cartesian space of the CDM tip and the motion produced by the next value of the
commanded incremental joint motions and the change of cable length. This is given by the
formula

al‘gl’ﬂil’lquJcombincd * dq — dXoh; HZ

AS Jeompineg Was calculated using experiments without collisions, the entire CDM must be
within the acetabular cup and there must be no collisions for this Jacobian to still be valid.
aqg is the next incremental joint motion, and is the set of variables we are solving for in the
above equation. As in the g vector, the first six values of dg represent the change in position
of the six joints of the UR5, and the seventh value represents the change in cable length for
the CDM. If dx is defined to be the Cartesian vector calculated from the CDM tip position to
the next desired goal position in the path, then dx; is defined as:

dx

dXObj :kpdx—i-kd 1t

Here, we are using two gain terms: a proportional term &, and a derivative term k. These
gains are used in the objective to calculate a Cartesian movement that will minimize the
magnitude of dxas quickly as possible. This ensures that the CDM tip will closely follow
the path without oscillating. The combined Jacobian allows us to solve directly for
incremental joint values that best match the desired motion of the CDM without violating
any of the following constraints.

B. Joint Limit Constraints

The joint velocity limits are as follows

dq 2 quower; - dq 2 _qupper

Here dg; owerand dgpper refer to the lower and upper incremental joint position limits,
respectively. This ensures that the incremental joint values will not be above or below given
thresholds, and therefore that the UR5 or CDM will not move above a safe and steady

IEEE Robot Autom Lett. Author manuscript; available in PMC 2018 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wilkening et al. Page 8

velocity. Given safe upper and lower velocity limits gy operand gypperand the time between
calls to the optimizer af, the corresponding limits on the incremental joint movement are

quper :quper dt7quower = qLower

Similarly, the joint position limits are as follows

dq Z qLower —q;— dq Z _qUDP€f+q

@ is the vector of current joint values, and gy gyerand gupperare the bounds on the joint
values specified by the UR5 hardware and CDM kinematics. The UR5 is composed of
revolute joints, each with a range from —360 degrees to 360 degrees. The CDM has an
effective range of 0 mm of the cable pulled out of the CDM to 18 mm of the cable pulled.
This was the range of cable tensions used to calculate the Jacobian used in the objective
function, and therefore we must be sure to keep the CDM within these bounds in order for
the Jacobian to be reliable. This represents a rotation of the CDM tip by approximately 180
degrees.

C. RCM Constraint

This RCM constraint [11] ensures that the magnitude of Ax,, the movement of the closest
point on the URS5’s shaft axis to a given point prpcpy cannot be larger than a specified
distance e. prcayis chosen as the center of the screw hole in the acetabular cup, ensuring
that the base of the CDM avoids contact with the sides of the screw hole by pivoting about
Prci- The formulation of this constraint is given by

H*J

Closest

* quR5 Z h

Jejosest 1S the URS’s Jacobian resolved at the closest point on its shaft axis to the RCM point
and dgypsis the next movement of the UR5 without a change in the CDM cable tension. We
restrict the variables being calculated to purely URS5 joint values to ensure that we do not
change the shape of the CDM with a constraint that should not have any influence on it. H#
and A/ are a matrix and vector determined by a cylinder created around the shaft axis of the
URS. If a cylinder is approximated by a collection of planes (Figure ), with plane normals v;
through v, we define our RCM variables

"

_

Un

e+uy * (pRCM - pClosest) -|

(
{

e+vg * (pRCM - pCloscst> J
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Pclosest 1S defined as the closest point on the URS5 shaft axis to the RCM point.

D. Stay Near Axis Constraint

Although the RCM is able to restrict the closest point on the UR5 shaft axis to the center of
the screw hole of the acetabular cup, it is also necessary to restrict the axis of entry to the
cup. If this axis is not close enough to what is considered ideal, collisions could occur with
the sides of the screw holes. This constraint is enforced using the equation

axis? qes * J, _ xdq > cos(Bto1) — axiSdes * axiScyr

Base

axifSyes is an ideal axis value for the URS shaft for entry into the screw hole without
collisions and axis,,, is the current shaft axis of the URS. Jg,s. is the Jacobian of the URS
resolved at the CDM base, and 6;,,is the maximum allowable angle between the ideal axis
and the next shaft axis of the URS.

E. Virtual Wall Constraint

A virtual wall is a plane that we forbid the CDM base from crossing to avoid collisions that
are due to the bend of the CDM. Although the underside of the osteolytic cup is free from
obstacles, we must ensure that the entire CDM is within the cup to avoid collisions with the
sides of the screw holes. As previously stated, our Jacobian function Jgzpp, does not allow
for any collisions of the CDM body so this is a necessary constraint for our estimation of the
CDM tip to be precise. This constraint restricts the CDM base from crossing a plane that
runs perpendicular to the desired entry axis of the screw hole as shown in Figure . The
formulation for this constraint is given as

nxJ

Base

*dqzefnT*pBase

Here n is the transpose of the normal vector of this plane, Jgs is again the Jacobian at the
base of the CDM, and pg;s is the position of the base of the CDM in robot coordinates. eis
defined as the constant in the standard plane equation

e=ax+by-+cz

Where X, y, and zare defined as the components of the position of the CDM base.

VI. Experiment

To evaluate the precision of our concurrent control of the UR5 and CDM, we attempted to
get the CDM tip to follow a path. For this test, the CDM was mounted onto the actuation
unit and inserted into the acetabular cup as shown in Figure 8. We chose a value of 1 mm for
the maximum allowable distance the marker can stray from our goal path, as defined in
section V. We limited the range of cable lengths for the CDM to between 0 mm and 5 mm to
limit the error due to plastic deformation in the cable, as this error increases with an
increased bend of the CDM. The 5 mm change in the cable length limits the CDM bending
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to a maximum tip-plane angle of 90 degrees with respect to its base-plane. We chose a CDM
tip speed limit of 0.5 mm/s, and gain values of &, = 0.8 and k= 0.2 as defined in section
IV.A. These values were chosen based on preliminary path-following tests using a range of
values for each of these terms. This particular choice of gains and CDM tip velocity led to
the fastest convergence of the CDM tip error. In addition to the objective variables, the RCM
was given an allowable error of 2 mm, and the allowable error of the constraint to keep the
CDM base axis near the ideal insertion axis was set to 12 degrees. The RCM cylinder’s
radius was chosen to be 2 mm as the CDM has an outer diameter of 6 mm and the cup’s hole
has an inner diameter of 10 mm, and the maximum deviation from the ideal insertion axis
was chosen to be 12 degrees based on the geometry of the actuation unit.

The paths were each designed as a series of curves that necessitate a range of CDM bending
angles to follow and are outside of the workspace possible using a rigid tool in place of the
CDM (Figure 9). The first path is a series of 3 curves with a total of 100 waypoints, and the
second path is a series of 2 curves with a total of 66 waypoints. The CDM was moved along
these paths as the Polaris tracker measured the distance from the CDM marker position to
the closest point on the current path. See section IV for a more detailed workflow of the
control algorithm. The position of the CDM tip marker was recorded for each iteration of the
loop described in section 1V, as well as the distance of each recorded point from its
respective goal path.

VIl. Results

For the assessment of the precision of the CDM tip when following a path (Figure 9), a
mean distance from CDM tip to goal path of 0.42 mm was recorded, with a maximum
distance of 1.0 mm. A more detailed breakdown of the error mean, maximum, and standard
deviation for each trial is shown in Table 1. Using a single-sided t-test on the results of this
experiment, we can conclude that CDM tip placement error will not rise above an upper
bound of 1 mm with a 95% confidence interval and a p-value less than 0.001.

The first path took an average total of 140 seconds for the CDM to fully traverse, and the
second path took approximately 90 seconds to fully traverse. On average, the optimizer
needed 4 iterations between motions and each iteration took about 5 ms. This means that we
can calculate a new motion approximately every 20 ms. Since the UR5 will be used as a
positioning device, the paths were designed to be fully reachable by only rotating the CDM
shaft axis and varying its bending angle. During the experiment, there were minimal
movements of the UR5 and the CDM was primarily used to achieve the desired CDM tip
positions.

The path-following objective was expressed as a series of 3 linear expressions with 7
unknown variables. The joint position and velocity limits, RCM, staying near the ideal axis
of entry, and virtual wall constraints were expressed as 46 linear constraints on the
minimization of the objective expressions.

IEEE Robot Autom Lett. Author manuscript; available in PMC 2018 July 01.
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VIIl. Discussion and Conclusions

With this experiment, we showed that we can effectively use concurrent control of a UR5
and CDM to have the CDM tip reach desired positions within an acetabular cup. Our
constrained optimization framework also proved capable of avoiding collisions of the CDM
by implementing virtual fixtures.

Although there was a clear source of error due to plastic deformation in the cable, this was to
be expected given a static Jacobian function. The shape of the CDM as a function of its
cable length differs depending on many factors, some of which change between tests. One
important factor is the amount of friction between the CDM and its cable. In fact, a slight
bend in the cable can affect the amount of friction present to the point where it changes the
CDM shape function. In addition, the experiment used to calculate the Jacobian function
represented by Jopysand the CDM shape function are based on an experiment with a CDM
that may have different properties than the one used in these experiments. These factors lead
us to expect an increase in error when using the CDM within this framework.

Upon closer examination of an instance of the largest CDM tip error (Figure 9) it becomes
clear that the CDM is repeatedly bending above and below the path. The largest error in our
system is the uncertainty of the CDM shape, and so our largest errors in the experiment are
due to improper movements of the CDM. The feedback from the optical tracker is able to
guide the CDM tip back onto the goal path, but sometimes it first strays from the path. When
larger bending angles of the CDM were required to follow the path this happens more often,
as the error in our CDM shape estimation increases with a larger bending angle.

We currently use the Polaris tracker for feedback on the CDM tip location, and future work
includes using this to approximate the CDM shape and use it as the input for a dynamically
updating Jacobian function [24]. This Jacobian would be much more adept at coming up
with a solution specifically catered to the current CDM configuration, and thus would have
much lower error and converge more quickly than the open-loop function. The use of an
adaptive Jacobian function can also potentially compensate for the errors due to the plastic
deformation of the cable, therefore, allowing the CDM to relax the 5-mm cable length range
constraint and, therefore, increase the operating workspace.
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Figurel.
Diagram of CDM bending with a cable length of 4 mm showing Pcpp/'s xand zaxes. A-

Bending plane of the CDM.
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Figure 2.
Joint coordinate frames defined by the coupled D-H parameters.
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Figure 3.
URS5 with actuation unit mounted to its end effector and CDM inserted. A- UR5 robot arm.

B- Actuation unit for controlling CDM motors. C- CDM. D- Optical marker attached to
CDM tip for error tracking. E- Reference tool for optical tracker.
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Figure 4.
Calibration tools. A- Calibration jig used for determining CDM tip location. B- Digitizer for

determining acetabular cup screwhole center location. C- Adapter for inserting NDI marker
into CDM tip.
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Figureb.
RCM constraint definition. A- CDM tip. B- Plane barriers on the motion of pcypsest

approximating a cylinder. C- A normal vector v;for one of these planes with magnitude e.
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Figure®6.
Visualization of plane used to ensure the entire CDM is within the acetabular cup. A- Plane

barrier on the motion of pgage.

IEEE Robot Autom Lett. Author manuscript; available in PMC 2018 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wilkening et al.

0
Y Axis (mm)

Figure7.

Page 19

10

X Axis (mm)

Workspace of the CDM tip with all constraints enabled. A- Sphere representing the

maximum distance the CDM base can stray from the RCM point.

B- This ring shows the

location of the cup hole. C- This cone shows how the RCM constrains the CDM tip. D-

These planes show the virtual wall constraints.
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Figure8.
Experimental setup with the CDM inserted into the actuation unit. Inset: Close-up of the

CDM with a Polaris marker attached.
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Figure.
A- A 3D view showing both goal paths and the location of the cup hole. B- A close-up of

part of a path achieved by the CDM tip relative to its goal path. The data used in this figure
comes from the circled section of the first trial on the first path in A.
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Summary of CDM tip errors from following two paths for multiple trials.

TABLE |

Path 1

Trial 1

Trial 2 Trial 3

Mean Error (mm) 0.46
Maximum Error (mm) 1.0
Stdev of Error (mm) 0.31

0.43 0.51
1.0 1.0
0.28 0.3

Path 2

Trial 1

Trial 2

Mean Error (mm) 0.34
Maximum Error (mm) 1.0

Stdev of Error (mm) 0.3

0.35
1.0
0.29
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