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Abstract
Continuum manipulators such as robotic tele-operated cardiac catheters continue to gain
popularity for use in minimally invasive surgical procedures due to their inherent safety
characteristics. However, their flexible nature makes them prone to both steady state
positioning errors and undesirable vibrations. We propose a combined control system
incorporating both a tracking position controller to reduce steady state error, and a modalspace controller to improve the dynamic properties of the manipulator. To this end, we
develop a lumped parameter model for use as a modal-space observer. Simulation results
based on a planar two segment manipulator and experimental results from a single segment
manipulator both show marked improvement using our combined approach. The
improvements observed in both simulation and experimental results include reduced
settling time, higher bandwidth trajectory control capability, and an improved response to
external disturbances. In a clinical setting, it is our hope that these improvements will
translate to reduced procedure times and improved results.

Introduction & Background
Motivation
In recent years, there have been significant advancements in minimally invasive surgical
continuum manipulators, resulting in a number of commercially available systems [1],[2].
Unfortunately, the characteristics that make these small-scale flexible manipulators so attractive
for surgical intervention also pose a number of challenges. Broadly, these challenges fall into
two categories: steady state positioning errors, and undesirable dynamic behaviours. These
challenges are especially apparent in procedures that take place within open volumes, such as
electrophysiological interventions within the atria of the heart. These procedures typically
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require precise, stable positioning of the catheter tip in a dynamic environment. In our previous
works [3,4], we explored the use of tip position feedback to improve manipulator positioning
accuracy. These investigations were primarily focused on minimizing the steady state error of
the manipulator. In this work, we expand on this approach by simultaneously utilizing a modalspace controller to improve the dynamic characteristics of the manipulator. By helping to
eliminate both vibrations and steady state error, we hope to allow for more precise, stable
positioning of the manipulator.

Previous Work
Manipulator Position and Shape Control
To improve system performance, a number of researchers have focused on the use of in-vivo
feedback control [5–12]. In-vivo feedback is the use of position, orientation, shape or other data
collected while the manipulator is at work inside the patient collected via radiographic,
electromagnetic and other methods. Advancements in sensor and actuator technology and
feedback control strategies for in-vivo use have demonstrated marked improvements in
performance and efficacy [9,13–17]. Others have utilized the control to alter and improve the
dynamics of the manipulator in a 3D space [10,18–21] .

Modal Approach to Continuum Manipulators
In addition to poor steady state positioning accuracy, flexible manipulators can also exhibit
significant undesirable transient behavior, especially vibrations due to either rapid commanded
motion or external disturbances. To date, the body of work attempting to address these issues
within continuum manipulators is limited. [21] discusses a vibration damping controller based
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on feedback from the cable tensions applied to the manipulator. The resulting controller
significantly decreases the vibration excited in the manipulator due to step commands, however
it also appreciably slows down command response times. This approach also makes only limited
use of location and orientation sensing modalities that are now available. [22] discusses a modal
approach to the dynamic modeling of a continuum manipulator, using the constituent mode
shapes to describe the manipulator shape and model its dynamic response. The same authors
utilized a similar approach to continuum manipulator kinematics in [23].

Mode-Space and Modal Control
One vibration suppression approach that has been applied to similar systems in the past is modal
control. This technique uses modal decomposition to reduce a higher order system to a set of
decoupled second order systems. Each 2nd order system represents a mode of the original
system.

This approach was first proposed by Porter and Crossley, and is summarized in [24].

Since then, many variations of modal control have been developed. We limit our discussion here
to those that are most relevant to the approaches and experimental setup we have developed.
Meirovitch et al expanded on the original modal control approach, and formulated the controller
directly in the modal, rather than the physical, space [25]. This approach, known as Independent
Modal Space Control (IMSC), allows for the development of a completely decoupled system,
where each mode can be independently controlled. Many alternative implementations of IMSC
exist [26–31]. [32] discusses a system that is topologically most similar to the one developed in
this paper. Here, a flexible system is controlled based on modal velocity feedback from an
observer. The control is formulated in the modal space, and used to stabilize a subset of the
modes of a cantilevered beam. This approach was successful in controlling the modes of interest
without exciting the residual system modes. [33] also discusses a similar system, albeit with
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discrete joints and actuators present in the system.
In the remainder of this work, we develop a control approach making use of the modal
space of a continuum robotic manipulator. We first discuss our general lumped parameter
approach to modeling of a three dimensional continuum manipulator, including multiple
segments actuated via independent control tendons. We then utilize the modal space of the
manipulator, and there develop a controller to handle both trajectory tracking and vibration
suppression, with the required modal positions and velocities being obtained from a modal-space
observer. We then apply this control approach to a two dimensional planar manipulator, and
explore both simulation and experimental results obtained from this controller topology.

General Manipulator Model
Controller Model Development
Similar to the model previously developed in [34], our model utilizes a lumped parameter
approach to approximate the continuous behavior of the manipulator. Unlike the previous
model, however, we have made two simplifying assumptions. First, we have assumed that the
manipulator is axially stiff, and thus no compression occurs along its length. Second,
interventional manipulators are typically designed to have high torsional stiffness (relative to
their bending stiffness) to prevent unwanted shaft wind up. Thus, we expect the torsional
displacements to be relatively small compared to the bending displacements, and therefore have
ignored them for this analysis. In practice, we have implemented these assumptions by
modelling the device as a series of point masses, connected by massless rods to rotational springdamper elements, as shown in Figure 1. For the description of our system, we will consider it to
be composed of N mass elements and utilizing n sensors to provide feedback. The manipulator
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is divided into p segments, each controlled by an independent input, with modal control of m
modes.

Figure 1 General Manipulator Model. The coordinates of the model were chosen to be the
angles about two principal intersecting axes of each element relative to the prior (more proximal)
element. For determination of system positions, rotations are assumed to take place first about
the local y-axis, then the resulting local z-axis.
Our model is formulated as a system of nonlinear second order differential equations, with the
general form
̈
Here,

̇

̇ ̇ ̇

̈ represents the interial forces,

(1)
represents the conservative stiffness forces,

represents the non-conservative damping forces, and
and centrifugal terms.

̇ ̇ ̇

̇

represents the coupled Coriolis

is the generalized force vector, which in this case corresponds to the

torque exerted on each joint. The vector q represents the relative rotations of each element about
the local ̂ and ̂ axes. These rotations are arranged as follows:

© 2013 Taylor & Francis. Personal use of this material is permitted. Permission from Taylor & Francis must be obtained for all other
uses, in any current or future media, including reprinting/republishing this material for advertising or promotional purposes, creating
new collective works, for resale or redistribution to servers or lists, or reuse of any copyrighted component of this work in other works.

[

with

]

(2)

denoting rotation of the i-th element about the local ̂ and ̂ axes, respectively.

and

The mass matrix, M, is given as:
∑

(3)

Here, mj is the elemental mass of the jth element, and Jmj is the Jacobian relating the linear
velocity of the center of mass of the jth element to the individual joint velocities. Since all joints
in the model are revolute, each element’s Jacobian can be constructed as:
[ ̂

(

)

̂

(

)

|̂

(

)

̂

(

)

(4)
Where Omj is the location of the center of mass of the jth element, Oj is the location of the jth
revolute joint, and ̂ and ̂ are the axes of rotation of each revolute joint. (Note that within this
work we will indicate matrix dimensions with bracketed subscripts, as in the zero matrices
above.) It is important to recognize here that since the position of both the center of mass and
the joint itself change with time, the mass matrix is dependent on the configuration of the
manipulator.
For this work, we have ignored the centrifugal and Coriolis terms of the equations of
motion, and assumed the motions of primary interest were small displacements about a set
̇ ̇ ̇

position (

in equation (1)).

The stiffness matrix, K, is a 2N x 2N matrix given as

[

]

(5)
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where

and

are the stiffness matrices for rotations about the local ̂ and ̂ axes,

respectively, and are diagonal matrices of the form:

[

where

and

],

[

]

(6)

are the individual element stiffnesses about the local ̂ and ̂ axes.

Determining the effects of the non-conservative forces in our model requires an
additional assumption. Modal analysis theory states that the normal modes of a system are
guaranteed to exist if the damping matrix can be expressed as a linear combination of the
stiffness and mass matrices:
(7)
where α and β are scalar coefficients. Our assumptions above ensure that this relationship holds,
and further, that only α is non-zero. In this case, C is given as

[

where

and

]

(8)

are the damping matrices for rotations about the local ̂ and ̂ axes,

respectively, and are diagonal matrices of the form:

[

where

],

and

[

]

(9)

are the individual element damping about the local ̂ and ̂ axes.
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For this condition, the normal mode shapes are identical to those for the undamped system [35].
The frequencies of these modes, however, are a function of the damping present in the system.
The final non-conservative element of the system is the external forces and torques
applied to the manipulator. For this work, we have considered only the effect of control tendon
inputs. To model the tendon tension actuation input, we utilize a simple geometric approach.
Here we ignore the effects of friction, and assume that the tension is constant over the length of
the manipulator.
By assuming that the cables pass through an attachment point that is offset from the
center of mass of an element by a given distance, we can determine the force applied on each
element due to the cable tension based on the assumed section lengths and joint articulation
angles. The forces found via this geometric method must then be transformed into generalized
forces (in this case joint torques) using the relationship

, which is derived from the

virtual work of the system as in [36]. The total forcing function, composed of the sum of the
individual joint torques, takes the form:
∑

Here,

(∑

)

(10)

is the rotation matrix relating the coordinate system of element j to the fixed global

coordinate system,

is the resultant force exerted on element j by control tendon k, expressed

in the local coordinate frame, and

relates the velocity of the tendon attachment point ( ̇

)

of tendon k on the element j to the individual joint velocities ( ̇ ):
̇
̇

The construction of this Jacobian parallels that of

(11)

, shown in (4), with

replaced with

,
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the location of the tendon attachment point. The result is a vector representing the torque applied
to each joint in the model. Note that for multi-input systems, the resultant joint torques from
each tendon are simply summed together to yield the final result, as illustrated in Figure 2. It is
important here to note that for our model, we chose to simplify input tension modelling by
allowing tensions to take both positive and negative values (with negative values corresponding
to inputs that tend to produce static configurations with negative articulation angles).

Figure 2 Joint torques are based on resultant forces

due to control tendon tension. Each

element’s joint torque is dependent upon the pose and torques of all further distal joints. The
resultant torques for each cable are added to determine the total torque about each local axis.
The control outputs, corresponding to the measured orientation at sensor locations, are defined as
the relative angle between each consecutive sensor location. The output values

are related to

the model generalized coordinates through the sensing matrix S:
(12)
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For a system with n sensors and N elements, this is a 2n x 2N matrix, with each row
corresponding to an individual sensors feedback about a given axis (either ̂ or ̂ . Note that we
assume that each sensor provides feedback for rotations about both axes. This matrix is
assembled as shown in Figure 3.

Figure 3 Sensing matrix construction for a sample manipulator segment. A planar segment is
shown; however this technique is easily expanded to the general case by partitioning S to include
rotations about both axes. In this case, adding a single sensor adds two additional rows to S,
representing the relative rotations about both the ̂ and ̂ axes.
For an N element model with two sensors. located at element j and at the manipulator tip
(element N), the sensing matrix is a block diagonal matrix given as:

[

|
|

]
[

(13)
]

For our work, we utilize two variations of the sensing matrix:
shape estimation (

provides feedback for modal

), which typically utilizes all available sensors.

provides feedback of

only the segment end points ( ), for use in our tracking controller. This is typically a subset of
all available sensors, with

for situations where all sensors have been placed at segment
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end points.

Modal Decomposition
The system developed above provides a description of manipulator motion based on the relative
joint angle of each element. However, we have chosen to formulate our controller in the modal
space of the manipulator. This coordinate space is based on the normal modes of the
manipulator, and provides a description of the system motion tied directly to its characteristic
frequencies and shapes. To obtain the mode shapes, we solve the eigenvalue problem posed by
(14)
The resulting eigenvectors, , represent the shapes of the normal modes of the system, that is, the
principal motions of which the manipulator poses are composed [35]. Example mode shapes for
a data-matched system are shown in Figure 4.
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Figure 4 Mode Shapes at Various Manipulator Poses. Modal frequencies (labelled above) were
found to vary across the workspace for the first two modes, while the third mode frequency
remained constant.
The eigenvalues obtained represent the squares of the natural frequencies of the undamped
system. To express the system equations in modal space, we first diagonalize the system using
the mode matrix u, formed by concatenating the eigenvectors, vi, of each mode:
(15)
which relates the modal coordinates

to the joint coordinates q as follows:
(16)

Subtituting this relation into (1) (neglecting the centrifugal and coriolis terms) and pre-
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mutliplying by

yields the system as a function of modal accelerations, velocities and positions

( ̈ ̇
̈

̇

(17)

where
(18)
(19)
(20)
are diagonalized matrices containing the modal masses, damping and stiffnesses, respectively.
The modal forces due to external inputs (cable tensions) is expressed as:
(21)
The above transformation results in a system of 2N 2nd order differential equations, which are
coupled only though the input .

Combined Modal-Joint Space Control Architecture
As previously discussed, the control and positioning of the manipulator suffers from two primary
drawbacks: unwanted dynamic behavior, and significant steady state error. In addressing these
issues, we treat them as separable problems: first attempting to control the vibrations present in
the manipulator using our modal controller, and then eliminating steady state error using a
tracking controller based on segment end-point position error. These loops are arranged as
nested control loops, as shown in Figure 5 below. For the development of our controller, we
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assume that the system under consideration contains a manipulator with n sensors and p inputs,
with m modes being controlled by the modal controller.

Modal Controller
To help suppress unwanted vibrations in the manipulator, we developed a controller utilizing an
IMSC-type technique based on feedback of the modal velocities and positions of the system, as
shown in the system diagram in Figure 5.

Figure 5 Combined Modal-Joint Space Controller Architecture. The architecture is arranged as a
set of two nested control loops, with the inner loop using a modal-space controller to alter system
dynamic properties, and an outer loop using a trajectory tracking controller to ensure zero
steady-state error. Feedback is based on discrete local measurements of manipulator rotation.
While similar results could be obtained using a pole placement methodology, we take this
approach one step further, and formulate the controller in the mode space, allowing for direct
access to each eigenvalue of the system. To determine

, the m x 1 vector of desired modal

control forces, we utilize the modal velocities and positions
̇

̇ as follows:
(22)
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Where

and

are the m x m gain matrices associated with the active modal stiffness

and damping, respectively. These matrices are assumed to be diagonal, since changing the
damping or stiffness of a given mode requires feedback based only on that particular mode.

is

the modal position reference input, which can be derived from the vector of commanded segment
articulation angles

. Note that no reference input is used for the active modal damping term.

This is based on the assumptions that the desired motions of the catheter are slow, and the
desired velocity is therefore small. As discussed below, the modal positions and velocities are
estimated values provided by an observer.
This approach offers several advantages. First, tuning the modal space controller is
intuitive, with the stiffness and damping of each mode controlled by the gain on that mode’s
modal position and velocity. Second, our modal control approach allows the controller to focus
the limited control effort on regulating only the dominant modes of the system. This offers a
potential reduction in overall control effort, as motions due to uncontrolled modes remain
unchanged.
To map modal forces to control tendon inputs, we utilized the technique outlined in [37].
This approach uses the More-Penrose pseudoinverse (denoted by †) to determine this mapping:
̅

Here,

.

(23)

represents the p x 1 vector of tendon tensions that most closely approximate the

desired modal forces, ̅ represents the modal matrix truncated to only the first m modes, and
maps cable tensions to joint torques, and is derived from the pose of the manipulator. When m <
p, this provides the minimum norm solution of tendon tensions, while when m > p it provides
the least squares solution of tendon tensions that produce the closest fit to the desired modal
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forces. Although this is in practice a nonlinear mapping, it changes relatively slowly across the
workspace. Therefore, our implementation assumes that is linear and proportional to the
applied tension, T, in the local region of the commanded pose. Similar to the system matrices,
this mapping must be periodically updated as the manipulator moves throughout the workspace.
The use of the More-Penrose pseudoinverse here implies that the tensions determined via this
method are the least squares solution of tensions that yield the desired modal forces.

Tracking Controller
While the modal controller discussed above attempts to eliminate unwanted vibration in the
manipulator, it still relies on an open-loop system to track command trajectories. Due to the
complex and non-linear behavior of the manipulator, this results in significant steady state error
in tip position [34]. To rectify this, we built upon our previous works [3,4], and implemented a
tracking controller. The overall control structure, incorporating both the modal and tracking
controllers, is shown in Figure 5. For multi-segment models with an input corresponding to
each segment, the tracking controller command input is assumed to be a vector of angles,
representing the rotation of the endpoint of each segment. For multi-segment manipulators, a
separate tracking control action is generated based on the end point articulation error of each
segment.
In this case, we selected an integral controller for the tracking controller for two distinct
reasons. First, its presence ensures the elimination of steady-state error of the manipulator, thus
eliminating one of the two problems inherent in flexible systems. Second, this topology provides
a clean separation between the controller intended to move system poles to their desired
locations (the modal control), and the control to drive the system to the desired steady state pose
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(the integral control). The integral control force is derived from the end point position error of
each segment:
∫
Where

(25)

is a p x p diagonal matrix of control gains, and

and

represent the commanded

and measured segment end point rotations, respectively.
The combined system is formulated as follows:
∫

̅
̇

(26)

Modal Velocity Observer
In order to implement our modal controller for vibration suppression, it is necessary to
have access to both the modal positions and velocities of the manipulator. As such, we have
constructed a modal velocity observer to provide estimates of the system states.
While a typical state-space approach is to apply a Luenberger observer, this relies on an
accurate system model being available. Unfortunately, the complex behavior of the manipulator
results in significant steady state error in the model (as compared to the physical system), which
is unacceptable for our application. To rectify this, we have incorporated an integrated position
state and control action to the observer, guaranteeing zero steady state observer error. In
particular, we utilize the implementation of the PI observer described in [38]. The overall
architecture of this observer is shown in
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Figure 6 below.
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Figure 6 Modal Velocity PI-Observer Architecture. The observer is formed as a state-space
system based on the diagonalized system matrices developed above. The observer proportionalderivative gain matrix L is enhanced with the added integral action determined by gain Li.
̂
̅

̅

is a linearized matrix mapping input cable tensions to modal forces, as discussed above.

Commanded tensions from the trajectory controller are used as a feedforward term into the
modal-space model to reduce the delay in the observer.
Here we assume that the observer utilizes n sensors, and provides estimated modal position ( ̂ )
and velocities ( ̂̇ ) for m modes where m ≤ n. The articulation angle measurements from the
localization system are used to determine the modal coordinates of the manipulator. These
modal coordinates can be evaluated by considering the relation:
̅
Where

(27)

is the sensing matrix, ̅ is the mode matrix truncated to only the m modes of interest,

is the vector of modal coordinates, and

is the vector of measured articulation angles. By
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combining the left-hand side matrices in (27), and utilizing the More-Penrose pseudoinverse, this
results in the following relation:
(28)
where
̅

(29)

This solution provides the minimum norm modal positions that produce the measured angles,
. Since the mode matrix ̅ changes relatively slowly within the configuration space of the
manipulator, and the sensing matrix is constant,

can be pre-computed for a number of poses

within the workspace of the device. This technique reduces the estimation of modal coordinates
to a simple matrix multiplication. Note that an identical technique can be used to determine the
modal position references used in the modal controller ( ) from the commanded segment
articulation angles (
̅

):
(30)

To formulate the system matrices of the observer, we first linearize the model about set
operating points. We assume that these operating points are at constant curvature poses,
representing the static solution of a system with cable tension input. For multi-segment systems,
we assume that each segment assumes a constant curvature pose. The vibrations induced are
then assumed to be small displacements from these configurations. Since the curvature change
caused by these motions is small relative to the curvature of the static solutions, it is neglected.
As the manipulator is moved throughout the workspace, both the modal decomposition matrix
and the system matrices of the observer must be updated. However, since these are based on the
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static pose of the manipulator, and thus change relatively slowly, they only need to be recomputed when the pose of the manipulator has changed significantly.
The PI observer is typically tuned to yield eigenvalues significantly greater than those of
the manipulator itself. However, as is typical of most observer implementations, the desire for a
high bandwidth observer is balanced by the desire to attenuate sensor noise. This becomes a
particularly difficult balance to achieve with higher modes, as they already possess relatively fast
eigenvalues, and are thus more apt to pass though sensor noise. This limits the separation that
can be achieved between higher mode observer and physical system eigenvalues.

Validation
To examine the effectiveness of our controller, and determine its limitations, we have explored
its use in both a single-segment experimental prototype, and in a two segment planar simulation.

Experimental Implementation
Our experimental testbed system is summarized in Figure 7.
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Figure 7 Modal Control Testbed. The manipulator and testbed design used here is similar to that
used in our previous work [39].

(a) shows the overall testbed system, including DC motor

tendon acutators. These motors are utilized used in a closed-loop current control to provide the
specified torque. Ignoring the effects of friction, this corresponds to a specific tension in the
control tendons. (b) details the manipulator itself, including the electromagnetic sensing system
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sensor locations and an additional tip used to alter dynamic properties of the system. (c) details
the cross section of the catheter, including material selection.
For these proof-of-concept experiments, we limited our exploration to a single segment
manipulator possessing two sensors. To place the second sensor in a way to provide strong
modal content, we elected to use the sensor set expansion method of [40]. Although not
guaranteed to be an optimal placement for the sensor, this method suggests the sensor should be
placed roughly 1/3rd of the way from the base of the manipulator. Our initial experiments have
achieved a clean, stable estimate of modal positions using this placement.

Experimental Results
Utilizing the experimental test-bed described above, we conducted a series of experiments to
determine both the benefits and limitations of the proposed control approach. To illustrate this,
we compared three types of manipulator control: integral tracking control, and integral tracking
control combined with both a conservative and a more aggressive tuning of the first mode
control. For each controller, the modal control was first tuned to provide a smooth response to a
filtered step input signal. The integral tracking control was then tuned to the point of instability,
and then reduced by 10% for robustness. To allow us to focus solely on the performance of the
feedback controller, no feed-forward term was utilized in the control. The observer was tuned to
contain eigenvalues that were 7x and 4x the physical system for the first and second mode,
respectively.

Command Tracking
The benefits of our control approach can best be visualized in the frequency domain, as shown in
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Figure 8. While the open-loop topology shows some low frequency error, the greater issue is the
significant resonance peak at approximately 1.9Hz. The large overshoots and oscillatory
behaviour associated with this peak are undesirable in a clinical environment. While the
excitations near this frequency can be filtered out from command inputs, external disturbances,
such as those inherent in beating heart interventions would still excite these frequencies. As
expected, the integral tracking control alone was limited by this resonance peak, and shows a low
bandwidth of approximately 1Hz. The addition of the low-gain active 1st mode control allows
this bandwidth to be increased to 2.1Hz. The addition of the more highly tuned 1st mode control
removes the high response magnitude near the resonance peak, allowing the bandwidth to be
increased to approximately 2.6Hz.

Figure 8 Manipulator Frequency Response. The open loop response has been adjusted to
approximate 0 steady state error to show relative performance gain. The controller was tuned in
three different ways: (1) integral tracking only (shown in blue above), a conservative integral
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tracking gain with active control of the 1st mode (shown in red), and an agressive integral
tracking gain with active control of the 1st mode (shown in green).
To examine the time-domain response of the manipulator to a filtered step command, we utilized
the tuning described above, which is near instability. Because of this, the response of each
system is expected to be oscillatory, and the most appropriate measure of control performance is
the settling time of the system. The limitations imposed by the relatively low frequency of the
first mode of the manipulator result in a low bandwidth and correspondingly slow response from
the integral tracking control, as shown in Figure 9. Adding the modal controller with action
based only on the first mode only results in a 40% reduction in settling time, while still
exhibiting similar dynamics to the tracking-only approach. Theoretically, the undesirable 2nd
mode excitation could be removed by including additional 2nd mode damping in our modal
control. In this case we found that the 2nd mode frequency was beyond the capabilities of our
tension control system, and thus we were not able to achieve effective control of the second
mode. This appeared to be especially true of the 2nd mode velocity, which tended to be a noisier
signal, and thus tended to excite significant undesirable motion within the manipulator.

© 2013 Taylor & Francis. Personal use of this material is permitted. Permission from Taylor & Francis must be obtained for all other
uses, in any current or future media, including reprinting/republishing this material for advertising or promotional purposes, creating
new collective works, for resale or redistribution to servers or lists, or reuse of any copyrighted component of this work in other works.

Figure 9 System Response to a Filtered Step Tip Rotation Command. The addition of modal
control greatly improves the response time of the manipulator. Note that the more aggressive
tuning does result in some excitation of the 2nd mode (spillover). However, this excitation is
minimal, and does not significantly affect the overall performance of this system.
Disturbance Rejection
The above results provide evidence that our combined Modal-Joint space architecture allows the
closed loop integral control bandwidth to be increased. However, in a clinical environment, a
cardiac manipulator is also likely to face external disturbances. To emulate this, we have
constructed a test system that imparts a repeatable impulse force to the tip of the manipulator via
a flexible Teflon rod. This force imports an initial near-instantaneous positive articulation
velocity to the manipulator. Representative responses for each type of control system are shown
below. The systems utilizing our combined modal-joint space control architecture show
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significantly faster vibration damping as compared to either open-loop or integral control only
approaches.

Figure 10 System Disturbance Response. Time 0 indicates the time of application of an impulse
disturbance to the manipulator tip. Overall, the closed-loop control methodologies provide at
least some improvement over the open-loop system. However, those with modal control in
particular provide a significant advantage, reducing settling time by 60% from over 4.1s, to 1.6s.
Note that with the more highly tuned modal controller, there is additional motion excited within
the second mode. This is a result of actuation spillover, and can be a significant obstacle to
effective modal control of some systems. For this experimental system, the relatively high
damping of the second mode allows us to experience some spillover without the threat of
instability. However, it must be taken into account when tuning the modal controller. For the
system tuning shown above, any additional gains on either the first mode position or velocity
resulted in a significant erosion of controller stability, particularly when subject to the impulse
loads used in this experiment.
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Simulation Results
To examine the behaviour of our control approach in a multi-segment system, we applied
it to a simulated planar manipulator composed of two equal length segments. For the following
analysis, the manipulator’s parameters are set to values matched to our manipulator prototype.
We have eliminated the feed-forward term from our controller for this simulation to allow us to
isolate the effects of the controller itself.
We chose to utilize a square trajectory in task space to explore the command tracking
capabilities of our controller, as shown in Figure 11. Three different control options were
considered here. (1), an integral tracking control only scheme, with the controller tuned to
provide the fastest non-oscillatory response, (2), an integral tracking controller that was tuned
more aggressively, and (3) our combined integral-modal controller, tuned to provide a fast nonoscillatory response. The trajectory used for this simulation, and the results of the simulation
experiments are shown in Figure 11 below.
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Figure 11 Closed loop Control of a Two Segment Manipulator. Tip position tracking of a square
trajectory at varying speeds is shown in a)-c). Average errors are indicated for each control
approach. Overall, the system utilizing our combined modal-joint space architecture shows
improved tracking performance, and a decrease in average error. In addition, no oscillatory
behaviour is seen when this approach is used. d) shows the catheter shape required to achieve
the desired trajectory.
The response of the manipulator without modal control is limited, with the system largely unable
to follow the commanded trajectory. Increasing the integral gain begins to excite undesirable
oscillations within the manipulator. However, incorporating modal control allows for a
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significant improvement over the integral-only approach. Control bandwidth was more than
doubled, and average error was significantly reduced, as shown in Figure 11.

Discussion & Conclusion
Overall, the implementation of modal control for continuum manipulators presents some
significant benefits, as well as posing challenges. The effects of our controller can be understood
by examining a simulation matched to the observed performance of our experimental testbed.
Figure 12 below shows the pole locations of the 1st mode of our system under two different
control methodologies: closed loop integral control, and combined modal-joint space control.
Note that we choose to focus on only the first mode here since it largely drives the behaviour of
the manipulator.

Figure 12 Pole Motion under both integral control (left) and modal control gains (right). In
general, increasing 1st mode damping reduces system oscillation, and allows for a higher integral
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control bandwidth. Increasing 1st mode stiffness allows for a faster system response, with
minimal increase in oscillation.
Increasing the gain of the integral control pole tends to push the system poles towards the right
half-plane. Without modal control, the oscillatory first mode poles become unstable at a
relatively low controller bandwidth. The result is a sluggish manipulator response with easily
excited oscillations. By adding active modal damping to the first mode, resulting in a radial
projection of the 1st mode poles towards the real axis, this response can be significantly
improved. In the system under consideration, we have added sufficient 1st mode velocity gain to
increase the damping ratio by a factor of 3. When the integral control pole gain is increased,
these poles now initially move towards the real axis, and do not become unstable until a
significantly higher (by approximately 50%) control bandwidth is achieved. Note that in
addition to being faster, the response is now less oscillatory than the open-loop system for a
broad range of integral control gains.
However, the behaviour of the system poles throughout the workspace also poses a
challenge to modal control. In particular, the natural frequency of each mode is dependent on the
pose of the manipulator as shown in Figure 13. While most systems considered for modal
control possess constant system matrices, the high displacement nature of the manipulator
necessitates considering this variation when designing the controller. In regions where the two
segments are both highly articulated in the same direction, the frequencies converge to within
20% of each other. In practice, this makes modal control more difficult, as it becomes easier to
unintentionally excite higher modes, resulting in control instability.
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Figure 13 Ratio of the Natural frequency of the First Two Bending Modes. The first two modes
converge in frequency as the values on the contour plot approach 1. Example manipulator poses
are shown at right for the joint space locations labelled on the contour plot. The variation in
natural frequency results from the dependence of the mass matrix on the system configuration.

The motion of the first mode poles explains the performance benefits we obtained in the system
augmented with modal control. However, additional behaviors were observed that are not
explained by the linear simulation. As discussed in previous works [34], internal friction is a
significant obstacle to effective manipulator control. One of the most prominent effects is the
hysteresis loop observed when the manipulator velocity changes direction. This can result in
limit cycling in the closed-loop system, as shown in Figure 14.
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Figure 14 Limit Cycling observed in experimental testing. These results were obtained using
integral control alone. We believe this behaviour is largely due to the static friction between the
control wires and their lumens tending to restrict cable motion until the other forces acting on the
manipulator are sufficient to cause them to release.
This phenomenon can be understood through the use of our existing system model, linearized
about the commanded steady state value. We choose to model the effect of friction as a backlash
within the tension control system, resulting in a hysteresis loop occuring between the
commanded and achieved tensions. This behaviour is illustrated in Figure 15 below, and our
simplified model of this scenario shown in Figure 16a.
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Figure 15 Internal backlash observed in physical system, resulting in device hysteresis. This
characteristic was observed with a low frequency sawtooth commanded tension. Values A and b
are used in the backlash describing function, equation (31).
The describing function of this non-linear process can be derived to provide some insight into
this behavior, and its anticipated impact on system performance. For this analysis, we treat the
friction component as a backlash behavior present on the torque-cable system, with the
describing function input being the requested cable tension, and the output being the achieved
effective cable tension.
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Figure 16 System approximations for backlash describing function analysis. Our backlash
system model shown in (a) assumes that the backlash is present prior to the tension taking effect
on the manipulator. The system used for describing function analysis shown in (b) utilizes the
integrated position states as system output, including the integral control gains

.

Following the derivation of [41] for a system with backlash, the describing function for this
non-linearity can be expressed as

[

(

)

√

( ) ]

[

( ) ]

(31)

Where A and b are as defined in Figure 15 above. The presence of an imaginary component here
implies that the presence of backlash affects both the magnitude and phase of the tension applied,
with both depending on the ratio of backlash to the amplitude of the driving sinusoid.
The backlash describing function above can be used to predict this limit cycling. This analysis
relies on the open-loop model shown in Figure 16b. Figure 17 shows the Nyquist plot of both
this open-loop system and the backlash describing function. The intersection of the two
corresponds to a predicted limit cycle frequency of 1.5Hz and amplitude of 0.4 radians. In
practice, with the same integral gain, we observed limit cycling at a frequency of 0.7Hz , and an
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amplitude of 0.16 radians. As the describing function method is only an approximate one, it is to
be expected that these numbers do not align precisely, however the correct prediction of the
presence of limit cycling, and a generally correct order of magnitude for the limit cycles present
indicate that the backlash present in the system is good candidate for its root cause.

Figure 17 Predicted Limit Cycling Amplitude and Frequency. The intersection of the open-loop
system Nyquist plot and the negative inverse of the backlash describing function provide an
estimate of the limit cycle amplitude and frequency.
The modal controller also faces a potentially more significant problem: uncontrolled/un-modeled
mode excitation, also known as spillover [29]. This occurs when the controller for a given mode
unintentionally excites a mode that was not included in the design of the controller (known as a
residual mode). Depending on the properties of this mode, it is possible to excite instability in
the manipulator. Spillover is more likely to occur when controlled and uncontrolled modes have
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natural frequencies that lay relatively close together and instability is more likely to occur when
these modes are lightly damped. The tuned simulation we have developed shows that for certain
articulations, the 1st and 2nd modes are within 20% of each other.
Additional investigation is still needed to explore the possibility of incorporating
additional controlled modes, and to examine how well this system could be implemented in a
clinical-grade device. This particular application would present additional challenges to our
control implementation, including friction present in unarticulated manipulator sections passing
through the vasculature, and a variable-length articulated section. Our implementation also
assumes that the motors used are under current control. However, it is much more common for
commercial systems to control motor position. Thus, any such implementation would require
additional effort to integrate the two motion control approaches.
For the continuum manipulators of the scale we have considered, our combined ModalJoint space control system is effective at both damping undesired catheter vibrations and
eliminating the steady state error of the device. While there is additional effort required in the
initial implementation of the system when compared to a more traditional PID controller based
solely on tip position, the ease of tuning and performance benefits suggest this control topology
is appropriate for systems where high bandwidth non-oscillatory control is desired. The
improvements observed in both simulation and experimental results include reduced settling
time, higher bandwidth trajectory control capability, and an improved response to external
disturbances. In a clinical setting, it is our hope that these improvements will translate to
reduced procedure times and improved results.
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