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Abstract—In this paper, we present a filtering method "
for estimating the shape and end effector pose of a highly
articulated surgical snake robot. Our algorithm introduces
new kinematic models that are used in the prediction step >
\\ b

of an extended Kalman filter whose update step incorporates
measurements from a 5-DOF electromagnetic tracking sensor
situated at the distal end of the robot. A single tracking sensor
is sufficient for estimating the shape of the system because
the robot is inherently a follow-the-leader mechanism with
well defined motion characteristics. We therefore show that,
with appropriate steering motion, the state of the filter is fully
observable. The goal of our shape estimation algorithm is to
create a more accurate and representative 3D rendered visual-
ization for image-guided surgery. We demonstrate the feasibility Fig. 1. The HARP surgical robot navigating on the surface phantom
of our method with results from an animal experiment in  heart model.
which our shape and pose estimate was used as feedback in a
control scheme that semi-autonomously drove the robot along
the epicardial surface of a porcine heart. Another reason for estimating the full shape is that we can
I. INTRODUCTION infer twist in the robot's configuration, which can be useful

for righting joystick inputs and rectifying video. An exatap
of the image-guidance we achieve is shown in Fig. 2.

To perform shape estimation for a cable-driven snake

a surgical tool or rpbot through small port-like INCISIONS | robot, we use an extended Kalman filter (EKF) formulation
order to reduce patient trauma. Unfortunately, with MIS; su . , : . .
with newly defined motion models and a forward kinematic

geons cannot view an operation with direct vision and irtstea .
o . . ; . ._measurement model that incorporates 5-DOF pose measure-
must rely on indirect imaging for surgical guidance. It is . . .
ents at the distal tip of the robot from an electromagnetic
common for a surgeon to use fluoroscopy [1], ultrasound [2 . o . ; :
. tacking sensor. Full shape estimation is possible, in this
MRI [3], or endoscopy [4] for this purpose. Unfortunatell, a L
g T C context, because the robot is inherently a follow-the4gad
of these modalities have limitations. Another optiomisge- . . o X )
X . . . ! evice with explicitly definable motion models.
guided surgerywhich seeks to display a virtualized rendere

. . ; A . The contributions of the work presented in this paper are
view of an operation for guidance by fusing information from .
. . . . 1) the novel use of an EKF to estimate the shape of a sur-
a tracking device with preoperative surface models [5].

: ; ~ . gical snake robot, 2) new motion models for a cable-driven
In this paper, we present a nonlinear stochastic fl|tel’ln§
i

. X urgical snake robot, 3) an analysis of the observability of

method that estimates, with measurements from a magne € L : . ;
. ' , . shape estimation with a single 5-DOF tracking sensor at
tracking sensor, the shape and configuration of a high degrt ee tip of the robot, and 4) a feasibility study of our shape
of freedom surgical snake robot, see Fig. 1. The goal of this P ' y y P

work is to display an accurate rendering of the snake rob tstlmatmn metho_d th_rough the dlscu§5|on of an experiment
. . . . at involved navigating a robot semi-autonomously on the
alongside preoperative surface models for mage—gwdancg icardial surface of a porcine heart
While it is possible to simply track the position of the distal P P '
tip of the robot, we instead believe that estimating the full Il. BACKGROUND
shape and configuration of the robot would provide more ]
informative feedback to the surgeon: e.g., if a trajectary tA- /mage-Guided Surgery
an anatomical target fails due to an anatomical obstruction Image-guided surgery is a term that is often used to de-
viewing the full shape of the robot in relation to the anatomycribe a procedure that uses patient-specific medical isnage
would tell the surgeon how and why the intended path failechs a form of visual feedback during surgery. In many cases,
o ) o this equates to using preoperative CT or MRI data to recon-
S. Tully is with the Electrical and Computer Engineering Dépent D £ del of ical in 6
at Carnegie Mellon University, Pittsburgh, PA 15213, USA. Kantor St'jUCt_a 3 Sur_ace model o anatom_lca Strl_mtu'_’es_' as in [6]
and H. Choset are with the Robotics Institute at CarnegieldeUni-  With image-guided surgery, a tracking device is integrated
versity, Pittsburgh, PA 15213, USAst ul | y@ce, kantor@i,  wjth a surgical tool and registered to the preoperative @sag
choset @s}. cnu. edu. .
so that the position of the tool can be overlayed on the

Marco Zenati is with the Harvard Medical School at Harvardversity, ) )
Boston, MA 02115, USAMar co_Zenat i @ns. har var d. edu. rendered models, as in Fig. 2.

With minimally invasive surgery (MIS), a physician typ-
ically performs diagnostic or interventional procedurathw



An example of image-guidance is [5], in which Cleary
et. al. use an electromagnetic (EM) tracker registered with
preoperative images. Also, in [7], an automatic registrati
method is introduced to align EM tracker measurements with
preoperative images using an iterative closest point (ICP)
method. Commercial examples include Ensite NavX (St Jude
Medical, St Paul, MN, USA) and Carto XP/CartoMerge
(Bio-Sense Webster, Diamond Bar, CA, USA), which have
been applied successfully to electrical mapping for cardia
ablation. The majority of existing methods track the tip of a
surgical tool in real-time, but we believe it would be more
informative to view the entire configuration of the tool, &8s i Fig. 2. An example of overlaying a model of a surgical robot on

Fig_ 2. Tracking the full shape is the subject of this paper_preoperative surface models for image-guidance. This is e divapshot
from an experiment with the HARP navigating semi-autonomouslythe

epicardial surface of a porcine heart.

B. Shape Estimation

The use of Fiber Bragg Grating (FBG) sensors is becoming
a popular method for estimating the shape of a flexible toolvhere (zq, o, 20) is defined to be the position of the most
For example, in [8], the authors use an optical fiber with FBGroximally located link of the robot that we are interestad i
sensing to determine in real-time the shape of a colonoscopeacking at time-stefk. There typically will be links behind
Likewise, in [9], a novel slim FBG wire is inserted into thethis first link that we do not care about until they advance
biopsy channel of a colonoscope to determine shape. In [1@8hrward, see Fig. 3. Alsd,a, 80,70) are the yaw, pitch, and
the authors use optical FBG strain-sensors to measure tfdl respectively of that first link. The termg; and 6; for
shape of a flexible needle in the field of an MRI. While thiseach: are angle offsets that we will discuss shortly.
is one of the more popular methods for computing the shape
of a tool, there are several issues: the first is that the senso (o Yor Z0r Gr Bo Vo)
is temperature dependent. The second issue is that, while \—-\T’T—’
the overall shape may be accurately detected, the Euclidean 0L
position at the end effector may have accumulated error. Our
shape estimation algorithm presented in this paper avoids
these two drawbacks.

C. HARP Surgical Robot _ o o o
. . . ) Fig. 3. A depiction of the state parameterization we use fdinohgy the
The robot we are using for MIS is a highly articulatedconfiguration of the HARP snake robot. Transformation masriderived

robotic probe (HARP), which is a surgical snake robofrom the state describe the pose of each link.
presented in [11]-[13]. The advantage of the HARP is
that it has the stability of a rigid device as well as they;
maneuverability of a flexible tool (a photograph of the robot

To help formulate the pose of a rigid body in three
mensions, we define the following three rotation matrices

can be seen in Fig. 1). This type of robot is unique, in that Ca —8a 0 cs 0 sp L0 0
it can navigate any curve in a three-dimensional space withe@=[ e ca O Ry(B)=| 0 10 |, Ra(y)=| 0 ¢y =55,
0 0 1 —s3 0 ca 05y cy

only six actuators. The HARP is made up of many rigid
links which are actuated at the distal end by three cables. Where the trigonometric notation has been simplified for
prototype version of the HARP has been used experimentalf@nvenience (i.es., = sin(v)). With these rotation matrices,
to investigate epicardial ablation on porcine models [13]. We can describe the pose of the most proximally referenced
link as a function of the Kalman state with a transformation
I1l. SNAKE SHAPE ESTIMATION matrix,

reg'l?rzi\(l)gjecnve of our snake shape estimation method is to To(Xy) = { Rao)Ry(Bo)Rv0) Do ] ’
y compute the most likely state parameters that d 01x3 1
fine the robot’s shape and configuration during image-guided T

MIS. In this section, we will define the state vector that wevVherepo = [zo, yo, zo] - _ _
are estimating as well as the motion and measurement modeld "€ pose of more distally located links are also defined

@)

that we have developed for this filtering problem. by the state vector as follows: the elemeg{sand ¢; in
the Kalman state definition from Eqg. 1 are offset angles
A. Kalman State Definition associated with link that define linki’s orientation relative

The state that we are estimating in a Kalman filter frame® the preceding link. A visual interpretation ¢f and 0;

work is defined as follows, can be seen in Fig. 4. _
To compute the transformation matrix(Xy) that repre-

Xk = [%o, Yo, 20, @0, Bo, Y0, P1, 01, ... ON-1, HN,l]T, (1) sents the pose of link, we define the following recursive



link in the state), as seen in Fig. 5. The motion model for this
advancing step can be defined with the following function,

fa(Xi) = [XT, 0, 0" 3)

C. Retracting Motion

Like advancing, when commanded to retract, the HARP
maintains its shape in three-dimensional space. The most
proximally referenced link moves backwards into a position
. that is not tracked by the Kalman state vector while the link
Fig. 4. The effect of the offset angles and; on the pose of a robot one step ahead moves into its place and assumes the role
link relative to the preceding link. . . . .

of the starting link of the Kalman state with transformation
matrix 7. The distal link also theoretically moves into the
position of the link preceding it. Assumindy is the length
of the state vector at time-step, the motion model for

process that is initialized with the pose of the startindg,lin

[ R.(0:)R,(¢;)Rp(—6;) 0 retracting is,
Tng(0) = | PO RBIR(0) O
100 I [r(Xk) = [Ta—2)x (v-2) Oar—2)x2] Xk
01 0 0 The length of the state is reduced by two because the number
Taav 001 0 of links tracked by the Kalman state is reduced by one.
[0 0 01 D. Steering Motion
LX) = Tea(Xi)Tiang (Xi) Tado, When the HARP is insteering modgall of the links

whereL is the length of a link. As seen in Fig. 3, each link preceding the distal link in the state space are restricted

has an associated transformation matrix that can be coshpuft®m moving because an inner mechanism is locked into

from the previous transformation matrix via the offsets assuming the current shape (see [11] for details). This sean
ando;. Thus, the state vector from Eq. 1 sufficiently definedhat actuating the three cables that run through the etifet

the pose of all links and thus the shape and configuration te snake will theoretically control just the orientatidittoe

the robot. distal link. Thus, by pulling on these three cables in défar
amounts with the proximally mounted motors, the pose of
B. Advancing Motion the distal link will change.

) o ) ) We have formulated a steering model that determines the
The HARP is a multi-link robot that is, by design, agngle offsetspy_; and@y_; of the distal link relative to the
follow-the-leader device. (see [11] for the mechanismgiesi |jnK preceding it based on the cable lengths, whités the

details). The robot maintains its shape in three-dimemsion, ;mber of links we are tracking in the Kalman state vector,
space and when commanded, advances one link length at a

time: each link theoretically moves into the corresponding 0 _ + V3(2es + 1) (4)
pose of the link in front of it. In this case, a link behind the N-1om o arcan 3c1

most proximally referenced link will move into its place and ey

assume the role of the starting link of the Kalman state with ¢nN—1 = |arcsin <) . (5)
transformation matrix/y. The way the robot advances can Cr cos(fn-1)

be seen in Fig. 5. For this model(C'r is a radius term that depends on the sepa-

ration of the cables andy{, c;) are the measured differential
lengths of each of two cables running down the robot, redativ
to the positions that the cables were in after advancing. The
value c3 associated with the third steering cable in the robot
does not appear in this model because it is geometrically a
function ofc; andcy and is therefore redundant information.
The derivation of this model is omitted for brevity but we
note that it is based completely on the geometry of the distal
link of the robot. An interpretation of this steering model i
as follows: 1) the angle at which the link will be oriented
depends on which cables you pull tighter and 2) the extent
Fig. 5. A depiction of the way that the HARP advances in a feitbe- that the link will be an_g|6d depenc_is on the amo_unt we pull
leader fashion when commanded. on the cables. We again refer to Fig. 4 for a depiction of the
angles that are affected by the actuation of the cables.
When all of the links advance one step ahead, the stateFrom the measured cable lengths, which are obtained from
space grows by two parameters (there is effectively on@extencoders on the actuated motors, we can obtain the new angle




offsetspn_1 and O, of the distal link of the robot using
Egs. 4 and 5. We use these updated values to compute the
change in angles from the previous time step, stored@s
andA#, and then formulate the following motion model for a) b)
steering the HARP,

Fig. 6. This shows the first two steps of our initializatiomgess for the

T .
Jo(Xp) = X + {O{M_Q)Xl, Ap, AG| . Kalman filter.

E. Measurement Model

. . . . he roll arbitrarily. For the covariance initializatiof, is the
The sensor we are using for image-guidance is a magnetic . . : . :
. . . uncertainty in the sensor noise anﬁ is a variance value
tracking sensor situated at the distal end of the snake robg

The device we are using is the trakSTRR (Ascension chosen by the user that models the large initial uncertainty
in the roll parameter of the state.

Technologies, Burlington, VT, USA), which can measure the S
. . . . fter this first measurement, we advance the robot one step
6-DOF pose of a sensor in three-dimensional space. We mserfo‘

. and evolve the mean of the filter based on the motion model
the tracker into one of the tool channels of the HARP. . .
X . . - . in Eq. 3. As for the covariance, we add a small amount of
While the tracker is designed for 6-DOF pose estimation, . :
. L Hoise to represent the fact that parameters may be disturbed
only 5 degrees of freedom are useful in our application. Thi :
) ; . through the actuation of the cables. The state of the robot
is because the tracker must be inserted into the HARP suc o . - .
. . : after advancing is depicted in Fig. 6-(b). The new estimate
that it can be removed easily for exchanging tools, and thys - .
: L. becomes X19,P ). The reason for advancing the robot an
the roll parameter of the tracker is free to rotate within . : SRR
xtra step before any steering takes place is that it siraplifi

the working channel. The measurement therefore direct& ) o .
. ) . e formulation of our filtering method because our steering
observes five elements of the pose of the distal link of the

model from Sec. IlI-D is defined for at least two links.
robot, and we can formulate the measurement model as, . .
After the robot advances, another measurement is acquired
T
hXy) = [Phas an-1, Br-]

, (6) from the magnetic tracking sensor and the standard Kalman
) » ] ] ) measurement update is applied using the measurement model
wherepy_; is the position of the distal link, as in Eq. 2, and;, Eq. 6. The new estimate then becom_&‘(’]pl‘l).
(an-1, Bn-1) are the yaw and pitch of the distal link. Allof  afier this initialization procedure, we can subsequently
these parameters can be extracted ffBim, (X), which is e}y on the motion and measurement models defined in this
computed from the statd’;. section to predict and update the EKF in real-time using the
F. EKF Formulation well known Kalman prediction and update equations. We
. . , . ___nhote that we add prediction noise (to the variances of the lin
In this paper we are 'mtroducmg a method to eSt,'matgngles) after each steering command. One difference betwee
the s’gate O.f the HARP given the measurements obtained (ﬂSr filtering scheme and a conventional EKF implementation
the_ distal tp by a magnetic tracker. Becguse we have well yhat the prediction step that we perform at any given time-
defined motion models and a forward kinematic measurg—tep will depend on the mode that the robot is in (steering,

rne::t rfnodel, it ;(S rfeasKonIabIe ;(I) formula_t? tr|1lls filtering Ejasc?dvancing, or retracting). The overall algorithm for ourfFEK
in the framework of a Kalman filter (specifically an extende Tplementation is described in Alg. 1.

Kalman filter because of nonlinear models). The purpose o

using a filter to estima_te the stgte is tha_t the motion a”ﬂllgorithm 1 Snake Shape Estimation Algorithm

measurements are subject to noise and disturbances. = — -
The first step of our EKF formulation is to initialize the 1 (X1, Pij1) < initializeStateEstimate()

estimate of the state. To do this, we begin an experimeng: for k < 2 to oo do

with the snake robot completely retracted with the magnetic3:  if mode = steer then

tracker in the distal link, which also happens to be the4: (Xkje1Pr|p—1) < steery yjp1, Preijp1, uk)

only link in the Kalman state. A depiction of the state 5: e€lse ifmode = advance then

of the system is shown in Fig. 6-(a). In this situation, a ©: (X b1 Prpi1) < advancely k1, Pr1jp1, uk)

single magnetic tracker measurement directly measures thé  €lse )

5-DOF pose of the first link in the Kalman state. We can 8 (X1 Projiem) < retract®_q 1, Prijp1, uk)

therefore initialize the mean and covariance matrix of our®: end if X

EKF implementation as follows, 10: (dek\k, Pyx) < correctionStepXy x—1, Prje-1, 2k)
11: end for

R Osqa ]

I Z|
X0|0:[ H, Pooz[ow e
2

wherez, is the initial sensor measurement which is modeled IV. OBSERVABILITY OF SHAPE ESTIMATION

according to Eqg. 6. The roll parameter in the initialized mea To achieve shape estimation, we are estimating the joint
is set to zero because we do not yet have enough informatiangles of a high degree of freedom snake robot with only

to set a value for this element and thus we must initializa magnetic tracker that measures the pose at the distal tip



of the robot. To support our claim that this methodology is
sufficient for shape estimation, we will introduce here an
analysis of the observability of the filtering problem define
in Sec. lll. Observability is a measure of whether the state
of a system can be obtained from the system outputs (me@g. 7. Data from an experiment we performed in the lab, for Whie
surements) [14]. For this analysis, we are using linearizggcorded ground truth shape data (solid line) to compare withshape
- . .. estimation algorithm. The average error for a link locatiors \2898mm.
models to construct the observability matrix because it is

sufficient for revealing the conditions under which suctidss

estimation of shape for the HARP is possible. in which the robot steers and thus we can determine the
As discussed in Sec. Ill-F, we initialize the Kalmangrientation of the coordinate frame of the robot.

estimate when the robot is completely retracted. At thisipoi  Lastly, once the 8 parameters that define the state of the

in time, we receive an initial sensor measurementBased first two links are observed, the motion models will pregisel

on the measurement model in Eq. 6, we can define the initigkfine the evolution of the state based on motion inputs.

observability matrixO, as follows, Thus, according to the models we present in this paper, the
oh - entire shape of the robot is fully observable.
Op = TXk(Xom) = [I5xs, Osx] < rank(Og) = 5, While this is a significant result for supporting the use of

this filtering method, the observability analysis we présen
which has a rank of onlj when the length of the state@s  here assumes perfect models in which the robot is truly a
As expected, the roll parameter is not observable with thig|low-the-leader device that maintains its shape. In liéz|
initial measurement. though, the shape estimate may be affected by noise and
According to our initialization procedure defined inexternal forces. Thus, to evaluate the realistic perforaan

Sec. llI-F, we then advance the snake one link forward. Dusf our filtering scheme, we will discuss two experiments in
to the inherent design of the snake robot, we know that thBe next section.

valuesf; and¢, will be equal to zero when there is yet to be
actuation from steering. Thus, we can treat our knowledge V. EVALUATION
of these two values as a hypothetical measurement with the Experiment |

model 4o (Xy) = [0n-1, ¢n-1]". A new observability — The first experiment that we will discuss is a bench-
matrix can be written as follows, top test in which we drove the snake robot in an S-curve
Oo 050 configuration, turning maximally to the right and then max-
0; o T 1 imally to the left. The shape of the curve can be seen in
Fig. 7. The magnetic tracker (trakSTAR from Ascension
Technologies, Burlington, VT, USA) remained at the tip of
the robot throughout the experiment and was used to update
. . . . the shape of the robot with the filtering algorithm in Sec. Ill
At this point, the Kalman filter has parameters in the state At the end of the experiment, we fixed the shape of the
vector, but the rank of the observability matrix is ofly  gnake and subsequently pulled the magnetic tracker through
The roll of the initial link is still not observable given the y,o working channel to record a trail of data points that we
measurements we have obtained. could post-process as a ground truth path. We compared our
' Finally, after the robot hag been initialized, the seconghape estimate to the ground truth with an average error
link can be steered by actuating the cables of the robot. Thg > 9gmm and a maximum error of 6.74mm between the

motion model in Sec. IIl-D defines the orientation change gfyot Jinks and the corresponding nearest point on the groun
the distal link when a steering commapilp, Ad] is applied  ,th path. The result is shown in Fig. 7. We attribute the
to the system. After steering, a third component can be addgdcracy of this result to our estimation algorithm as well a

to the observability matrix, the robot’s inherent ability to preserve its shape as avollo

Ohady (¥
T (Xap)

_ { Op  Ose

+—rankO,) =T7.
O2x6  I2x2 } KO1)

Oo 050 the-leader device. We note that, while this is a promising
0, = Ooxs oo | < rankO,) =8 outcome, we believe the algorithm has the potential for more
HyFy accurate estimation. We argue that additional tuning a$eoi

_ _ _ parameters could improve performance.
where H, and F;, are linearized Jacobians,

Hy = a—h(f(m), = g)]? (X2|1). The second experiment we performed (Experiment II)
k involves a live animal experiment in which we tested our own
The rank of O, is equal to8 as long asA¢ is unequal to image-guidance software while navigating the HARP robot
zero. The significance of this analysis is that as long as wadong the epicardial surface of a porcine subject. One of the
steer the robot after advancing the link, we can observe tlgwals of this experiment was to investigate the feasibdity
roll of the system. This is expected because by moving thgerforming epicardial ablation with the HARP robot with a
distal link so that it is off axis, we can observe the directio subxiphoid approach. In Fig. 8, we show the HARP next to

B. Experiment Il




Fig. 8. Here we show the subxiphoid incision that is made fer ribbot
to access the epicardial space.

the single-port incision. We note that the photo in Fig. 8 wakig. 9. This is a result from an experiment in which we semi-aatoously

taken during a previous experiment.
During Experiment Il, we operated the robot semi-
autonomously, which meant that the robot steered itsetfcalo
a prescribed path to a target location. For this experiment,
we tested our shape estimation algorithm and show th?l]
qualitative result in Fig. 9. Although we unfortunately dotn
have ground truth data for this experiment, we have reason
to believe that the filtering algorithm we are presenting inl2]
this paper performed well in estimating the shape during
this animal trial because the resulting images show thetrobo
correctly configured in just the right shape so as to liel®
between the surface of the heart while also lying beneath
the rib cage of the porcine subject. [4]

VI. CONCLUSION

The contribution of the work presented here is a novel[5]
filtering method for estimating in real-time the shape and
pose of a highly articulated surgical snake robot. Our algo-
rithm combines new kinematic models of the motion of theg
robot with measurements from a magnetic tracking sensor in
a custom EKF framework. We have shown that the system
is fully observable under appropriate motion, which suggpor (7
the use of this algorithm in experiments.

The advantage of the proposed approach is that we CZIE]
leverage existing magnetic tracking technology that woul
already be used for estimating the pose at the tip of the
surgical robot to also determine the full configuration af th
shake. In this case, the determination of shape is importar{?]
for implementing a fully representative 3D visualization.

We have shown promising results, both with bench-to
testing and animal experiments. In one experiment, t
HARP was driven semi-autonomously along a predefined
path using feedback from our EKF implementation. This is
an exciting result, for it demonstrates both the capaegiof 4
the robot as well as the ability of our algorithm to accunatel
filter the configuration of the robot in real-time.

An additional benefit of our shape estimation algorithm is[;12]
that it can be used to determine if there is any twist along
the length of the HARP. Extracting this information in real-
time during an operation can help rectify video and right the 5
joystick inputs for more intuitive control of the robot.

Unfortunately, it is worth noting that if the robot is
interacting with deformable tissue and/or moving tissue (i
the case of a cardiac experiment), the estimation of shapa]
may be adversely affected. For this problem, more advanced
models are required, which is the subject of future work.

10
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navigated the HARP along the epicardial surface of a poregset and used
.our shape estimation algorithm for visual feedback.
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