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Kinematics-Based Detection and Localization of
Contacts Along Multisegment Continuum Robots

Andrea Bajo, Student Member, IEEE, and Nabil Simaan, Member, IEEE

Abstract—In this paper, we present a novel kinematic-based
framework for collision detection and estimation of contact loca-
tion along multisegment continuum robots. Screw theory is used to
define a screw motion deviation (SMD) as the distance between the
expected and the actual instantaneous screw axis (ISA) of motion.
The expected ISA is computed based on the unconstrained kine-
matics model of the robot, while the actual ISA is computed based
on sensory information. Collisions with rigid environments at any
point along the robot are detected by monitoring the SMD. Contact
locations are estimated by the minimization of the SMD between
the ISA that is obtained from a constrained kinematic model of the
continuum robot and the one that is obtained from sensor data.
The proposed contact detection and localization methods only re-
quire the relative motion of each continuum segment with respect
to its own base. This strategy allows the straightforward general-
ization of these algorithms for an n-segment continuum robot. The
framework is evaluated via simulations and experimentally on a
three-segment multibackbone continuum robot. Results show that
the collision-detection algorithm is capable of detecting a single
collision at any segment, multiple collisions occurring at multiple
segments, and total-arm constraint. It is also shown that the es-
timation of contact location is possible at any location along the
continuum robot with an accuracy better than 20% of the segment
nominal length. We believe this study will enhance manipulation
safety in unstructured environments and confined spaces.

Index Terms—Collision detection, continuum robots, estimation
of contact, screw theory.

I. INTRODUCTION

CURRENT robotic systems are incapable of fully charac-
terizing their interaction with the environment. Full char-

acterization of the interaction includes the following: discerning
collisions, localizing contact constraints, and estimating inter-
action forces. Although there are mature algorithms for compli-
ant hybrid motion/force control [1]–[5], there exists no unified
framework for the impact and postimpact phases. These algo-
rithms require a priori knowledge of the environmental con-
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straint geometry via the formulation of natural and artificial
constraints [6] or motion and constraint screws [7]–[9].

Previous works individually focused on collision detection
[10], [11] and estimation of constraint locations [12]–[14].
In [10] and [11], the generalized momentum of serial robots
was used to identify contact incidence and the link at which
contact occurs. In [12], a least-squares method using the esti-
mate of contact location from tactile sensors and joint torque
measurements to estimate the magnitude and the location of
contact force was proposed. In [13] and [14], two different
probabilistic approaches for contact estimation were presented.
Other researchers tried to overcome the limitations of rigid-link
robots by developing sensitive robotic skins [15].

Continuum robots are continuously bending, infinite-degree-
of-freedom elastic structures [16] that offer an opportunity to
overcome the limitations of rigid-link robots. This opportunity
stems from the ability of continuum robots to change their nat-
ural shape, when interacting with the environment. The goal of
this paper is to capture this information and provide a general
framework for collision detection and contact-location estima-
tion along multisegment continuum robots.

The motivation behind this study originates in the field
of medical robotics. The onus of safeguarding against sur-
gical trauma currently lies on the surgeon. New surgical
paradigms, such as natural orifice transluminal endoscopic
surgery (NOTES), demand deeper anatomical reach along in-
creasingly tortuous paths and often require multiple tools to
safely coexist in confined surgical site. This added complexity
requires intelligent surgical slaves that are able to detect colli-
sions with other surgical effectors and the surrounding anatomy
to prevent inadvertent trauma to the patient and to the end ef-
fectors. These robots will need to support automated or semiau-
tomated insertion into the anatomy, estimate contact locations
along their structure, regulate their contact forces, and use their
multipoint interactions to enhance end-effector precision and
safety. With this goal in mind, researchers have relied on passive
compliance of continuum robots [17]–[20] and wire-actuated
robots [21]. However, reliance on passive compliance of sur-
gical robots comes with a price of performance degradation in
terms of payload carrying capability and position accuracy.

This paper complements previous works that provide contin-
uum robots with the ability to act as sensors, as well as surgical
intervention platforms. In [22], the authors proposed and val-
idated a method for the estimation of wrenches at the tip of
multisegment continuum robots, such as the one that is shown
in Fig. 1. In [23], the problem of contact detectability using joint-
level force measurements and the fixed centrodes of instanta-
neous planar motion for a single-segment continuum robot was
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Fig. 1. Multisegment continuum robot detecting (a) single collision, (b) mul-
tiple collisions, and (c) total-arm constraint.

investigated. In [24], an approach for compliant motion control
that does not require explicit estimation of interaction forces and
a priori knowledge of their location was presented. To the best
of the authors’ knowledge, no algorithms exist for detection and
localization of contacts along multisegment continuum robots.

The contribution of this paper is to present a general frame-
work for collision detection and contact estimation for an n-
segment continuum robot. The framework relies only on the
relative motion of each segment with respect to its own base.
By working in local frames, collision detection and estimation
of contact location are generalized for multisegment continuum
robots. A screw motion Deviation (SMD) is proposed based on
the nominal forward kinematics of the robot and extrinsic sen-
sory information. Online calculation of this deviation for each
segment enables single-collision and multicollision detection at
multiple segments. The estimation of contact location is carried
out by using a constrained kinematics model that describes the
constrained motion of the continuum robot. Results demonstrate
the ability of estimating the location of contacts, detecting col-
lisions at any point along the robotic structure [see Fig. 1(a)],
multiple collisions acting at different segments [see Fig. 1(a)],
and total arm constraint [see Fig. 1(c)].

II. PROBLEM STATEMENT AND ASSUMPTIONS

This study is relevant for multisegment continuum robots that
bend in a known, repeatable shape. Example of such robots are
active catheters [20], tentacle/trunk robots [25], and multiback-
bone continuum robots as in Fig. 1. These robots are composed
of multiple independently actuated flexible segments. Each con-
tinuum segment (CS) is composed of a base disk (BD), several
spacer disks (SD), an end disk (ED), and wires or backbones
depending on the particular actuation system. In the case of
multibackbone continuum robots, the primary backbone is cen-
trally located in each SD. m secondary backbones are evenly
distributed around the central backbone with the division angle:
β = 2π/m. The secondary backbones are only attached to the
ED, and they are used to bend the CS using the push–pull ac-
tuation. An example of a multisegment continuum robot, where
each segment bends in a circular shape, is shown in Fig. 1.

A. Problems

P1—Collision Detection: Given a multisegment continuum
robot, find a general strategy for contact detection that includes
a characterization of the constrained movement of the robot.

P2—Estimation of Contact Location: Once the collision is
detected, identify the segment at which the constraint occurs
and estimate the location of contact along the CS.

B. Assumptions

A1: Each CS bends in a circular shape and the gravitational
forces are negligible. These assumptions were verified, respec-
tively, in [26] and [27], for small continuum robots.

A2: The pose of each segment’s ED is available. Such infor-
mation may be obtained using a vision system as in [28] and [29]
or a magnetic tracker device as in [30].

A3: A distally constrained segment will affect the motion of
all proceeding segments, while a proximal constrained segment
will not affect the motion of subsequent distal segment. This
assumption is experimentally verified in this study.

A4: After collision with a stationary obstacle, the constrained
portion of a segment (see Fig. 2) maintains a fixed circular shape,
and the remainder of the segment continues to bend in the same
fashion as a shorter segment.

III. CONSTRAINED KINEMATICS

In this section, we introduce the constrained kinematics of
a CS in point contact at an arbitrary arc-length location, i.e.,
σk ∈ [0, Lk ], along the primary backbone immediately after the
constraint is applied under assumptions A1, A3, and A4. The
forward kinematics of the unconstrained CS was presented in
[31]. The kinematics nomenclature is illustrated in Fig. 2 and
defined in detail in Table I.

A. Constrained Direct Kinematics

Immediately after the kth CS collides (k = 1, . . . , n), the
position pbk

ck
and orientation Rbk

ck
of the contact frame {Ck}

(see Fig. 2) with respect to a local base frame {Bk} is given by

pbk
ck

= Rbk
pk

Lk

θ0 − θLk
(tc)

⎡
⎣

1 − sin θσk

0
cos θσk

⎤
⎦ (1)

Rbk
ck

= Rbk
pk

Rpk
ek

Rek
ck

(2)

where Rbk
pk

= e−δk (tc )e3 ×, Rpk
ek

= e(θ0 −θσ k )e2 ×, and Rek
ck

=
eδk (tc )e3 × denote the exponential forms for these rotations; e2
and e3 are the canonical unit vectors along the y- and z-axes;
θLk

(tc) is the bending angle at the time of contact tc , and θσk

is given by

θσk
= θ0 −

σk

Lk
(θ0 − θLk

(tc)) (3)

Using (1), (2), and assumption A4, the position pbk
gk

and ori-
entation Rbk

gk
of the ED of the constrained segment is given

by

pbk
gk

= pbk
ck

+ Rbk
ck

Rck

fk

Lk − σk

Θk

⎡
⎣

1 − cos Θk

0
sin Θk

⎤
⎦ (4)

Rbk
gk

= Rbk
ck

Rck

fk
Rfk

hk
Rhk

gk
(5)
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Fig. 2. Constrained kinematic nomenclature. Segment k is constrained at the third disk. The contact frame Ck describes position and orientation of the static
portion of the segment. The end disk frame Gk describes position and orientation of the end disk of the segment.

where Θk = θσk
− θLk

, and the rotation matrices in (5) are
defined similarly as in (2) with rotation angles δk (t) and Θk ,
respectively.

Note that when the CS is not in contact, i.e., σk = 0, (3) reads
θσk

= θ0 , (1) and (2) reduce to zero, and the reference frame
{Ck} coincides with the base frame {Bk}. Therefore, given the
contact arc length σk ,(4) and (5) provide both the unconstrained
and the constrained kinematics model of the CS. Furthermore,
θLk

(tc) and δk (tc) denote the configurations of the CS at the
time of contact tc . θLk

and δk denote the commanded configu-
rations of the CS for any instant t > tc .

B. Constrained Differential Kinematics

After collision, the contact frame {Ck} remains fixed (as-
sumption A4) and the forward instantaneous kinematics takes
into account the unconstrained portion of the CS. The gen-
eralized twist of the ED is denoted by a 6 × 1 vector, i.e.,

tbk

gk /bk
=

[
v

bT
k

gk /bk
ω

bT
k

gk /bk

]T

, where vbk

gk /bk
and ωbk

gk /bk
des-

ignate the linear and angular velocities of the ED with respect
to base of the CS that is written in frame {Bk}. By defining
ψ̇k = [ θ̇Lk

δ̇k ]T , and taking the time derivative of (4), one
can relate the linear velocity of the constrained ED with the rate
of change of the commanded configuration variables as

vbk

gk /bk
= Jvψk

ψ̇k . (6)

The constrained translational Jacobian Jvψk
is given by

Jvψk
= Rbk

ck

⎡
⎣

ν1 cos δk −ν3 sin δk

−ν1 sin δk −ν3 cos δk

ν2 0

⎤
⎦ (7)

where

ν1 = (Lk − σk )
1 − Θk sin Θk − cos Θk

Θ2
k

(8)

ν2 = (Lk − σk )
sin Θk − Θk cos Θk

Θ2
k

(9)

ν3 = (Lk − σk )
1 − cos Θk

Θk
. (10)

Similarly, the time derivative of (5) and the use of the definition

of the angular velocity of the ED, i.e., Ωgk /bk

�
=

[
ωbk

gk /bk
×

]
=

Ṙbk
gk

Rgk

bk
[32], provide the following differential relation:

ωbk

gk /bk
= Jωψk

ψ̇k (11)

where the constrained rotational Jacobian Jωψk
is given by

Jωψk
= Rbk

ck

⎡
⎣
− sin δk cos δk sin Θk

− cos δk − sin δk sin Θk

0 cos Θk − 1

⎤
⎦ . (12)

Equations (7) and (12) are ill-defined, when θLk
= θσk

= θ0 .
This singularity is resolved by the application of L’Hôpital’s
rule, as shown in [27].

C. Joint-Space Differential Kinematics

Given the nominal length of the primary backbone Lk , and
the lengths of the secondary backbones Lk,i , i = 1, . . . ,m, we
define the following joint-space variables, i.e., qk,i = Lk,i −
Lk . The configuration space variables ψk and the joint-space
variables qk ∈ IRm×1 of the kth segment are related as follows
[17]:

qk = r (θLk
− θ0)

⎡
⎣

cos δk
...

cos (δk + (m − 1)β)

⎤
⎦ . (13)
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TABLE I
KINEMATICS NOMENCLATURE

By taking the time derivatives of both sides of (13), the instan-
taneous inverse kinematics of segment k is given by

q̇k = Jqψk
ψ̇k . (14)

Hence, for an n-segment continuum robot, the joint-space kine-
matics is given by

q̇ = Jqψ ψ̇ (15)

where

Jqψ = G

⎡
⎢⎢⎢⎢⎣

Jqψ1 0 . . . 0

0 Jqψ2

. . .
...

...
. . . Jqψk

0
0 . . . 0 Jqψn

⎤
⎥⎥⎥⎥⎦

(16)

and ψ̇
�
=

[
ψ̇1

T
. . . ψ̇

T

n

]T ∈ IR2n×1 is the time derivative
of the augmented configuration space vector for a robot with n

independent segments, and q̇
�
= [ q̇T

1 . . . q̇T
n ]T ∈ IRnm×1 is

the augmented vector of the instantaneous joint velocities. The
matrix G ∈ IRnm×nm accounts for actuation coupling among
subsequent segments. For example, if the actuator of the mth
backbone in the segment k + 1 is serially attached to the actuator
of the mth backbone in the segment k, then G = I. In this case,
the actuation unit design is decoupled.

IV. SCREW MOTION DEVIATION

This section defines a motion deviation using screw theory.
In the following, the mathematical entities that constitute the
instantaneous screw of motion of a rigid body are summarized
from [33]–[35]. As a consequence of Chasles’s theorem [35], the
instantaneous motion of a rigid body is fully described by the
Plücker line coordinates [35] of the instantaneous screw axis
(ISA) and the screw pitch. Thus, the following three entities
describe the motion of ED k with respect to local base frame
{Bk}:

rk =
ωbk

gk /bk
×

(
vbk

gk /bk
+ pbk

gk
× ωbk

gk /bk

)

‖ωbk

gk /bk
‖2

(17)

ω̂k =
ωbk

gk /bk

‖ωbk

gk /bk
‖

(18)

λk =
ω̂T

k

(
vbk

gk /bk
+ pbk

gk
× ωbk

gk /bk

)

‖ωbk

gk /bk
‖

(19)

where vector rk locates the closest point on the screw axis
relative to the origin, ω̂k is the unit vector along the axis, and
λk is the screw pitch.

Note that, in general case of rigid body motion, (17), (18),
and (19) are ill-defined, when ‖ωbk

gk /bk
‖ = 0. The screw axis

lies along the direction of translational velocity, and λk = 0.
However, because of the constrained bending shape of the CS,
vbk

gk /bk
and ωbk

gk /bk
always vanish simultaneously. This means

that during motion, ‖ωbk
gk
‖ is never equal to zero, and the special

case can be excluded.
A better way to compute vector rk is given by the following

least-squares approximation [34]:

rk = A†b (20)

where superscript “†” indicates the left pseudoinverse, and

A =
[
ΩT

gk /bk
ωbk T

gk /bk

]T
(21)

b = [Ωgk /bk
pbk

gk
− Λvbk

gk
0 ]T (22)
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Fig. 3. Group of ISAs after the contact is appreciably shifted toward the ED
of the segment because of the smaller radius of curvature of the unconstrained
portion of the segment. The closer the disk in contact is to the end disk, the
closer the postcontact ISAs will be to the end disk.

Λ = I − ωbk

gk /bk
ωbk T

gk /bk
/‖ωbk

gk /bk
‖2

, and I is the 3 × 3 identity
matrix.

Using (18) and (20), one obtains the axode of motion [36] that
is associated with the motion of the kth ED. As a consequence
of a collision, the axode of motion suddenly shifts as shown
in Fig. 3. The figure shows the abrupt gap between precontact
ISAs and postcontact ISAs when applying the constraint at the
third SD. A 3-D computer simulation of the shift of the axode
of motion is also shown in multimedia extension I, which shows
a scenario, where a CS contacts the environment at its third SD.
The constrained portion of the segment remains fixed, while the
unconstrained portion bends as a shorter segment with nominal
length Lk − σk .

Various approaches can be used to quantify the difference
between two infinitesimally separated screws. Since the screw
axis is essentially a line, one possible way is to use a Rieman-
nian metric as described in [37]. For spatial motion, the natural
generalization of the curve of centrodes used in [23] is given
by what is called the striction curve [38]. An approximation of
the striction curve is obtained by the concatenation of the clos-
est points between infinitesimally separated screw axes. These
pairs of points are obtained by the intersection of two consecu-
tive screw axes and their common normal. The striction curve
was used in [39] to classify knee pathologies. However, the
striction curve is ill-defined when the CS bends in a fixed plane.
In fact, during planar motion, the ISAs are all perpendicular
to the bending plane, and there are infinite pairs of points that
define the minimum distance between the axes. In this case, the
striction curve is no other than the curve of centrodes that is
used in [23]. In order to eliminate this special case and decrease
computation effort, we investigate the use of a Cartesian met-
ric between the closest points from the origin on the expected
ISA based on the kinematics model and on the sensed ISA as
obtained from an extrinsic sensor.

Although it could be possible to detect a motion discrep-
ancy between the theoretical and actual kinematics by separately
monitoring position deviation, orientation deviation, and twist

deviation, it would not be possible to find a single metric with
homogeneous units.

Assume that an extrinsic sensor provides the position p̄W
gk

and orientation R̄W
gk

of the ED of each segment with respect to
a world reference frame {W}. Without loss of generality, we
assume that {W} is aligned with {B1}. The relative position
and orientation of the kth ED with respect to the previous one
is given by

p̄bk
gk

= R̄gk −1
W

(
p̄W

gk
− p̄W

gk −1

)
(23)

R̄gk −1
gk

= R̄bk
gk

= R̄gk −1
W R̄W

gk
. (24)

where all entities market with a bar (i.e., p̄) are based on sen-
sor measurements. The aforementioned equations provide the
decoupled motion of each segment. Using the constrained kine-
matic model in (4) and (5) with σk = 0 (i.e., no contact), the
theoretical relative position, i.e., pbk

gk
(σk = 0), and orientation,

i.e., Rbk
gk

(σk = 0), are obtained. The theoretical linear and an-

gular velocities vbk

gk /bk
and ωbk

gk /bk
are obtained using (6) and

(11), respectively. On the other hand, the sensed linear and an-
gular velocities v̄bk

gk /bk
and ω̄bk

gk /bk
are obtained by numerical

differentiation of (23) and (24), respectively, along with the def-
inition of angular velocity. These theoretical and sensed relative
poses and velocities are used to define the following SMD:

μk = ‖rk (σk = 0) − r̄k‖ (25)

where r̄k is calculated using (17).
The use of relative motion data for μk decouples the SMD’s

and provides the basis for collision detection and estimation
of contact location along any segment of the continuum robot
independently.

V. COLLISION DETECTION

Ideally, for a perfect robot, a perfect controller, and a perfect
sensor, one would obtain μk = 0. However, because of kine-
matics model approximations, an uncalibrated robot, extension
of the actuation lines, and sensor noise, μk will be bounded by
a certain distance threshold εk during unconstrained motion. A
collision is, therefore, independently detected for any segment
when μk > εk for k = 1, 2, . . . , n.

In the case of electromagnetic tracking devices, threshold
εk is time, position, and velocity dependent because the accu-
racy varies depending on the workspace and the proximity to
ferromagnetic and conductive metals. Although it is possible
to improve the accuracy of these devices by recalibrating the
device [40], [41], we can assume that nonstatic ferromagnetic
objects are present in the proximity of the robot. Furthermore,
if a low-order difference method is used for the differentiation
of (23) and (24) with respect to time, low velocities amplify the
noise components [42] and increase the variance of the SMD.
For this reason, the algorithm needs to filter out false positive
because of the noise ratio, when ‖ωbk

gk /bk
‖ < ζk , where ζk is a

threshold in radians per second.
This phenomenon is reproduced in simulation and shown in

Fig. 4 and multimedia extension II. In Fig. 4(a), we show an
unconstrained CS following a quintic polynomial trajectory in
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Fig. 4. Comparison of the ISAs for (a) perfect sensor and (b) noisy sensor.
The dashed ISAs indicates that the magnitude of the angular velocity is smaller
than 0.1 rad/s.

configuration space with its compact axode of motion (i.e., the
group of infinitesimally separated ISAs). The dashed ISA’s are
associated with ‖ωbk

gk /bk
‖ < ζk . Since the motion is generated

with a quintic polynomial, the dashed ISAs are associated with
the beginning and the end of the motion. In Fig. 4(b), we show
the CS following the same trajectory but the position and twist
of its ED are perturbed with white Gaussian noise. When the
magnitude of the noise is comparable with the magnitude of
the linear and angular velocities, the screw of motion that is
obtained with (18) and (20) loses any physical significance.

If a sensor with the resolution εs [rad] collects data with
frequency fs [Hz], then the value of ζk must meet the following
constraint for trustworthy velocity measurements:

ζk > αεsfs (26)

where α > 1 (ideally 2 or 3). The threshold value ζk is pro-
portional to sensor resolution εs and sample frequency fs and
defines the lowest angular velocity of each end disk under which
no contact can be reliably detected. There are two ways to re-
duce the critical angular velocity magnitude ζk : increase sensor
resolution, or decrease sampling frequency. Although the latter
solution decreases threshold ζk , it also degrades the respon-
siveness of the collision-detection algorithm by the introduction
of lag into the system. However, since the minimal and maxi-
mal allowable twist is generally known once a task is defined,
threshold ζk can be tuned accordingly.

Thus, we define the following binary function:

F(t) =
{

1, μk > εk

0, μk ≤ εk .
(27)

Once μk > εk and
∥∥∥ωbk

gk /bk

∥∥∥ > ζk , collision is detected when

tc +QΔ t∑
t=tc

F(t) = Q (28)

where tc is the first instant in which μk > εk , Δt is time-step
constant of the contact-detection algorithm, and Q is the width
of the collision-detection window that allows to filter out false
positives.

The collision-detection strategy is described in Algorithm 1.
Its inputs are: the nominal length of the segment, i.e., Lk ; the
closest point from the origin on the sensed ISA, i.e., r̄k (t);
the commanded configuration space orientation, i.e., ψ(t); its
time derivative, i.e., ψ̇(t); a counter variable ct−1 ; a binary
variable dt−1 ; and the time step Δt . The algorithm initializes
the contact arc length, i.e., σk = 0, so that the unconstrained
model of the CS is used. Thus, it checks if the magnitude of
the angular velocity is high enough to have meaningful sensor
data. If this is the case, the motion residual is obtained using (4),
(7), (12), (6), (11), and (20). Next, it checks for μk > εk . In the
case of detection, the algorithm checks if the collision-detection
window was previously started. If so, the counter variable ct−1 is
incremented and used for future iterations. When the condition
in (28) is met, collision is detected.

VI. ESTIMATION OF CONTACT LOCATION

For an n-segment continuum robot, the collision-detection
algorithm of Section V already identifies, which segments are
constrained by the environment. We, therefore, propose a second
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algorithm that narrows down the estimation of contact location
at the segment level. The main assumption is that, immediately
after collision, the constrained segment behaves according to
assumption A4. This assumption was experimentally verified
in [23] for a single segment with a fixed base during planar
motion. In the case of multiple segments, this assumption is
still valid if the stiffness of two subsequent segments is compa-
rable. The stiffness of constrained segment k + 1 needs to be
high enough to prevent the motion of segments k = 1, . . . , k.
This assumption is experimentally evaluated in Section VIII-D,
where the algorithm is used with a three-segment continuum
robot in which the distal segment is very compliant. Results
show that the estimation of the location at the third segment is
less effective because assumptions A3 and A4 are violated.

The estimation method is described in Algorithm 2. Input N
is the parameter that defines the level of discretization for the
estimation. In the case of the continuum robot that is shown in
Fig. 5, the contact is most likely to occur at any of the SD that are
placed Lk/N apart from each other. Input Δt is the time step that
is associated with the extrinsic sensor. Inputs tc and tf are the
first and last instants of the detection window that is initiated by
Algorithm 1. Inputs ψ(tc : tf ) and r̄k (tc : tf ) are, respectively,
the desired configuration space trajectory and the time history of
closest point on the sensed ISA. Once the algorithm is initialized,
the algorithm collects the SMD’s associated with each guessed
σk and finds the arithmetic mean of the SMD for instants of time
included into the detection window. The method finally returns
the contact arc length σk that is associated with the smallest
SMD.

Fig. 5. The experimental setup consist of a nine-axis actuation unit, a three-
segment continuum robot, a magnetic-field transmitter, and four magnetic sen-
sors that are attached to the robot’s base ©0 , first segment’s end disk ©1 , second
segment’s end disk ©2 , and robot’s end effector ©3 .

TABLE II
ROBOT’S SPECIFICATIONS AND COLLISION THRESHOLDS

The accuracy of the estimation of contact location algorithm
not only depends on the modeling arguments that are described
in Section III but is affected by the discretization parameter N
as well. The smaller this value is, the finer the minimization
problem is. For the robot shown in Fig. 5, N is equal to the
number of SD. This means that the algorithm will only return
the disk at which the contact is most likely to occur. Contacts
in between two adjacent SD’s will be associated with one of the
two disks. This phenomenon will be shown in Section VIII-D.

VII. EXPERIMENTAL SETUP

The experimental setup that is shown in Fig. 5 consists of
a 6-DOF three-segment multibackbone continuum robot (see
the specifications reported in Table II), and an Ascension 3-D
Guidance trakSTAR electromagnetic tracker. This device has an
RMS accuracy of 1.4 mm in position and 0.5◦ in orientation [43].
The robot is equipped with four 6-DOF Model: 130 sensors
placed at the robot’s base (0), first segment ED (1), second
segment ED (2), and end-effector (3), respectively.

The continuum robot is controlled with the mixed
configuration- and joint-space feedback architecture shown in
Fig. 6. The configuration space feedback is provided by the
same sensor that is used in the collision detection and estima-
tion of contact location algorithms. This additional feedback
reduces the configuration space tracking error but does not af-
fect the task-space tracking error. This discrepancy is the base
of the algorithms that are presented in Sections V and VI. In the
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Fig. 6. Block diagram of the proposed tiered mixed feedback controller for multisegment multibackbone continuum robots.

remainder of this section, we briefly introduce the configuration
space controller. The proof of stability and performances of the
tiered controller are reported in [30].

We introduce the configuration space error eψ as the de-
viation of the current configuration space vector ψc from the
desired configuration space vector ψd :

eψ = ψd − ψc . (29)

The time derivative of (29) when accounting for (16) and the
compensation factor κ > 1 that is presented in [27] yields

ėψ = ψ̇d − ηκJ†
qψ q̇comm (30)

where superscript “†” denotes the pseudoinverse, q̇comm is the
commanded augmented vector of joint speeds, and η is a positive
scalar that corresponds to sensor and plant uncertainties. The
control input to the low-level joint-space controller is given by

q̇comm = κJqψ

(
ψ̇d + Kpeψ + Kd ėψ

)
. (31)

VIII. EXPERIMENTAL VALIDATION

In this section, we present experiments of single-
contact collision detection, multicontact collision detection,
collision-detection repeatability, and estimation of contact
location. In all experiments, the robot of Fig. 5 was
commanded from the starting configuration, i.e., ψs =
[ 72◦ 0◦ 72◦ 0◦ 72◦ 45◦ ]T , to the final configuration,
i.e., ψf = [ 45◦ 45◦ 45◦ −45◦ 45◦ 45◦ ], using a quin-
tic polynomial trajectory with zero initial and final velocity, zero
initial and final acceleration, and accomplishment time of 5 s in
configuration space.

A. Single-Contact Collision Detection

The first set of experiments demonstrate the ability of the
collision-detection algorithm to detect a single collision acting
along the continuum robot. Results are presented in Figs. 7–9.
The vertical lines that are labeled detection enabled and detec-
tion disabled designate beginning and end of the portion of the
motion with the angular velocity magnitudes bigger than ζk =
0.1 rad/s as described in Algorithm 1.

First, the first segment of the continuum robot is constrained
during the motion. The time histories of SMDs, i.e., μ1 , μ2 ,
and μ3 , as defined in (25) are presented in Fig. 7. The SMD
of the first segment [see Fig. 7(a)] rises above the threshold at
approximatively t = 15 s. After a detection window of a half
second, collision is successfully triggered. The SMDs that are

Fig. 7. Constraint acting at the first segment. (a) Time history of μ1 . (b) Time
history of μ2 . (c) Time history of μ3 .

associated with the second and third segments [see Fig. 7(b) and
(c), respectively] are not affected by the constraint.

Second, the second segment of the continuum robot is con-
strained during the motion. The time histories of SMDs, i.e.,
μ1 , μ2 , and μ3 , are presented in Fig. 8. A collision is detected
at the second segment [see Fig. 8(b)] at approximatively t =
14.9 s after a collision-detection window of the half second.
The SMD μ1 that is associated with the first segment is also
affected by the contact and rises above the threshold at approx-
imatively t = 14.8 s. This delay is because of the compliance
of the segments and allows to distinguish between single and
multiple collisions, as shown in Section VIII-B. In addition, in
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Fig. 8. Constraint acting at the second segment. (a) Time history of μ1 .
(b) Time history of μ2 . (c) Time history of μ3 .

this case, the SMD μ3 that is associated with the third segment
remains unaffected.

Third, the third segment of the continuum robot is constrained
during the motion. The time histories of SMDs, i.e., μ1 , μ2 , and
μ3 , are presented in Fig. 9. Collision is detected at the third
segment at t = 14.95 s [see Fig. 9(c)]. Similar to the previous
case, the two proximal segment are also affected by the contact
as shown by their respective SMD’s [see Fig. 9(a) and (b)].

These experiments are shown in the multimedia extension
III—Part I. The video also demonstrate the ability of the
collision-detection algorithm to successfully detect collisions
with a soft constraint and other continuum arms. This capability
is of primary importance when the algorithm is implemented
on surgical continuum robots and surgical robotic systems with
continuum end effectors [44]. The collision-detection algorithm
would be able to prevent inadvertent trauma to delicate sur-
rounding tissues by triggering a reaction strategy as in [10].

B. Multicontact Collision Detection

The second set of experiments demonstrate the ability of the
collision-detection algorithm to detect multiple collisions. We
assume that the constraints act on different segments of the robot
and that in the case of a two-contact collision, the proximal seg-

Fig. 9. Constraint acting at the third segment. (a) Time history of μ1 . (b) Time
history of μ2 . (c) Time history of μ3 .

ment collides first. This is possible by using one of the reaction
strategies that are proposed in [10]: once the collision is de-
tected, the motion of the constrained segments is stopped, while
the unconstrained segments continue the preplanned trajectory.
In Fig. 10, we show the time histories of the SMDs, i.e., μ1 ,
μ2 , and μ3 . A collision with the first segment is detected at ap-
proximately t = 14.2 s [see Fig. 10(a)]. The detection window
is initiated immediately after the collision detection is enabled.
A collision at the second segment is detected at approximately
t = 15 s [see Fig. 10(b)]. The main difference between Figs. 8
and 10 is the order in which collisions are detected. In Fig. 8,
collision is first detected at the second segment and, then, at the
first segment. On the other hand, in Fig. 10, a collision is first
detected at the first segment and then at the second segment. The
order in which the collisions are detected allows for discerning
between a single contact acting at the second segment and mul-
tiple contacts acting at the first and second segments. Similarly
to the previous case studies, the SMD that is associated with the
third segment is not affected, and no collision is detected [see
Fig. 10(c)].

Multimedia extension III—Part II shows the multisegment
continuum robot of Fig. 5 detecting multiple collisions acting at
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Fig. 10. Detection of multiple collisions. (a) Time history of μ1 . (b) Time
history of μ2 . (c) Time history of μ3 .

multiple segments and on the entire flexible structure, as shown
in Fig. 1(c).

C. Repeatability of Collision Detection

Additional experiments were conducted to quantify the re-
peatability of the collision-detection algorithm. The second seg-
ment of the continuum robot impacted a static, rigid object ten
times. The constraining object is a carbon fiber tube covered
with silicon material to increase friction at the contact point and
reduce slippage. The time history of the SMD μ2 for all ten
trials is shown in Fig. 11. The instant of collision varies by only
0.07 s demonstrating a very high repeatability.

D. Estimation of Contact Location

The last set of experiments evaluates the performance of the
estimation algorithm. Each experiment is repeated five times,
and the obstacle is adjusted to constrain one of the SD’s of
the continuum robot. However, because of the small size of the
robot, contact can occur at any location along the disk’s height
(see Table II).

Results are reported in Tables III–V. Column di indicates the
disk that is impacted, and column T indicates the experiment

Fig. 11. Repeatability analysis of contact detection. Time history of μ2

TABLE III
CONTACT ESTIMATION ALONG THE FIRST SEGMENT

trial number. The remaining eight columns d0 , . . . , d7 report
the arithmetic average of the SMD that is associated with each
guessed constrained disk locations as described in Algorithm
2. In particular, d0 represents the BD (i.e., no contact) and d7
represents the ED (i.e., segment completely constrained). In
each row, the entry that is associated with the smallest SMD is
highlighted in gray.

Experimental results of the estimation of contact location on
the proximal segment of the continuum robot are presented
in Table III. Very small SMD’s for two consecutive disks
(3.64 mm apart from each other) are reported. This discrep-
ancy in the estimation of the location of contact corresponds to
a worst-case-scenario error of at most the height of two SD’s
and the space between two adjacent disks (see Table II). The
sources of uncertainty and the possible slippage of the robot
with respect to the rod indicate that the error in the estimation
of the contact location within one disk error is indeed expected.

Experimental results of the estimation of contact location
on the second segment of the continuum robot are presented in
Table IV. The success rate of the algorithm is appreciably higher
than the previous case study. The improvement is because of a
better noise/signal ratio and a smaller collision threshold, as
shown in Fig. 8(a) and (b). The third disk is successfully iden-
tified four out of five times, and the fourth disk is successfully
identified five out of five times. In the case of the second and
fifth disks, the algorithm reports a very small deviation between
consecutive disks 1, 2 and 5, 6.

Experimental results of the estimation of contact location on
the second segment of the continuum robot are presented in
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TABLE IV
CONTACT ESTIMATION ALONG THE SECOND SEGMENT

TABLE V
CONTACT ESTIMATION ALONG THE THIRD SEGMENT

Table V. The performance of the estimation algorithm appear
to be more problematic because Assumption A4 is violated, as
shown in multimedia extension III—Part III. The lower stiffness
of the third CS results in dramatic deformation of the segment,
invalidating the constrained kinematic model that is presented
in Section III-B.

IX. CONCLUSION

In this paper, the first unified framework for collision detec-
tion and localization of contacts along multisegment continuum
robots has been proposed. The need of these algorithms stems
from the field of medical robotics. Pioneering surgical proce-
dures demand deeper anatomical reach along increasingly tor-
tuous paths. Future medical robots that are built to meet the
challenges of NOTES will need to autonomously prevent in-
advertent trauma to surrounding anatomy, while accomplishing
telerobotic surgical tasks beyond the capabilities of conven-
tional robotic platforms for minimally invasive surgery (MIS).
Previous works on rigid-link robots do not apply directly to
continuum manipulators and do not provide a unified method

for both collision detection and estimation of contact location
without a priori knowledge of the environmental constraints
and additional sensory devices, such as robotic skins.

The collision-detection algorithm that is presented in this pa-
per offers the immediate application for safeguarding against in-
advertent anatomical trauma in robotic systems that is equipped
with multiple continuum arms. Results show the effectiveness
of the algorithm even in detecting contact with soft objects,
like human fingers and other continuum arms. There are consis-
tent margins for decreasing the detection thresholds after proper
calibration of the magnetic tracker device and kinematics pa-
rameters of the robot. Despite this, the adoption of the motion
deviation that has been described in this paper already allows
for robust collision detection.

The estimation of contact location is shown to be effective in
the case in which the stiffness of all the individually actuated
segments is comparable. When this fundamental assumption
is violated (as in the third segment), the proposed constrained
kinematic model fails to describe the constrained motion. Future
work will focus on the improvement of the performance of the
estimation of contact location using probabilistic inference and
Kalman filtering.
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