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Abstract— We propose a new class of robotic device for
minimally-invasive surgery that lies at the intersection of continuum, parallel, and reconfigurable robotics. This Continuum
Reconfigurable Incisionless Surgical Parallel (CRISP) paradigm
involves the use of multiple needle-diameter devices inserted
through the skin and assembled into parallel structures inside
the body. The parallel structure can be reconfigured inside the
patient’s body to satisfy changing task requirements such as
reaching initially inaccessible locations or modifying mechanical stiffness for manipulation or palpation. Another potential
advantage of the CRISP concept is that many small (needlesized) entry points into the patient may be preferable in terms
of both patient healing and cosmesis to the single (or multiple)
larger ports needed to admit current surgical robots. This
paper presents a mechanics-based model for CRISP forward
and inverse kinematics, along with experimental validation.

I. I NTRODUCTION
Continuum robots are tentacle-like devices with the ability
to perform manipulation in confined workspaces reachable
through narrow, tortuous pathways [1], [2]. Motivated by
applications in exploration and minimally-invasive medicine,
researchers have developed a variety of continuum devices
actuated by tendons [3], backbones [4], concentric tubes [5],
[6], and pneumatics [7]. These robots typically consist of
serially connected curved sections [2].
When designing continuum robots for manipulation tasks
through narrow pathways, a tradeoff is often made between
the task’s geometric and mechanical requirements. For example, the task’s geometry may require a long, thin robot to pass
through a small opening, but the mechanics of such a robot
typically precludes the application of large tip forces. This
motivated the development of continuum manipulators with
elastic elements arranged in a parallel architecture. Simaan
et al. originally suggested the use of parallel combinations
of elastic members to form sections of a continuum robot
[4]. Xu and Simaan showed how robots of this type can be
used for intrinsic force sensing [8]. Recently this concept has
been generalized to use backbones that are not constrained
between the disks at the end of each section, and instead
follow general paths [9]. This creates a flexible parallel robot
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Fig. 1: (a) We propose a new surgical robot concept called a
Continuum Reconfigurable Incisionless Surgical Parallel (CRISP)
robot. (b) The working end of a CRISP robot for minimallyinvasive surgery that can be assembled with two flexible forceps
for manipulation, a thin flexible endoscope for visualization, and
three snare needles that can grasp and assist in manipulating the
forceps and scope with the ability to reconfigure.

that is in some ways analogous to the rigid-link StewartGough platform [10]. Parallel continuum manipulators can
apply greater forces than their serial continuum counterparts
with the ability to maneuver around obstacles [9].
For most tasks, a continuum robot will only be required
to intermittently apply large tip forces. The required forces
also typically vary in direction and magnitude. Any fixed (i.e.
non-reconfigurable) design must compromise with respect
to device diameter, stiffness, and workspace. Indeed, taskbased design problems in general involve finding the optimal
tradeoff of these properties, but all cannot be optimized
simultaneously. This has motivated the development of selfreconfigurable robotic systems that alter their physical morphology to adapt to new circumstances or changing task
requirements [11], [12]. Reconfigurability removes the need
to compromise on performance during the design process–
one robot can assemble itself into multiple designs.
This paper describes a new class of robot system consisting of elastic elements that form closed kinematic chains
with reconfigurable morphology. These robots lie at the intersection of continuum, parallel, and reconfigurable robotics
(Fig. 1(a)). We refer to this as the Continuum Reconfigurable
Incisionless Surgical Parallel (CRISP) concept. In minimallyinvasive medicine, a CRISP robot can be assembled into
parallel structures inside the human body. The robot consists
of several needle-diameter flexible tools, as well as a set of
hollow needles through which wire snare loops are deployed
(Fig. 1(b)). The system is assembled inside the patient
by snaring the flexible tools with the wire loops, forming
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Fig. 2: (a) CRISP robots assemble parallel structures inside a
patient’s body that can be (b) controlled outside the body using
robot manipulators.
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Fig. 3: CRISP robots are assembled by (a) percutaneously inserting
a needle and deploying a snare, (b) navigating the flexible tool
through the open snare loop, (c) and tensioning the snare. Parallel
structures that consist of multiple tools and snare needles can be
assembled inside the body this way.

a parallel structure (Fig. 3). The parallel structure can be
actuated by manipulating the snare needles and tool outside
the patient’s body using robot manipulators. Fig. 1 shows the
working end of a CRISP system consisting of three snare
needles that control two flexible forceps for manipulation
and a flexible endoscope (in this case a 2.5 mm diameter
ureteroscope) for visualization.
Key aspects of this concept are that the flexible tool
and snare needles are inserted percutaneously, which reduces invasiveness (no sutures are required for diameters
< 3 mm [13]). Additionally, parallel structures are stiffer
for manipulation, and additional needles increase stiffness
without increasing invasiveness. The parallel structure can
be reconfigured inside the patient to satisfy changing task
requirements by regrasping the flexible tool in different
locations and morphological arrangements.
II. M OTIVATING C LINICAL E XAMPLES
There are a variety of clinical scenarios where the reconfigurability, stiffness modulation, and small diameter entry

points of CRISP systems are desirable. One promising application is to enable physicians in closed-chest procedures
to access the entirety of the lung cavity while maintaining
dexterity and adapting stiffness as needed for palpation
and tissue manipulation. New approaches to lung cancer
diagnosis and treatment are urgently needed because of both
its prevalence and high mortality rate (150,000 deaths in the
United States each year [14]), as well as how challenging
lung cancer is to diagnose and treat with current instrumentation. For example, it is extremely challenging to localize
subsurface tumors [15]. While it is possible to use continuum
manipulators with intrinsic force sensing to palpate tissue to
localize tumors (e.g., [8], [16], [17]), an inherent tradeoff
exists. To maximize signal to noise in intrinsic force sensing,
low stiffness is desirable. However, high stiffness is desirable
to apply forces to tissue during interventional procedures. In
closed-chest lung procedures the reconfigurability of CRISP
manipulators enables the robot to be stiff when necessary
and compliant when advantageous.
CRISP robots may also be useful in the abdominal procedures. In the past several years, surgeons have developed
a number of “micro-laparoscopic” or “needlescopic” procedures [18]. The objective of these is to use small diameter
(< 3 mm) tools to reduce postoperative pain, recovery time,
and scarring. Ports for tools of this size do not require suture
closure after the procedure. However, current needlescopic
techniques are challenging for surgeons to perform due to
the inherent flexibility of tools of this diameter [19]. CRISP
robots offer the potential to enhance stiffness in needlescopic
techniques without requiring larger port diameters.
Other clinical applications where the CRISP approach
may be beneficial include fetal surgery, where small tools
are needed due to the size of the anatomy and to reduce
the (currently significant) risk of complications like fetal
membrane rupture [20]. Similarly in neonatal surgery, small
diameter instruments are preferable to adult-sized tools [21].
Both applications would benefit from robotic dexterity [21].
III. K INEMATICS OF A CRISP S YSTEM
We model the flexible tool and the snare needles using the
Cosserat rod model as described in the appendix. The state
of the system x is constructed by packing the rod states of
each element of the parallel structure into a single vector


x = xt x1 . . . xn
(1)
where xt is the Cosserat-rod states of the flexible tool (i.e.,
backbone position and orientation, and internal force and
moment), x1 . . . xn are the Cosserat-rod states of the snare
needles. (Note that x is a column-vector but we express it
in the form of (1) for compactness.)
The state vector x(s) is a function of the arc-length
parameter s, which is defined so that s = 0 is at the proximal
end of the flexible tool and s = `t at the distal end of the
flexible tool (`t and `i are the lengths of tool and ith snareneedle, respectively). The tool and snare needle Cosserat-rod
states are packed into x so that the corresponding physical
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The arc-length derivatives of the flexible tool and the i snare
needle rod states are defined piecewise in arc-length as
(
[p0t qt0 m0t + α n0t + β] , if 0 ≤ s ≤ `t
0
xt (s) =
(3)
0,
otherwise
(
[p0i qi0 m0i n0i ] , if si − `i ≤ s ≤ si
0
xi (s) =
,
(4)
0,
otherwise
and are given by the Cosserat-rod equations (13), where si
is the grasp location of the ith snare (Fig. 4(a)).
The terms α(s) ∈ R3 and β(s) ∈ R3 propagate the point
loads applied to the tool by the snares toward the tool’s distal
end and are defined in arc-length as

β(s) =

i=1
n
X

ni δ(si − s)

RCM

(5)
(6)

i=1



where Ai (s) = p0t (s) p0i (s) , δ(s) is the Dirac delta
function, and † denotes the Moore-Penrose pseudoinverse.
We model the snare grasps as unable to support moments
about the tool and needle shaft directions (p0t and p0i , i.e. the
“Free DOFs” illustrated in Fig. 4). Equation (5) ensures that
only the moment applied by each needle about the directions
perpendicular to the tool and needle shafts is propagated
toward the tool’s distal end. Equation (6) propagates the point
forces applied to the tool by the snares toward the tool’s distal
end. It is worth noting that these are assumptions. The free
motion about the needle shaft is a good assumption, since
the snare wire is free to move within the needle shaft. The
free motion about the tool shaft is a good assumption if the
coefficient of friction between the snare and the tool is low,
but it is certainly possible to use materials that have higher
frictional interaction for these components.
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location on the tool and snares at arc-length s is located at
a distance of `t − s from the flexible tool’s distal end.
The propagation of the state vector in arc-length s is
governed by the arc-length derivative vector


x0 = x0t x01 . . . x0n = f (x, s)
(2)
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Fig. 4: (a) A mechanics-based model predicts the arc-length states
of the flexible tool xt and snare needles, x1 and x2 . The snares
grasp the tool at the tool’s arc-length s1 and s2 . Remote centers of
motion (RCM) of the tool and each snare is enforced at the RCM
points rt , r1 , and r2 . (b) The unconstrained degrees of freedom
permitted by the snare-grasp constraints expressed in (7).
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Fig. 5: (a) The end-effector of a simulated single-snare CRISP robot
follows a 2-cm circle trajectory in the x-y plane while performing
remote-center motion. A curve showing the proximal position of
the flexible tool and snare needle as the end-effector follows the
circular trajectory is shown, with four configurations shown. (b)
The proximal tension cycle of the flexible tool and snare needle,
which only lies in the x-y plane, required for the tool’s end-effector
to follow the circle trajectory.

A. Geometric and Wrench Constraints
Grasping the flexible tool with the ith snare at arc-length
location si creates a state constraint that relates the components of the flexible tool state xt (si ) to the components
of the snare needle’s state xi (si ). We approximate the
geometric grasp interaction as a position constraint that
enforces the tip of the needle to be coincident with the tool
and a constraint that enforces the needle and tool shafts to
be orthogonal. We assume the snare grasp cannot support
moments in the p0t and p0i directions, which is enforced by
two constraints on the snare needle’s moment mi .
The geometric and wrench constraints can be represented
for each of the n needles at arc-length si as


pt − pi tip coincidence
 p0t · p0 shaft orthogonality 
i

(7)
ci (si ) = 
 p0i · mi needle shaft moment = 0
p0t · mi tool shaft moment
We assume that the system is quasistatic which leads to
constraints that enforce the force and moment at the tool’s
distal end to be balanced with any tip applied force F or
moment T , represented by the tip constraint


mt − T
ct (`t ) =
= 0.
(8)
nt − F
The n grasp constraints ci and the tip constraint ct can
be packed into the combined constraint vector


c = ct c1 . . . cn = 0.
(9)
B. Body Wall Fulcrum Constraints
Surgical robots that penetrate the skin perform remotecenter motion (RCM) around a fulcrum, located at the body
wall, that prevents the robot from pulling the patient’s skin
by minimizing the entry point’s spatial motion [22].
An element of the CRISP system can perform remotecenter motion around a virtual center. A member of the
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Fig. 6: Eight possible morphologies of a CRISP robot consisting of one flexible tool and one to three snare needles. The tool and snares
are highlighted in white for visibility.

parallel structure passes through an RCM point r if there
exists an arc-length d on its body such that the constraint
crcm = p(d) − r = 0

(10)

is satisfied as the CRISP robot moves.
We denote the RCM points of the tool and snares to be
rt and r1 , . . . , rn , respectively, with the arc-length position
where the tool and snares intersect their RCM points denoted
as dt and d1 , . . . , dn . The RCM constraint (10) can be
incorporated into the kinematics framework for the flexible
tool and each of the snare needles by augmenting the system
state x with the scalar arc-lengths dt and d1 , . . . , dn , and
augmenting (9) with a constraint of the form (10) for the
tool and each of the snare needles.
C. Forward and Inverse Kinematics
The forward kinematics of the parallel structure can be
found by piecewise integrating (2) from arc-length s0 =
min{0, s1 −`1 , . . . , sn −`n } to arc-length `t with initial conditions x(s0 ) = x0 . The initial condition vector x0 is packed
with a vector of inputs u0 , which are the initial positions and
orientations of the tool and snare needles’ proximal ends. The
initial conditions are also packed with a vector v0 containing
the initial internal moments and forces of the tool and snare
needles at their proximal ends, which are unknown a priori
and must be solved for in order to satisfy the constraints
(9). Given the known inputs u0 , we solved the forward
kinematics using a numerical optimization routine that finds
the unknowns v0 that minimize kck.
The inverse kinematics can be computed by augmenting
the constraint vector (9) with a constraint on the tool’s distal
pose at arc-length `t , of the form


pt − P
cinv (`t ) =
=0
(11)
log(qt Q−1 )
where P and Q denote the desired position and orientation,
respectively. In this formulation of the inverse kinematics, the
vector v0 of unknowns includes the proximal pose of the tool
and snare needles along with the proximal internal moments
and forces. The same numerical optimization method can be
used to solve the inverse and forward kinematics.

Fig. 5(a) shows the distal end of a hypothetical singlesnare robot, with the tool and snare constructed out of
Nitinol tubing with properties identical to the tool reported
in Table I, following a circular trajectory in the x-y plane
with its heading pointing in the x direction and with RCM
constraints illustrated. The necessary proximal tool and snare
needle poses are computed by solving the inverse kinematics
using the constraint (11). The tool and snare needle work in
concert to position and orient the end-effector as shown. In
all configurations, the tool and snare needles are antagonistic
in that their proximal loads, which lie in the x-y plane,
balance one another (Fig. 5(b)).
As noted in prior literature, the forward and inverse kinematics of elastic parallel and serial continuum manipulators
may have more than one solution [9], where multiple vectors
v0 satisfy the constraints (9). This can occur in “buckled”
configurations where multiple static equilibrium solutions
exist that locally minimize the system’s elastic potential
energy. In this case, each of the buckled configurations can
be found from the kinematic equations by appropriately
selecting v0 . Elastic instability has been observed in other
continuum devices, including concentric tube robots [23],
[24] and has been explored for a robotic manipulation system
that holds Kirchhoff elastic rods on both ends [25].
IV. R ECONFIGURING A CRISP ROBOT
Reconfiguration can be used to change the properties of
a CRISP robot to satisfy changing application requirements;
this distinguishes the system from other types of parallel
continuum robot devices. Here our system shares several key
challenges with reconfigurable and parallel robot systems,
notably the challenge of determining the optimal configuration/design for a given task.
The system can be configured into a variety of morphologies in which the complexity increases with the number
of flexible tools and snares. Fig. 6 shows some possible
arrangements with one tool and from one to three snare
needles. There are many possible morphologies whose utility
varies depending on the task. A morphology like “5” could
be used to control the flexible tool’s body along with its
tip, while a morphology like that of “6”, where one snare
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TABLE I: Parameters of the CRISP device.
Outer Diameter (mm)
Inner Diameter (mm)
Length (mm)
Young’s Modulus (GPa)
Poisson’s Ratio
Grasp-Point Location (mm)

Tool
1.02
0.84
475
50
0.33
–

Snare 1
3.00
2.30
157
180
0.305
207

solutions are plotted alongside their corresponding groundtruth measurements in the front and side views of Fig. 7(a).
Fig. 8 shows the ground-truth error between the predicted
tool backbone curve and the raw data obtained with the electromagnetic tracker for each of the configurations presented
in Fig. 7. The error e(s) was computed at arc-length s as

Snare 2
3.00
2.30
153
180
0.305
434

e(s) = minkpt (s) − p∗k k
k

grasps another, could be used to decrease a snare needle’s
compliance or exploit mechanical advantage.
It may be tempting to reduce the compliance by regrasping
the flexible tool with needles that are much stiffer than the
tool. However, using snare needles that are much stiffer than
the flexible tool they manipulate reduces the system’s ability
to control tip orientation independently of the tip position.
This is because the tool and snare needles work in concert
to position and orient the tip, i.e., the tool bends the snare
needles and vice versa as shown in the example of Fig. 5(a).
When the snare needles are much stiffer than the tool, then
the pose of the distal-most snare dominates the pose of the
tip. This effect can be observed in the Jacobian’s condition
number. We anticipate that the compliance of a snared-tool
system can be decreased without affecting the ability to
control the tip pose by increasing the number (but not the
stiffness) of snare needles.
V. E XPERIMENTAL R ESULTS
We performed experiments to verify the kinematic model
described in Sec. III by creating a CRISP device with two
stainless steel snare needles and a superelastic Nitinol tube
for the tool. Table I lists the system’s parameters. The snares
were constructed out of 1.52 mm wide, 0.28 mm thick superelastic Nitinol strip, and were tightened by hand.
A Northern Digital Inc. Aurora tabletop electromagnetic
tracking system with a hand-held measurement probe was
used to localize the base positions and orientations of the
flexible tool and the snare needles. We measured the grasppoint location of each snare on the tool by hand. Groundtruth measurements of the tool’s backbone position were
taken by manually sliding a 0.3 mm diameter electromagnetic
sensor through the tool with the device placed in five configurations and comparing it to the backbone position predicted
by the model of Sec. III. The ground-truth measurements are
plotted on top of the predicted backbone position for all five
configurations in Fig. 7.
Fig. 7(a) shows an example of a snare needle and tool
proximal configuration where the system’s kinematic equations have more than one solution as described in Sec. III-C.
In this example, there are two solutions which are shown.
The mechanics-based model can predict the snare-system
states, even if there are multiple solutions, by appropriately
selecting the initial moment and load (which are unique)
at the proximal ends of the tool and snare needles. Our
numerical method was able to find both solutions by starting
from two different initial values of the vector v0 . The two

(12)

where pt is the predicted backbone curve and p∗k is a raw
data point indexed by integer k = 1, . . . , N and N is the
number of gathered data points.
The average error for each configuration is shown in the
legend of Fig. 8. The average error for all configurations
except (d) was less than 4 mm. In the case of configuration
(d), the average error was 10.3 mm, which we expect was
caused by unmodeled static friction at the interface of the
snare needles and flexible tool. Static friction was dominated
by the flexible tool’s internal moments and forces in the other
configurations. When scaled by the shortest snare’s length,
the normalized error of configuration (d) was 6.7%.
Fig. 8 shows that the flexible tool’s backbone error decreases near arc-lengths where the snare needles grasp the
tool. This is a result of the snare needle’s stiffness preventing
it from deflecting under the loads applied by the flexible
tool. The model predicts the deflection, but using stiffer
needles reduces uncertainty. This can be exploited by placing
multiple grasp points along the flexible tool’s body, as Fig. 8
illustrates, to reduce the uncertainty of the predicted tool
backbone curve by preventing errors at the proximal end
from propagating down the tool’s body. CRISP robots share
this property with continuum [9] and rigid-link parallel
robots, whose structure prevents error in the individual joints
from producing an amplified error at its end-effector [10].
VI. D ISCUSSION AND O PEN R ESEARCH C HALLENGES
The CRISP robot concept is a novel approach to
minimally-invasive medicine that reduces invasiveness by
increasing the number of instruments that enter the body (in
contrast to single-port approaches [26]) while decreasing the
diameter of each instrument down to that of a needle, requiring no incisions. These systems are excellent candidates for
a robotic approach since the necessary motion of the snare
needles and flexible tool outside the body is nonintuitive,
particularly in the presence of body-wall fulcrum (i.e., RCM)
constraints. This is demonstrated by the example trajectory
of Fig. 5. Here, we discuss some of the many open design,
planning, and control challenges relating to the system; in
particular, we focus on those at the intersection of continuum,
parallel, and reconfigurable robotics.
Reconfiguration is a unique aspect of this concept that
makes it particularly versatile as a robotic system. An
open problem that CRISP robots share with reconfigurable
robots is that of planning when and how to reconfigure
as task requirements change. Planning for reconfigurable
robots includes both planning for individual components and
planning the connectivity of the reconfigurable parts [12].
In the context of CRISP robots in the operating room, the

4334

front view (simulated)

front view (actual)

side view (simulated)

(a)

1
1
2
front view (actual)

2
front view (simulated)

front view (actual)

(b)

(d)

(c)

(e)

front view (simulated)

Fig. 7: Five configurations compare the ground-truth magnetic tracker measurements of the tool’s backbone position to that predicted by
the model of Sec. III. Configuration (a) demonstrates the potential for multiple tool configurations for the same inputs, both found by the
model. In all configurations, a photo of the experimental setup is shown on the left with the simulation results and overlaid tracker data
on the right. The tool and the snares are highlighted in white for visibility.
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Fig. 8: Backbone error (12) measured between the mechanics-based
model and the raw tracker data for each configuration shown in
Fig. 7. Error is shown as a function of the flexible tool’s backbone
arc-length, with average backbone error in the legend. The arclength locations (Table I) where the snares grasp the tool are shown.

planning problem includes both planning the motion of the
system inside the body while incorporating anatomical and
safety constraints, and determining what configurations the
system should form itself into based on the surgeon’s needs
(e.g., what forces are needed at the tool tip). The ability of
the parallel structure to reconfigure from stiff to compliant
configurations could be important for surgical applications
that require localizing tumors via palpation (e.g., in the lung
or liver). Further explorations of the effect of reconfiguration
on stiffness and manipulability are necessary.
The planning problem is highly related to the problem
of designing a system in that the choices made during
the design process (e.g., how many snare needles to use

and the relative stiffnesses of the tool and snares) directly
affects the configurations it can achieve. When designing
serial continuum robots for manipulation in constrained
environments, the geometry of the application guides the
selection of the continuum robot’s shape and mechanical
design [27]. We expect that similar principles can be applied
to CRISP robots to guide the selection of the number of
snare needles, where they should be inserted into the patient’s
body, and even what their shape should be. Naturally, the
problem of planning paths that are free of both collisions
with the environment and self-collisions between snareneedle manipulators becomes increasingly difficult as snare
needles are added to the system.
As with rigid-link and continuum parallel robots, determining the workspace of a CRISP robot is challenging
[10]. Its workspace depends on the configurations that the
robot can achieve and the elasticity of its members. One
contributing factor to the limits of the workspace is the
possibility of buckling in extreme configurations. Recent
work in continuum robotics shows that elastic instability
can be understood [23], [24], actively avoided by planning
[28], and can be eliminated through design [29], [30]. We
anticipate that the much of this work for continuum robots
will also be applicable to CRISP robots and can be used to
inform the design and reconfiguration planning processes.
VII. C ONCLUSION
We have introduced a new class of robotic system, the
CRISP robot, that lies at the intersection of parallel, continuum, and reconfigurable robotics. These robots have the
potential to perform minimally invasive surgery without any
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incisions. Using a Cosserat rod-based modeling approach,
we derived the forward and inverse kinematics for CRISP
devices. We explored the reconfigurability of these systems
and we conducted experiments verifying our mechanicsbased models. The CRISP concept opens up a wealth of
design, planning, and control problems for future study.
A PPENDIX
K INEMATICS OF C OSSERAT RODS
We model each member of the parallel structure as an
unshearable and inextensible Cosserat rod with a state vector
that contain states defining its material position p(s) ∈ R3 ,
material orientation represented as a unit quaternion q(s),
internal force n(s) ∈ R3 , and internal moment m(s) ∈ R3 .
The states vary as a function of scalar arc-length s along the
rod’s body, measured from a proximal reference.
The rod’s position, orientation, internal force, and internal
moment propagate in arc-length according to
p0 = qe3 q −1
m0 = n × p0 − l

1
qu
2
n0 = −r
q0 =

(13)

where u ∈ R3 is angular rate-of-change of the rod’s body
reference frame expressed in the body frame, r ∈ R3 and
l ∈ R3 are externally applied distributed forces and moments
per unit rod length, and 0 indicates derivative with respect to
arc-length s. We assume that r = 0 and l = 0 in this paper.
The internal moment can be related to the angular rate of
change by a linear constitutive law of the form
m = q [Km (u − u∗ )] q −1

(14)

where Km = diag(EI, EI, JG) maps bending and torsion
to internal moment, E is the Young’s modulus, G is the
shear modulus, I is the second moment of area about the
body e1 and e2 axes, and J is the polar area moment about
the body e3 axis. The vector u∗ is the rod’s precurvature in
its undeformed state as represented in the rod’s undeformed
body frame. For example, u∗ = 0 for a straight rod.
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