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Abstract—Continuum robots offer unique advantages for ap-
plications such as minimally invasive surgery, navigation through
confined environments, and safe human-robot interaction. How-
ever, while most continuum robot segments are designed to ex-
hibit constant curvature over their length, they passively deform
into a non-constant curvature s-shape when holding payloads at
the tip, and their dynamic movement is often subject to unwanted
vibration of the passive non-constant curvature modes. In this
paper, we propose a simple solution to dramatically improve
these issues: a continuum robot segment design that utilizes a
diagonal backbone and flexible push-pull actuation rods. This
simple modification to common continuum-robot construction
enables us to eliminate the passive s-shaped mode, creating a
bending segment that can handle large loads without significant
deformation or vibration while requiring no more actuation force
than conventional designs. We show that a modified version of
1-DOF constant-curvature kinematics accurately describes the
structure when actuator translations are equal and opposite. We
also develop and validate a 2-DOF model that predicts tip position
and orientation resulting from more general actuation inputs.
The models and increased output stiffness were verified experi-
mentally and the concept was demonstrated on a multi-segment
robot following a 3D trajectory with minimal disturbance from
added loads.

Index Terms—Soft Robot Materials and Design; Modeling,
Control, and Learning for Soft Robots; Flexible Robotics; Ten-
don/Wire Mechanism

I. INTRODUCTION

ONTINUUM robots are defined by a continuous struc-

ture with infinite kinematic degrees of freedom [1]. They
provide unique advantages in shape flexibility and can be
manufactured at smaller scales than rigid-link robots, making
them advantageous for applications in confined spaces such
as minimally invasive surgery [2]-[4], inspection operations
[5]-[7], and for human-robot interaction [8], [9].

A main limitation of continuum robots in some applications
is that their flexibility entails low output stiffness at the tip
of the robot. A large tip load will usually cause large tip
deflection, which limits the force a continuum robot can apply
and the weight that it can carry. Even when not carrying
large tip loads, the low output stiffness results in undesired
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Fig. 1: This figure shows how both a straight-backbone continuum
robot and a diagonal backbone continuum robot respond to constant
curvature actuation and external loads. Both robot designs have a sim-
ilar response to constant curvature actuation, although the diagonal-
backbone is asymmetrical as compared to the straight-backbone con-
tinuum robot. Under external load, the straight-backbone continuum
robot deforms into the S-shape. The diagonal backbone robot does
not deform.

Diagonal Backbone

tip vibrations when executing fast motions, making it difficult
to precisely control tip location.

Many approaches have been taken to selectively increase
continuum robot stiffness while maintaining range of mo-
tion. This includes jamming approaches [10]-[13] pneumatic
stiffening of joints in [14]-[16], rod-based locking [17], and
topology optimization in [18]. These efforts are primarily
designed to increase stiffness in general (or at a specific time)
and come with the tradeoffs of increased force required to
move the robot while it is stiff and often reduced range of
motion.

A primary reason many continuum robots have low output
stiffness is the existence of passive modes of deformation. One
usually passive mode is torsion, which can be significant when
the robot is under external loads. Torsion can be mitigated
and strength improved by hybrid rigid-continuum structures
[19], origami-inspired structural designs such as those using
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a Yoshimura fold pattern [20], [21] or accordion folds [22],
and torsion can be actively controlled through the use of
Kresling patterns [23], [24]. In addition to torsion, most
continuum robots have modes in which the robot can bend
without changing the length of any of its actuation lines (i.e.
the physical paths along which actuation tendons or rods
are routed). Thus, even when actuators are locked and the
lines stay constant length, the segment can deform (into an
s-shape, as illustrated in Figure 1), and the tip can deflect.
This fact has been recognized in prior papers, and strategies
to address it have been proposed. In [25], the authors observe
the s-shape passive mode and mitigate it with a variable
neutral line mechanism based on rolling contact joints with
a specific shape. In [26] and [27] a chain of synchronized
linkages enforces constant curvature in a pseudo-continuum
device. In [28], it was shown that convergent tendon routing
paths dramatically increase the output stiffness due to the
elimination of the s-shape mode. This approach was carried
further in [22] by using a combination of six non-parallel
push-pull actuation rods in an origami-inspired compressible
structure to achieve high output stiffness in all directions.
The tradeoff with the strategies in [28] (Oliver-Butler et al.)
and [22] (Childs and Rucker) is that non-parallel actuation
lines create complications in robot design, construction, and
modeling. Constant curvature kinematics no longer applies,
and the actuation lines must be creatively routed back through
curved transmission paths to the stationary actuator pack. (for
example, see Figures 7 and 8 in [22]).

In this paper we address these limitations by presenting
and studying a simple planar continuum robot segment design
using a flexible diagonal backbone and conventional straight
actuation lines. This approach inherits the dramatic increase
in output stiffness associated with convergent actuator routing
as explored in [22], [28] by leveraging geometry, but reduces
complexity because the actuation lines remain parallel to the
longitudinal axis of the segment and do not require com-
plicated routing schemes. We further verify that this design
still exhibits constant curvature along the diagonal backbone
when the two actuation lines are actuated an equal amount
in opposite directions. We provide a kinematic model for this
simple case, and also extend the model to consider general
actuation that leads to a 2-DOF planar segment workspace. We
further construct a single-segment prototype, experimentally
validate the accuracy of our two models, validate the dramatic
increase in output stiffness, and demonstrate the concept of
a multi-segment robot by building and testing a two-segment
prototype.

II. DESIGN

Our proposed bending segment structure is formed by two
plates, one at the base and one at the tip, connected diagonally
by a backbone, as shown in Figure 2. Triangular fins are
added to the backbone to increase the torsional stiffness while
maintaining low bending stiffness in the primary bending
direction [29]. The triangular fins swap sides halfway down
the backbone to use the space well, and straight fins are
extended across the backbone on the other side. Actuation
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Fig. 2: The left image defines the dimensions of a segment. wy is
the width of the base, and w; is the distance between actuation rods.
d is the depth. ¢ is the thickness. [ is the height between fins. [, is
the length of the backbone. The right image shows the CAD model
for the two segment assembly where two segments are combined at
a 90 degree offset to create a 4-DOF robot.

rods are routed parallel to the y-axis of the segment with
guide-holes through the fins, represented by the dotted lines.
The rods are attached to the tip plate on one end and linear
actuators on the other (below the base), using set screws.
The segment is actuated by extending or contracting the rods,
which results in the elongation or compression along the sides
of the segment. Conventional planar bending segments with
a straight backbone exhibit only 1 DOF (constant curvature
bending) even with two push-pull actuation rods, while the
diagonal backbone segment allows control of 2-DOF motion
in the plane, while still being able to produce the conventional
constant-curvature configuration, as we demonstrate later in
the paper.

We constructed prototype bending segments for validation
experiments discussed later in the paper. The prototype seg-
ments uses a backbone thickness of ¢ = 0.8 mm, width of wy
=75 mm, a rod width of w; = 67 mm, a depth of d =75 mm,
an inner segment length of [y = 144 mm which is the distance
between the interior faces of the plates, a backbone length of [,
= /12 + w}, and a pitch height of 2 = 24 mm, shown in Figure
2 (left). The width and depth were chosen to allow room for
a simple actuation strategy using four linear stepper actuator
directly in line with the rods as shown in Figure 2 (right).
The other dimensions (length and triangle shape) were chosen
to increase the effectiveness of the triangular fins, increasing
the torsional stiffness and bending stiffness about the z-axis,
while allowing for bending about the y-axis.

The segment was fabricated using 3D printed PETG from
a Bambu X1 carbon printer. The segment can be printed
flat as a single piece with no post-processing. The single
segment design was actuated by two Actuonix S20 100mm
linear stepper motors. The motors are housed in the base of
the structure, underneath all of the arm segments. A puzzle



EISENHAUER et al.: DIAGONAL BACKBONE CONTINUUM ROBOTS

IEEE Robotics and Automation Letters (RA-L) paper, presented at ICRA 2026, Vienna, Austria. Cite as RA-L paper.

model.png

o .
AN 07
Fig. 3: This diagram outlines all frames and geometric parameters
used for both kinematic models. O is the origin frame defined at the
base of the segment. end is the end effector frame of the segment
defined at the segment tip. A, B, C’ and C are intermediate frames
used to represent end, pr, and pr, in the O frame. pr and py, are
points on the right and left actuation rods that are also constrained
horizontal to C'. 6 is the angle of the backbone relative to the base,
which remains constant even under bending. s is the distance along
the backbone from the base to some point.
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piece interlock was used to join the plates rigidly at the base
of the segments.

III. MODELING: 1-DOF CONSTANT CURVATURE ALONG A
DIAGONAL BACKBONE

In this section, we derive a kinematic model based on the
assumption of constant curvature along the diagonal back-
bone. While this model uses conventional robotics methods
(constant-curvature transformations, basic reference frame as-
signment) it provides different predictions than a the widely
used constant curvature segment model reviewed in [1], be-
cause it contains a pre- and post- transformation to account
for the fact that the backbone is diagonal instead of parallel
to the actuation rods. Thus, while the diagonal backbone is
constant-curvature in this model, the rods themselves do not
have constant curvature (unlike in conventional models), and
computation of their length is thus more complicated.

As is commonly done in continuum robotics [1], we gen-
erate an inverse kinematics model between arc parameters (in
this case the curvature, k) and actuation rod lengths. Thus, the
input to our model is the desired backbone curvature %k, and
the output is the lengths of the two rods necessary to achieve
the given curvature. Figure 3 shows a layout of the segment in
the home configuration and defines all frames and geometric
parameters.

O is the origin frame defined at the base of the segment. end
is the end effector frame of the segment defined at the segment
tip. A, B, C’, and C are intermediate frames used to represent
end, pr, and py, in the O frame. pr and py, are points on the
right and left actuation rods that are also constrained horizontal
to C. 0 is the angle of the backbone relative to the base, which
remains constant even under bending. s is the distance along
the centerline of the backbone from the base to an intermediary
point as shown in Figure 3. Other segment dimensions are
shown in 2.

To model the diagonal constant curvature transformation,
the transformation matrix ©T., 4 is the product of transfor-
mations ©T 4, ATp, and BT.,4. ©T4 is a translation from
the origin to the base of the backbone, as well as a rotation
to align the y-axis with the backbone tangent at A. 4T is
a constant curvature transformation (as conventionally given
in [1]) along the diagonal backbone from the base to the tip.
BT,,.4 is a constant rotation to align axes with the end-effector
frame and a translation to the middle of the end-effector. The
relevant transformations are detailed below:

_wp
_z 2
om, = RT3 n
0 0 1
—lbsin(%)sinc(%)
ATp = R(kLy) Iy sinc (klp) 2)
0 0 1
s 0 0 _%
= RETD ol T )
0 0 11 {0 O 1
OTend = OTAATBBTend 4)

where R() is the conventional 2D rotation matrix:

cos(x) —sin(*

R(x)=| . (+) (+) (®)]
sin(x)  cos(x)

and we have used an alternate form of the conventional

constant curvature position

1 . in kS qine ks
E(l1 — cos ks)| _ |ssin 5 sinc 5
1+ sinks ssinc ks

by employing the half-angle identity and the sinc() function
to eliminate the numerical singularity at & = 0, where

sinca::{'“{7 x#g 6)
b 1/‘:

To facilitate calculation of actuation rod lengths, we also
establish a transformation from the origin to frame C' located
a length s along the backbone. ®T 4 remains unchanged from
Equation (1). 4T¢ is a constant curvature transformation a
distance s along the backbone, and T is just a rotation by
—6 so that frame C' aligns with the global frame in the home
configuration.

—ssin (&) sinc (&)
ATer = R(ks) ssinc (ks) 7
0 0 1
- 0
e = RGO ®)
0 0 1
OT¢ = OTy*Te“ T ©)

The position of a point on the actuation rods in the C
frame are defined as “pp (right actuator) and “p; (left
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actuator) according to the design variables as follows (in 2D
homogeneous point form):
Cpp = [2Ew —scos(9) 0 1] (10)

Opp = [®5% —scos() 0 1]T (1)

These two points are then represented in the global frame as
pr = “To(s) pr(s)

pr = “Tc(s)“pL(s)

12)
(13)

With the equation for the actuation rods defined, an arc
length integral can be used to determine the length of the
actuation rods. The arc length integral will integrate the
magnitude of the derivative of the actuation rod line functions
(Pr,0-PL,0) With respect to the distance along the backbone
(s) over the length of the backbone (0 to I;,). Define the length
of the right actuation rod as [, and the length of the left

aCtuati()]l ]()d as ll
Iy
0

Iy
le/
0

where the norm is applied only to the position part, not
including the 1 element that is part of the homogeneous form.
We evaluate these integrals numerically by sampling the pr
and py curves at discrete values of s between 0 and [,
and summing up the discrete lengths. Note that in contrast
to conventional constant curvature models, the rod paths are
not circular arcs even though the backbone follows a circular
arc. It turns out that under the constant curvature assumption,
the actuator lengths are equidistant from [y (as intuited by
symmetry), and thus it is sufficient to calculate only [j or
{r. If forward kinematics is desired, we use a numerical root
finding algorithm to determine the curvature k associated with
a particular set of lengths [r and [;, equidistant from [;.

ds (14)

(o)

—(p)|| ds (15)

ds

A. Assumptions for Model Validity

The constant curvature model in this section is valid when:

o The actuation rods are displaced equal amounts in oppo-
site directions away from the straight home configuration.

e The manipulator is operated at curvatures within the
elastic strain limits of the backbone material. That is,
k| < 26%, where €,,4, 1S the material’s elastic strain
limit and ¢ is the thickness of the backbone wall.

o The curvature is less than the geometric limit that would
result in self intersection of the material. In the constant-
curvature case, this limit can be well approximated as
k| < -

o The manipulator is not subject to extremely large loads.
However, even large loads can be handled without loss of
the constant curvature validity because of the high output
stiffness afforded by diagonlizing the backbone, as we
show experimentally in Section V.

B. Conventional Constant Curvature Model

In the Section V, we will compare our diagonal back-
bone constant curvature model to the conventional constant
curvature model for straight backbones (parallel to actua-
tion rods). This conventional model is simply given by the
constant curvature transformation itself, without the pre- and
post- transformations that account for the diagonality of the
backbone. Thus, the transformation from O to the end-effector
in a conventional constant curvature model is

—Lbsin(k—éb)sinc(%)
OTace = | ") L sine (kLy) (16)
0 0 1

IV. MODELING: 2-DOF, VARIABLE CURVATURE

The following section generalizes the previous model to
accommodate any general 2-DOF actuation (/;, and [g are
no longer assumed to be equidistant from [jp), and allow
for variable curvature along the length. We parameterize
the curvature along the backbone with n discrete constant
curvature segments, each having a potentially different cur-
vature k;. Thus, a transformation along the centerline of the
backbone can be modeled as the product of constant curvature
transformations. Equation (17) below gives the transformation
along the entire backbone from A to B, while (18) describes
the transformation from A to an intermediate segment end
point C;, where 0 < i < n:

AT g =01 'T,2T5..7 T, (17)
ATe, = T 1 T2 T, 71Ty (18)

where the intermediate discrete curvature transformations
above are

—As; sin ( k’és"’ ) sinc (kié\‘si)

iy, = R(kiAsi)) As; sine (k;As;)
0 0 1
(19)
with As; = s; — s;_1. To determine the set of discrete
curvatures k = {ky,ko,...,k,} for a given actuation, we

minimize the elastic energy subject to rod length constraints,
that is, we solve a constrained energy minimization problem
of the form:

arginin u = % i EIk? (20)
where E1 is the bending rigidity, subject to constraints:
bl g n—1
lrp= /0 %(plﬂ ds ~ ; lPRi+1 — PRl 21
bl g n—1
Iy = /0 £(PL) ds ~ ; lPL,i+1 — PL,i (22)
where
pri =T, [ —scos(6) 0 1] (23)
pri=OTc, [25% —sicos8) 0 1)1 (24)
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Fig. 4: Both plots show the curvature along the backbone. The black
lines indicate the upper and lower curvature bounds. Each colored
line describes the curvature along the backbone for a given actuation
input. The top graph shows instances of equal and opposite actuation
(up to £90 mm). These cases result in constant curvature until
the curvature bounds are reached, verifying the consistency of the
constant curvature model with the general one and validating the
constant curvature assumption. The bottom graph shows instances of
equal actuation (up to 40 mm). These result in linear curvature until
the curvature bounds are reached.

and also subject to location-dependent bounds on the curva-
tures to disallow curvatures that in self intersection of the
material:

—1 <k < 1
wy — 5 (si + sir1) cos(0) = T F(si + siv1) cos(d)

(25)

These bounds are a linear approximation based on the unde-
formed manipulator geometry. Avoiding self-intersection in a
general deformed state is a complex problem that we leave
to future work. This constrained optimization problem with
upper and lower bounds and nonlinear constraints can be
solved by standard routines optimization software packages.
For example, we use Matlab’s fmincon() with rod length
nonlinear equality constraints and bounds on the curvatures.

A. Curvature Profiles

We can use the general curvature model to further verify
the constant curvature assumption and gain intuition about
curvature profiles in general. Figure 4 (top) shows the resulting
curvature profiles produced by the general model when the
actuators are displaced equal amounts in opposite directions,
as shown in the top row of Figure 5. This verifies that the
constant curvature assumption is valid in this case, when the
geometric curvature limit is not exceeded. Figure 4 (bottom)
shows that equal actuator displacement in the same direction
produces linearly varying curvature, as shown in the bottom
row of Figure 5, until the curvature limits are reached. This
is also an intuitive result which leads to diagonal translation
of the end-effector without rotation. Videos of both motion
profiles can be found in the video attachment.

Left Rod: -30 mm . | Left Rod: +30 mm
Right Rod: +30 mm ' Right Rod: -30 mm

circular arc
ovetrlayed on
robot backbone

circular arc
overlayed on
robot backbone

¥

Left Rod: +30 mm Left Rod: -30 mm
Right Rod: +30 mm [“Right Rod: -30 mm

Fig. 5: The top left image shows the robot under constant curvature
with the left rod contracted 30 mm and the right rod extended 30 mm.
The top right image shows constant curvature in the other direction
with the actuations reversed. The bottom left image shows the robot
with both rods extended 30 mm. The tip orientation of the robot
remains the same as it does in home configuration. The same is
shown in the bottom right image with the rods instead retracted.

V. EXPERIMENTAL VALIDATION

We performed several experiments to validate the kinematic
models presented in the previous sections, confirm the ability
of the proposed bending segment design to exhibit a control-
lable 2-DOF workspace and extremely high output stiffness.

A. Constant Curvature Kinematic Validation and Workspace

The robot, detailed in Section II, was assembled and ac-
tuated around its workspace. Points were sampled by com-
manding specific actuation rod lengths, and the tip position
was measured experimentally using a graph paper background
and manually recorded points at a reference location on the
robot. These points were compared against the model predicted
positions calculated in MATLAB using the kinematic models.
To account for reference frame alignment with our coordinate
measurement system, we rigidly registered the experimental
dataset to the model dataset before calculating error.

We first assessed the accuracy of the diagonal constant
curvature model of Section III by commanding actuation rod
displacements in equal and opposite directions. The range of
actuation lengths was -45 mm to 45 mm in 5 mm increments.
Figure 6 (top graph) compares the model-predicted (blue
circles) tip position to the experimentally measured tip position
(black dots) across the constant-curvature configuration space.
Our model (constant curvature along the diagonal backbone)
had an average error of 0.8 mm and maximum error of 2.2
mm at the edge of the workspace. These small errors are likely
due to human error in taking the measurements, manufacturing
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Fig. 6: This figure shows the tip position of the single segment
robot under a series of different equal and opposite rod actuations,
compared to two models. Top: our diagonal constant curvature model.
Bottom: the conventional constant curvature model.

discrepancies, and friction between the actuation rods and their
guide holes. In contrast, the conventional constant curvature
model (Section III-B) exhibits a mean error of 4.lmm and
maximum error of 10.8mm. This experiment further validates
that the diagonal backbone indeed bends in a constant curva-
ture shape when the actuators are displaced equal amounts
in opposite directions, and that the structure of our new
model is correct. Note, in particular that the asymmetry of the
workspace (due to the asymmetry of the backbone) is captured
by our model due to its pre- and post- transformations applied
to the constant curvature mapping, while the conventional
constant-curvature model expects a symmetric workspace.

B. Variable Curvature Kinematic Validation and Workspace

We next assessed the accuracy of the more general vari-
able curvature model of Section IV by commanding a set
of actuation rod displacements spanning the range of the
configuration space (25 points generated from every combi-
nation of actuations: -30mm to 30mm in 15mm increments).
Experimental data was collected in the same manner as the
constant curvature model validation. In the model, 9 discrete
constant-curvature segments were used. Figure 7 compares
the model prediction to experiment across all these actuator
combinations. The variable curvature model exhibited had a
mean error of 0.4mm and maximum error of 1.7mm. This
agreement validates the more general modeling approach, and
the experiments confirm the ability of the diagonal back-
bone bending segment to be controlled in a significant 2-

Curvature Model And Workspace.png
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Fig. 7: This figure shows the tip position of the single segment robot
under a series of general rod actuations up to 30mm. The model-
predicted points (blue circles) are plotted against the experimental
points (black asterisks). The green background shows the workspace
for the robot under theoretical actuation up to 40mm.

DOF planar configuration space, unlike conventional constant-
curvature bending segment designs which only exhibit a single
controllable DOF if the backbone is inextensible [1].

Using our general model, the workspace of a single 2-
DOF bending segment is depicted in Figure 7 (green area)
when the rods are actuated within a range of up to &+ 40mm
from the starting length. While the rods can be pushed and
pulled beyond this range, doing so requires greater backbone
curvature and force and causes internal collisions between the
fins. Unlike conventional straight backbone continuum robots,
the workspace is asymmetric, and the robot can translate
diagonally while maintaining a constant angle as shown in
Figure 5.

C. Output Stiffness Validation and Comparison

Another main advantage of the diagonal backbone segment
over a straight backbone segment is that we do not observe
the S-shape mode of deformation (second harmonic mode)
in the diagonal backbone design, under loads which cause
large S-shaped deflections in straight backbone designs. This
allows the segment to bear greater loads without deformation
than equivalent straight backbone designs. To demonstrate
this, two bending segments (one with conventional parallel
backbone and one with diagonal backbone) were placed into
a cantilevered position and loaded with weights hung from
the tip up to 900g while the rod actuators were held fixed.
The two segments are have the same size (75x75x144mm),
thickness (0.8mm), material (PETG), and similar fin structures
increasing torsional rigidity and rigidity about one bending
axis. The comparison focuses on the resulting output stiffness
while the rod lengths are locked. Figure 8 demonstrates the
results, showing the quantitative deflection as measured by
a motion capture system (OptiTrack) and several pictures of
the robot’s shape. The conventional backbone design exhibits
significant s-shape deflection under only self-weight, and the
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Fig. 8: Top: Displacement is plotted vs. external load applied in our
cantilevered load experiments. The straight backone design deflects
much more, and the diagonal backbone design almost eliminates tip
deflection. Bottom: Snapshots of the experiments are shown in the
six labeled panels. The s-shaped mode of deformation can be clearly
seen in the straight backbone design, even under self-weight only,
while the diagonal backbone design exhibits minimal deflection in
both diagonal up and diagonal down configurations.

deflection grows increasingly large as the tip load is applied.
In contrast, the diagonal backbone design exhibits minimal
deflection throughout the experiment in both diagonal up and
diagonal down configurations.

The straight backbone segment exhibited significant defor-
mation with no load applied (only self weight), and with
the 900g weight, it deformed even more into the expected
S-shape. On the other hand, the diagonal backbone segment
showed minimal deformation both with and without the 900g
weight as shown in Figure 8, and did not exhibit an s-shape
passive bending mode. This experiment shows the that the
diagonal backbone significantly increases output stiffness by
eliminating the S-shape mode of deformation.

D. Two Segment Robot Demonstration

To further demonstrate the potential of diagonal backbone
bending segments, a two-segment, 4-DOF robot was built
where the segments were offset 90° from each other as shown
in Figure 2. We implemented open-loop control of the four
actuators to each follow a different triangle wave profile of
displacement over time, such that the tip follows a complex
3D tip trajectory. We ran this open-loop trajectory control
program on the two segment robot, both in free space and
with a 200g weight added to the end effector, and tracked its
tip motion with an Optitrack IR camera system. The video

Fig. 9: The images show the 2-segment robot following a specified
3D path around its workspace with a 200g weight attached to the
robot end-effector.
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Fig. 10: This figure shows the coordinates of the 3D tip trajectories of
the experimental robot overlaid on top of the desired model-predicted
trajectory (Desired). Trajectories are shown for the robot operating in
free space (Free) and with a 200g tip load attached (Load) compared
to a desired trajectory given by our model.

attachment to this paper shows the resulting robot motion,
and still pictures at points in time can be seen in Figure 9.
Figure 10 shows the resulting 3D cartesian tip trajectories for
the loaded and unloaded cases, overlaid on each other and
on the desired trajectory. The error remains under 20mm for
the entire trajectory, regardless of the added weight, and there
is no evidence of vibration despite the trajectory containing
abrupt changes in actuator and tip velocity.
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VI. CONCLUSION

We developed a model and experimentally validated a
prototype for a diagonal backbone continuum robot. The robot
demonstrates impressive capabilities for continuum robots,
dramatically increasing output stiffness (see Figure 8) with
a large range of motion (see Figure 8). These properties
come from the diagonal backbone design constraining the s-
shape mode of deformation that typically weakens continuum
robot output stiffness. Two kinematic models for the robot
were presented. By actuating the rods equal distances in
opposite directions, the backbone follows a constant curvature
shape, allowing for simple 1-DOF control using a modified
conventional constant model. For any actuation of the rods
(2-DOF control), the robot can be modeled by discretizing the
backbone into multiple constant curvature segments, solved by
strain energy minimization. Diagonal backbone segments can
improve continuum robots by enabling them to manipulate
larger loads while minimizing unwanted deformation. This
could enable new capabilities in applications with relatively
high precision and strength requirements (robotic surgery),
requirements to move heavy loads with a lightweight ma-
nipulator (space applications), and requirements to minimize
passive vibration (high bandwidth gaits for locomoiton). In fu-
ture work, we would like to see higher-DOF robots combining
multiple segments at different angles, and application of the
concept at smaller scales for surgical tools.
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