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Abstract— Continuum manipulators have recently grown in
popularity due to their compliancy and remote actuation. Un-
fortunately, a problematic property of tendon-based continuum
manipulators is that they are over-actuated. The aim of this
paper is to achieve full actuation for tendon-based continuum
manipulators. Using cable-length kinematics, several design
strategies have been identified. The most promising strategy
relies on cancelling out the non-linear kinematic terms through
summing cable lengths, and linearising this sum. This linearisa-
tion proves reliable for a large range, introducing only a 2.55%
error for a curvature arc angle θ = 45◦. The performance
prototype was benchmarked against an over-actuated model
in positioning the end-effector. The realised system shows great
potential, displaying high precision, predictable constant offsets,
and outperforming the over-actuated model in accuracy.

I. INTRODUCTION

CONTINUUM MANIPULATORS consist of a de-
formable core structure, that curves continuously and of

which the shape can be actuated. In contrast to traditional rigid
link robots, continuum manipulators are well suited to un-
structured environments due to their inherent compliancy [1].
Therefore these manipulators are found in many applications,
ranging from industrial inspections to medical procedures,
where they can navigate complex and constrained spaces
[2]–[4]. One class of manipulators is the tendon-driven kind,
which uses a straightforward and simple to realise actuation
strategy [5]. These manipulators are typically actuated using
three or four tendons that cause the manipulator to bend with
constant curvature by adjusting their length.

A common property of tendon-based continuum manipu-
lators is that they are over-actuated [6]–[9], meaning they
use more motors than the number of degrees of freedom
their configuration allows. By definition the system is over-
constrained, causing large and unwanted forces in the system
if the tension in the tendons is not properly distributed [10],
[11]. A fully-actuated manipulator does not suffer these
drawbacks and it reduces the amount of motors, which enables
significant weight reductions.

Few attempts have been made to achieve full actuation.
In a planar configuration, full actuation is easier to achieve,
and both serpentine and continuum manipulators have been
realised with full actuation in a plane [12], [13]. However,
full actuation of spatially moving manipulators is more
challenging, and only two attempts have been reported.
Suh (2018) designed and built a fully-actuated 2 degree
of freedom serpentine manipulator [14]. This actuator is
not suited for continuum manipulators, because the actuator
mirrors serpentine links, whose kinematics are different from
continuum manipulators. Only one attempt to realise full
actuation in a continuum manipulator has been reported [15].
Here, two tendons are driven, and one is passively tensioned.
Unfortunately this actuator suffers from singularity in certain
configurations due to the actuator positioning.

This paper covers the design, implementation and eval-
uation of a novel, full actuation strategy for tendon-based
continuum manipulators with three or more equally spaced
tendons and two degrees of freedom. Based on the kinematic
model, several design strategies are identified. The most
feasible strategy is selected and prototyped to experimentally
validate the actuation principle. The prototype consists of
a summing mechanism, an error reduction mechanism, and
two motors. This research is executed within the context of
the Bachelor End Project for Mechanical Engineering at the
Delft University of Technology.

II. MATERIALS & METHODS

A. Kinematic model

Figure 1 shows a generalised schematic for a tendon-
based continuum manipulator. Such a manipulator consists of
multiple, independently controlled segments. Every segment
consists of multiple sections, separated by tendon guides. The
shape of all sections in a segment will be equal, and therefore
only the kinematics for a single section will be explored in
the following section.

tendon

section segmenttendon guide

Fig. 1. Generalised multi-segment tendon based continuum manipulator

1) Single section kinematics: Figure 2.a shows the relevant
geometric parameters for the manipulator in planar view. The
curved line represents the core of the section bending with
constant curvature and a constant length of L0. Vector a is
the vector between the start and end position of the section,
forming a chord. From its geometry it follows that the length
of chord a is:

||a|| = 2r sin (
θ

2
), with r =

L0

θ
(1)

Equation 1 means that the planar position of the manipulator
is fully determined by configuration angle θ. In order to bend
out of plane, the angle ϕ needs to be introduced, as seen
in figure 2.b. The spatial position of the manipulator is then
defined by bending in a plane, and a rotation of that plane
around the inertial x-axis. Three holes through which the
tendons are routed are also displayed.

2) Cable lengths for a single section: Knowing the position
of the end of a section, the required lengths of the tendons in
this section can be calculated. As figure 3 shows, a congruent
triangle between a and a projection of a tendon on the plane
of bending can be constructed, with the tendon parallel to a.
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Fig. 2. Configuration diagrams for a 3-tendon continuum manipulator

The length of any tendon i can be determined by multiplying
||a|| with the corresponding form factor:

lc,i = ||a||(1 +
p

r
cos (ϕ+ ϕ0,i)), with r =

L0

θ
(2)

lc,i = 2
L0

θ
sin (

θ

2
) + 2p sin (

θ

2
) cos (ϕ+ ϕ0,i) (3)

Here p is the distance between the tendon and the centre
line of the core, and ϕ0,i is the angle offset corresponding
to cable i. This offset is defined by the angle between the
cable base and the z-axis (see 120◦ in figure 2.b).
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Fig. 3. Congruent triangle relation between chord a and the tendon
projection

B. Design

The smallest amount of tendons needed for a spatially
moving manipulator is three. This number will be used
to explore various design options for full actuation. This
means that for a single segment, there will be two actuation
inputs and three actuation outputs in total. Two simple ways
to achieve this is by either designing a mechanism with
two inputs and three outputs, or by designing three parallel
mechanisms with two identical inputs and three outputs, one
for each tendon.

As can be seen in figure 4, the two-input-one-output mecha-
nisms can implement equations (2) and (3) as either an adding
or multiplying mechanism. However, the non-linearities in
these equations makes designing such a mechanism difficult.
For full actuation the inputs should be θ and ϕ for each
mechanism. Since θ terms are the same for all the tendons,
this will not pose a problem. However, since ϕ is different
for each tendon, it is required to have a linear mapping of the
motor input to the tendon output for ϕ, in order to properly
drive the mechanisms with a phase difference. The strong
non-linearity makes this challenging, if possible at all.

Lc = f(θ,φ)    eq(3)

2-in-3-out parallel 2-in-1-out

multiplier

f(θ)g(θ,φ)

adder

f(θ)+g(θ,φ)

x3

Fig. 4. Design tree of the identified design strategies

From equation (3), it is apparent that the sum of the lengths
of any amount of equally spaced tendons is a function only
of θ. The ϕ term cancels out, since 2 or more evenly spaced
cosines always sum to zero:

LT =

n∑
i=1

lc,i = 2n
L0

θ
sin(

θ

2
) (4)

By linearisation, this equation further simplifies into:

2n
L0

θ
sin(

θ

2
) ' nL0

2

θ

θ

2
' nL0 (5)

The error in length due to linearisation increases slowly with
respect to θ, due to the two fractions in equation 4. When bent
up to θ = 45◦, the error ε = |1 − 2

θ sin ( θ2 )| will be 2.55%.
Therefore the total cable length can initially be assumed
constant, meaning the sum of the displacements of all cables
must be zero. Hence for a 3-tendon continuum manipulator,
a subsystem could be designed that takes the displacement
of two tendons as input, and outputs the displacement of the
third tendon:

∆lc,3 = −(∆lc,1 + ∆lc,2) (6)

This allows for the actuator to be decoupled into two serial
subsystems: one that sums the cable displacements to zero,
and a second one altering the total length to ensure equation
(4) is realised, compensating for the error introduced in
equation (5). Then, two cables can be controlled directly using
equation (3), with the length of the third cable determined
by the summing mechanism. This approach of a summing
subsystem and an error negating subsystem, as shown in
figure 5, works for any amount of equally spaced tendons,
as the linearisation process holds for any amount of tendons.

Controller
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� → 0
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Fig. 5. Design options for transmission mechanisms

C. Prototype design

The summing mechanism that implements equation (6) is
realised with a planetary gearbox as seen in figure 6. The
three tendons are each connected to a pulley. Two pulleys,
red and green, are each connected to a stepper motor that
directly controls the length of the connected tendons. The
third, yellow, pulley is connected to both stepper motors via
the planetary gearbox. This planetary gearbox uses the red
ring gear and green carrier as inputs, and the yellow sun
gear as output, making the rotation of the sun the sum of the
rotation of the other pulleys as in equation (6).
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This entire mechanism is modular and can be swapped out
for an over-actuated base for comparing experimental results.

Fig. 6. Gearbox that functions as the adding mechanism

Since the error in total cable length is small compared to
the intended total cable length, the slack due to the error can
be reduced by a cable tensioner.

The manipulator consists of a central rod that is considered
of constant length, and five discs that guide the tendons along
the rod towards the end-effector, dividing the manipulator
into six sections. It is actuated by three tendons, which are
spaced equally around the central rod. The manipulator core
is a PEEK rod, with a length of 285mm and diameter of
6mm. The distance between the core centre-line and the cable
centre-line p is 21.5mm, based on a maximum θ of 45◦ so
that the tendons will not intersect with the rod.

Fig. 7. The assembled prototype

D. Experimental work

1) Prototype operation: The experimental setup consists
of a DC power source connected to an Arduino with a stepper
motor shield. The Arduino is connected to a computer within a
ROS framework. Python nodes in this ROS framework process
positioning requests, calculate the desired motor positions, and
send these positions to the Arduino. The position of the end-
effector is then photographed frontally from a distance of 3m
with a high zoom. This ensures near orthographic projection.
This reduces image warping effects due to perspective.

Camera
3m

Manipulator

ArduinoComputer

ROS

Fig. 8. Diagram of the experimental setup

2) Experimental validation: The performance in position-
ing the end-effector of the fully-actuated manipulator with
feed forward control is compared to the positioning by an
identically controlled over-actuated manipulator. This test is
conducted for θ of 5◦, 10◦ and 15◦, and ϕ ranging from 0◦ to
180◦, with increments of 30◦. The tests are conducted in five
consecutive runs per θ. The resulting images are then analysed
using the open source software ImageJ [16], resulting in z and
y position data that is processed in MS Excel and MATLAB.

The intended position is defined as pI, and the fully-
actuated position is defined as pFA. Using these positions,
two errors can be defined:
• A normalized error in deflection: ερ =

||pFA−pI||
||pI|| .

• An error in rotation of the bending plane, ϕ:
εϕ = ∠(pFA,pI) = atan2(||pI × pFA||,pI · pFA),
where atan2(·,·) is the four-quadrant inverse tangent.

III. RESULTS

target position

fully-actuated

over-actuated

(a) (b)

(c)

Fig. 9. Positioning test results of the fully-actuated and over-actuated model,
along with the intended position

Figure 9 shows the results of the positioning tests of
both the fully- and over-actuated models, along with the
intended position. Both have a precision with the standard
deviation below 1mm. The fully-actuated model displays
better accuracy, with results getting closer to the intended
position as θ increases.

Focusing on the fully-actuated manipulator, figure 10 shows
the positioning errors in polar coordinates. As seen in figure
10.a, the normalised error ερ increases as ϕ moves towards
180◦. The error in ϕ is displayed in figure 10.b and is largest
near ϕ = 90◦.

IV. DISCUSSION

The over-actuated model displays a repeating error in
positioning. Similar errors for open loop over-actuated manip-
ulators have - without further elaboration - been reported by
other researchers [7], [9]. In our tests, the error is likely caused
by insufficient tension in the tendons when the manipulator
is at rest.
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Fig. 10. Polar positioning errors of the fully-actuated manipulator with
respect to the intended position

The errors in positioning the fully-actuated manipulator are
caused by the control scheme. The tendons directly linked
to the motors are always rotated such that the length is
exactly known, thus the error in cable length only manifests
in the third tendon. This error should be compensated by
the tensioners. However, as ϕ approaches 180◦, the third
tendon moves to the inside of the curvature and the required
tension on this tendon becomes too much for the spring in
the tensioner to handle. The tensioner will hit its end stop,
leaving the error in the third cable.

This results in two errors. The first is a smaller curvature
(κ = θ\L0), since a tendon on the inside of the curvature
is too long and the core rod exerts a force to return to its
unbent shape. This effect will be greatest with ϕ between
150◦ and 210◦, when the third tendon is the only tendon on
the inside of the curvature. The second error is in ϕ. When
two tendons are on the inside of the curvature, and one of
those is too long, ϕ will be pulled towards the shorter tendon.
In this case the error is observed for ϕ between 30◦ and
150◦, as in this region both the directly actuated first tendon
and the indirectly third tendon are located on the inside of
the curvature. These errors can be reduced by improving
the control scheme, thereby moving the error to the outer
tendons. Alternatively, the cable tensioners can be replaced
with a mechanism that better enforces error reduction.

V. CONCLUSION

This paper presents a novel and easily implementable
strategy for full actuation of tendon-based continuum manip-
ulators, which is feasible both theoretically and practically.

The kinematic model was used to set up various design
strategies. The most promising strategy relies on cancelling
out the multi-variable non-linear kinematic terms through
summing cable lengths, and linearising this sum. This
linearisation proves reliable for a large range, introducing only
a 2.55% error for a curvature arc angle θ = 45◦. A prototype
using this strategy was designed, realised, and compared
with the over-actuated strategy using a modular construction.
The realised system shows great potential, displaying high
precision, predictable constant offsets, and outperforming the
over-actuated model in accuracy. These offsets are due to the
error distribution over the tendons.

Further research should aim to improve the current design
and explore new possibilities. Improving the control scheme
will reduce the positioning errors. Also, new mechanical
solutions for the error reduction mechanism should be
identified. These solutions should actively enforce the cable
lengths instead of passively compensating. Further exploration
and identification of design strategies is needed. Finally, the
system could be extended to a multi-segment manipulator.

Ultimately, this will lead to more reliable and lighter
continuum manipulators. These improvements are a significant
step for industrial inspections, medical procedures, and work
in unstructured and constrained environments.
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