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Abstract—The field of robotic surgery increasingly advances
towards highly articulated and continuum robots, requiring new
kinematic strategies to enable users to perform dexterous manip-
ulation in confined workspaces. This development is driven by
surgical interventions accessing the surgical workspace through
natural orifices such as the mouth or the anus. Due to the
long and narrow nature of these access pathways, external
triangulation at the fulcrum point is very limited or absent,
which makes introducing multiple degrees of freedom at the
distal end of the instrument necessary. Additionally, high force
and miniaturization requirements make the control of such
instruments particularly challenging. This paper presents the
kinematic considerations needed to effectively manipulate these
novel instruments and allow their dexterous control in confined
spaces. A non-linear calibration model is further used to map
joint to actuator space and improve significantly the precision
of the instrument’s motion. The effectiveness of the presented
approach is quantified with bench tests, and the usability of
the system is assessed by three user studies simulating the
requirements of a realistic surgical task.

Index Terms—Medical Robots and Systems, Dexterous Manip-
ulation, Calibration and Identification, Kinematics, Telerobotics
and Teleoperation

I. INTRODUCTION

TARGETING pathologies using natural orifices or Single
Access Surgery (SAS) is a challenging task, well suited

for highly articulated or continuum robots. In particular,
the ability to exploit narrow access routes and to achieve
high dexterity within confined working spaces gives this
class of robots an advantage over conventional laparoscopic
robotic platforms [1]. In Transanal Endoscopic MicroSurgery
(TEMS), the surgical workspace to remove a tumour can be
located up to 170 mm beyond the orifice (anal verge). The
lack of triangulation at the access site poses a particular
challenge to the instruments since triangulation needs to
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Fig. 1. Robotic system for transanal endoscopic microsurgery featuring highly
articulated instruments.

be provided in close proximity to the surgical workspace,
requiring many degrees-of-freedom (DoFs) and high dexterity
at the instrument tip [2]. To meet these requirements, novel
kinematic models including constant curvature sections or
links consisting of multiple dependent joints are developed,
requiring new models to describe the forward and differential
kinematics [3], [4].

Various robotic approaches have been presented to meet
different clinical requirements of surgical procedures. Su-
turing in confined spaces in the larynx and upper airways
was explored in [5], by proposing a 2-DoF snake-like end-
effector linked to an external 6-DoF positioning system. An
endoscopic system with 8-DoF wire-actuated instruments of
7.2 mm diameter and with limited force capabilities of 0.5 N
was validated in [6]. A highly articulated robotic probe was
developed in [7] to enable epicardial surgery by approaching
the surgical site via a flexible access path. For Natural Orifice
Transluminal Endoscopic Surgery (NOTES), an articulated
7-DoF universal joint based system, actuated by embedded
micro-motors, was proposed in [8] to access the abdomen
via a transvaginal approach. A modified version including a
proximal 2-DoF flexible section and a distal 3-DoF articulated
section, was proven to be suitable for endoluminal transoral
procedures [9]. A kinematically redundant system for SAS and
NOTES featuring two snake-like 6.4 mm diameter instruments
with an actuatable length of 78.2 mm was presented in [10],
and later equipped with force sensing capabilities [11]. A
bimanual SAS robot featuring two 6-DoF robotic arms of
18 mm diameter with integrated motors and a stereoscopic
camera, suited to perform peg transfer and suturing [12], was
further developed into an untethered, magnetically anchored
system [13]. Another untethered device consisting of a camera
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and two foldable 4-DoF arms, with 26 mm diameter and
high forces of 5 N was presented in [14]. Concentric tube
robots, although feasible for telemanipulation [15], [16], are
not capable of manipulating tissue or exerting high forces as
required in suturing [4]. In contrast, a 4-DoF instrument based
on parallel kinematics [17] and designed for TEMS, proved
capable of exerting high forces of 5 N and speeds of 200 mm/s.

The aforementioned systems are either optimized to work
in tight spaces by incorporating a few DoFs at the distal end
of the manipulator [4], [5], [18], or designed for large working
volumes with long link lengths and many DoFs [7]–[14],
or intended for interventions requiring low-forces, [4], [6],
[15]. The kinematic and control considerations presented in
this paper address challenges arising when high dexterity and
effective manipulation in confined working spaces are required
to seamlessly integrate into the surgical workflow for single
access surgery. To address these challenges this paper’s contri-
butions are: i. computing forward and differential kinematics
of flexible links with dependent joints, ii. avoiding and coping
with joint limits, and iii. calibration of nonlinear actuator
transmission. For the local inverse kinematics, a modified
Damped Least-Square (DLS) pseudo-inverse approach adapted
from [19] was used, and a feed-forward controller based on
[20] was implemented to compensate for tendon backlash.
The described techniques are implemented on a novel TEMS
robotic system depicted in Fig. 1 and briefly described in the
following section. These techniques are validated by bench
tests, user studies, and a realistic simulation using bovine colon
tissue. Refer to [21] for a more detailed system description.

II. APPLICATION AND ROBOTIC INSTRUMENTS

In TEMS, a 35-40 mm diameter port with 3-4 working
channels for tools and an endoscope are inserted into the
patient’s anus (see Fig. 1), to reach a tumour which is located
before the sigmoid colon. This requires the instruments to
reach up to 170 mm into the approximately cylindrical rectum.
The instruments need to have a reachable workspace radius of
30 mm to mark and resect the tumour. Additionally, a 20 mm
radius dexterous workspace is required to close the wound
using sutures.

The dimensions of the surgical instruments were iteratively
optimised, based on these workspace requirements. The tool
diameter and exertable force at the tool tip to perform suturing
were additional criteria. A workspace sufficiently large for
the respective surgical task, a small instrument diameter, and
high distal forces are desirable. While longer articulated tool
tips increase the workspace, the forces applied at the tool tip
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Fig. 2. Schematics of the kinematic chain of the 7-DoF robotic instrument.
Link number: i, Flexible link segment number: k (see section III-A).

TABLE I
DENAVIT-HARTENBERG PARAMETERS OF 7-DOF INSTRUMENT?

i k Link θ d a α Limits
1 revolute θ1 − π/2 0 0 0 [−π, π]
2 prismatic 0 d2 0 π/2 [ 0, 65] mm
3 1 flexible 1/2 θ3 + π/2 0 6 mm 0

2 flexible 1/2 θ3 0 6 mm −π/2
[−π/2,π/2]

4 1 flexible 1/2 θ4 0 6 mm 0
2 flexible 1/2 θ4 0 6 mm π/2

[−π/2,π/2]

5 revolute θ5 0 8 mm −π/2 [−π/2,π/2]
6 revolute θ6 0 7 mm π [−π/2,π/2]
7 revolute θ7 0 0 0 [−π/2,π/2]
?Additional jaw length of 11 mm.

Link number: i, Flexible link segment number: k (see section III-A).

are leveraged by the length, resulting in increased torques at
the proximal end of the tool and an increased strain on the
tendons. To withstand lateral forces at the tip, an increase in
structural strength is required, which can be achieved using
sophisticated manufacturing or materials, or by increasing the
diameter of the instrument. Furthermore, long instrument links
impede sharp bends required in confined spaces. Therefore,
based on the surgical requirements, the tools were designed to
meet the aforementioned criteria while maintaining a minimal
diameter, high forces and sharp bends. This design results in
a challenge concerning the kinematic control, as it needs to
perform stably and consistently at the edges of the workspace
and therefore close to or at the joint limits.

The 7-DoF robotic instruments are produced with additive
manufacturing (selective laser melting) using stainless steel
316L, and the manufacturing process is optimized according to
the findings of [22]. The instruments have a 5.5 mm diameter,
a shaft length of 250 mm and an articulated instrument tip of
50 mm, to allow dexterous manipulation in confined spaces.
The Denavit-Hartenberg (DH) parameters of one exemplary
instrument are listed in Table I. The kinematic chain is illus-
trated in Fig. 2. The kinematic differences between different
tools are mainly limited to variations of the link lengths.
The actuation is tendon-based, using an antagonistic pair of
tendons in a pull-pull configuration. The tendons are routed
through a pulley system and affixed to capstans housed in a
driving unit at the proximal end of the instruments, which
are then coupled to brushless direct current motors housed
in a detachable actuation package, for sterilization purposes.
Each actuation package features a safety controller and four
motor controller modules, where each module drives up to two
motors, see Fig. 1.

III. INSTRUMENT KINEMATICS

The kinematics of a manipulator describes the relationship
between joint space (q ∈ Rn×1, n= DoF) and task space
(x ∈ R6×1). In the following, four types of links are consid-
ered, where each link has 1 DoF, but can consist of multiple
dependent joints:

i. prismatic: translation along z-direction,
ii. revolute: single revolute joint,

iii. flexible: multiple dependent joints, same direction and
amount of in-plane bending,

iv. constant curvature: flexible link with high (approximat-
ing infinite) number of dependent joints.
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Fig. 3. Geometry of different link types. Red: revolute link; green: flexible
link with N̆ = 3 segments; blue: constant curvature link. The parameter
a denotes the link length of the revolute joint, the cumulated length of the
flexible link’s segments, and the arc length of the constant curvature link.

Thus the constant curvature link is a special case of a flexible
link, e.g. as seen in a flexible endoscope. The term «joint
space» and «joint value» will be used to describe the space
and value of the link’s variable rather than the mechanical
joint, to be in accordance with the literature. This differen-
tiation is necessary since the considered instruments have, in
contrast to conventional manipulators, dependent joints. When
considering flexible links rather than rigid links, the traditional
modelling has to be modified.

A. Forward Kinematics

The DH parameters are traditionally used to describe serial
link robots. Considering the ith frame/link of a kinematic
chain, then in order to describe a flexible link with N̆i
segments, the link variable (joint value) θi is evenly distributed
among the segments, so that:

θi,k =
θi

N̆i
. (1)

The transformation matrix can be calculated as:

T i−1
i =

N̆i−1∏
k=1

DH(θi,k, 0, ai,k, 0)

DH(θi,k, di, ai,N̆i
, αi

)
, (2)

where DH(θ, d, a, α) provides the homogeneous transforma-
tion matrix according to the DH notation, and ai,k represents
the length of link segment k of joint i. A revolute link, a
flexible link with N̆ = 3, and a constant curvature link are
depicted in Fig. 3.

The homogeneous transformation matrix for a constant
curvature link can be calculated as:

T i−1
i =


cos(θ) − sin(θ) cos(α) sin(θ) sin(α) 2a

θ sin
(
θ
2

)
cos
(
θ
2

)
sin(θ) cos(θ) cos(α) − cos(θ) sin(α) 2a

θ sin
(
θ
2

)
sin
(
θ
2

)
0 sin(α) cos(α) d

0 0 0 1

, (3)

with a denotes the arc length of the constant curvature link.

B. Jacobian Calculation

The Jacobian (J ) represents a differential relationship be-
tween joint and task space:

J =
∂x

∂q
, ẋ = Jq̇, τq = JTwx. (4)

It relates the twist vector (ẋ) to the joint velocities (q̇), and
the wrench vector (wx) to the joint torques (τq).

Although it is possible to calculate the Jacobian analytically,
a more convenient approach is to use geometrical properties
of the different links. The implementation of a geometric
approach has the advantage that the Jacobian can be calculated
iteratively by updating each column, rather than depending
on a priori knowledge of the entire kinematic chain to
determine the analytical expression for the Jacobian. Using
the geometrical approach each Jacobian column is iteratively
determined, with different equations used for different link
types. No approximations are performed, providing identical
results for analytical and geometrical solutions.

For a revolute link (qi) where the end-effector position of
the manipulator is at pe and pi and zi are the position and z-
axis vector of the ith transformation frame, the link’s Jacobian
column (ji) is calculated as

jTi =
[(
zi−1 ×

(
pe − pi−1

))T
, zi−1

T
]
. (5)

When considering flexible links this equation can be general-
ized to provide the correct Jacobian column for the in-plane
bending, given by:

ji
T =

zi−1 ×
(
pe − pi−1

)
−

N̆i−1∑
k=1

N̆i−k
N̆i

(
zi−1 ×

(
pi,k − pi,k−1

))
zi−1


(6)

where pi presents the position vector of the final segment/joint
of the ith link, pi,k presents the position vector of the kth

segment/joint of the ith link, and pi,0 = pi−1. For a constant
curvature joint the Jacobian column can be calculated with a
hybrid analytical-geometrical approach, so that:

ji
T =
Ri−1

 −a(sin(θi)− θi cos(θi))θ
−2
i

a(cos(θi) + θi sin(θi)− 1)θ−2
i

0

+

zi−1 × (pe − pi)

zi−1


(7)

where Ri is the rotation matrix of the ith frame. These equa-
tions provide an easy way to implement the computation of the
Jacobian for different kinematic chains with various link types.
For the proposed instruments, the links consisting of dependent
joints are modeled using the flexible link description.
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C. Inverse Kinematics

Following the standard approach of solving the local inverse
kinematics using the inverse Jacobian, this paper focuses on
avoiding and dealing with joint limits. Based on surgeon input,
the task space (x = [tx, ty, tz, rx, ry, rz]

T ) is divided into pri-
mary (xp = [tx, ty, tz, rz]

T ) and secondary (xs = [rx, ry]T )
goals. The primary goals include the translation components
of the end-effector pose as well as the instrument roll. The
remaining rotational DoFs (pitch, yaw) represent secondary
goals. Therefore, the primary Jacobian Jp consists of the first
to third and the sixth row of the Jacobian matrix, and the
secondary Jacobian Js includes the fourth and fifth row. The
inverse Jacobian (J?) is calculated using the DLS approach
[19] to avoid high joint velocities near singularities, at the cost
of suboptimal convergence:

J? = V diag
(
σ̃1
−1, σ̃2

−1, . . . , σ̃n
−1
)
UT , (8)

where σ̃i is calculated according to,

σ̃i :=

{
σi , if min

j
(|σj |) ≥ σthres(

σi
2 + λt

2
)
σi
−1 , else

, (9)

and λt is based on,

λt
2 := λmax

2
[
1−

(
min
j

(|σj |) σthres
−1
)2]

, (10)

where σ2
i is the ith eigenvalue of the Jacobian obtained from

a singular value decomposition (SVD) of J?. The matrices
V ,U are respectively the right and left singular vectors,
and λmax is the maximal damping parameter. Damping is
introduced when any singular value (σi) is less than the
threshold σthres. Using (8), the inverse Jacobian of the primary
(J?p) and secondary (J?s) goals are calculated and used to
update the joint values:

qt = qt−1 + ∆qt = qt−1 + q̇t−1 ∆t, (11.1)

q̇t−1 = J?p ẋp +
(
I6 − J?p Jp

)
q̇null, (11.2)

q̇null = fori (ẋp, ẋs,J
?
s) + fqlim

(
qt−1

)
, (11.3)

where the secondary optimization is performed in (11.3) and
mapped into the null-space of the primary goals in (11.2), [23].
The secondary goal optimization is performed using:

fori = kori

(
1− min (‖ẋp‖, ẋp,max)

ẋp,max

)
J?s ẋs, (12.1)

fqlim,i = kqlim

∣∣∣∣qi,max + qi,min − 2 qi
qi,max − qi,min

∣∣∣∣ke (12.2)

· sgn(qi −
qi,max + qi,min

2
).

The first secondary goal fori in (12.1) optimizes the orien-
tation in pitch and yaw, where the weight is depending on
the primary goal velocities. This ensures that the primary
goals are optimized first even when using a suboptimal null-
space mapping due to the DLS inverse Jacobian approach.
The second secondary goal fqlim in (12.2) optimizes for joint
limit avoidance [23]. For ke > 1 (here ke = 3) the joint limit
avoidance is predominant when the joint values are close to the
limits, and less when close to the neutral position. This in turn
results in a large capacity to optimize for the orientation (fori)

for a large part of the joint value range. An average iteration
step duration of 10µs was achieved for the differential inverse
kinematic solver.

D. Inverse Kinematics in Joint Limits

Although the secondary goal (12.2) in combination with
null-space mapping reduces the occurrence of joints reaching
the limits, it cannot always guarantee it. In order to improve
the deviation of the end-effector pose T e from the user defined
desired pose T d when the manipulator is at one or more joint
limits, it is necessary to make adjustments to the Jacobian. In
the following, an approach to ensure optimization when the
manipulators DoFs degenerate due to joint limits is formalized.
To avoid complete degeneration of the manipulator, section
III-E describes a complementary approach.

At every time step before an update is performed, the
distance to the joint limits and the joint increment vector (∆qt)
are compared and if necessary ∆qt is scaled such that no
joint limit is exceeded. If scaling is required, the secondary
goals (xs) are not considered. Furthermore, joints at the limit
are identified and the corresponding columns in the Jacobian
and joint velocity vector are removed. Assuming the jth joint
has reached one limit and the optimization in (11.1) demands
further motion in that direction, then the modified Jacobian
J̃p is calculated as:

ẋp = J̃p˜̇q =

[
∂xp
∂q1

, ..,
�
�
�∂xp

∂qj
, ..,

∂xp
∂qn

]
[q̇1, ..,��̇qj , .., q̇n]

T
. (13)

Depending on the number of DoFs of an instrument, removing
joint variables/columns from the Jacobian matrix can result in
a Jacobian where the number of rows (primary task space
DoFs) exceeds the number of columns (number of joint
variables), which cannot be solved with (11). Hence, the task
space DoFs have to be reduced.

Let x̆ be the vector of task space variables to be aggregated
(e.g. x̆ = [txty]T or x̆ = [txtytz]

T ) and x̂ be the vector
of remaining non-aggregated task space variables. Then the
Jacobian columns j̆i are modified as:

j̆i =

[
∂x̆
∂qi

]T
x̆

‖x̆‖
e.g.

[
∂tx
∂qi

∂ty
∂qi

] [
tx
ty

]
‖ [tx ty]

T ‖
, (14)

which results in a modified relation between adjusted task and
joint space such that:

[‖x̆‖, x̂]
T

=
[
J̆
T
, Ĵ

T
]T

˜̇q. (15)

Thus, with an increasing loss of moveable joints the task
space DoFs can be reduced via aggregation until a scalar
value (single row Jacobian) is reached, which results into an
optimization process equivalent to a scalar Newton-Raphson
minimization of a scalar cost function. Note that the task space
DoFs can also be weighted at the aggregation step in (14) if
required. While in this section the challenge of joint limits
is addressed in joint-space, the need to resort to this method
can be minimized by addressing it also in the task-space as
described in the next section.
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Fig. 4. a. Blue: reachable workspace, red: boundary of permitted workspace;
b. Dexterity measure of workspace based on (16.1), red: high dexterity, blue:
low dexterity.

E. Workspace Restrictions in Task Space

Restricting the user defined set-point to a workspace smaller
than the reachable workspace reduces the risk of reaching the
joint limits. Furthermore, the risk of a degenerated tool model
as described in section III-D is mitigated, while ensuring a
minimum of dexterity. In situations in which the user-defined
set-point is outside of a predefined geometric primitive, which
describes the boundary of the permitted workspace volume,
the set-point is projected back on the boundary to obtain
the desired pose T d for the inverse kinematic solver. When
the operator moves the set-point back towards the boundary,
the desired pose follows immediately to avoid slack in the
manipulation.

An established approach to define the permitted workspace
boundary is to consider a dexterity measure. It is commonly
derived from the manipulability measure and augmented by
joint limit considerations such as:

D(q) = Pq(q)
√
|J(q)J(q)T | (16.1)

Pq(q) = 1− exp

{
−κ

dim(q)∏
i=1

(qi − qi,min)(qi,max − qi)
(qi,max − qi,min)2

}
, (16.2)

where D is the manipulability measure and P the penalization
term regarding joint limits, as defined in [24], here κ= 10.
Please refer to [25] for a comparison of various approaches
for calculating dexterity measures. Based on a chosen dex-
terity measure, the workspace can be restricted using simple
geometric primitives, see Fig. 4a. The underlying dexterity
measure in Fig. 4b is based on (16.1). However, equivalent
results were obtained using the approach in [25].

Based on the results obtained from Fig. 4b, an alterna-
tive approach using geometric considerations based on link
lengths proved to be an efficient heuristic way to restrict the
workspace, for the specific instruments. Considering a line
segment sws, with a radius rws a capsule shaped workspace
is generated with:

sws = {(2 (lflex + ljaw) + lart) zs, (lart + lpris) zs} (17.1)
rws = lflex + ljaw, (17.2)

where lflex, lart, ljaw, lpris are the respective lengths of the
flexible section, articulated section, jaws, and prismatic range
respectively and zs is the unit vector of the shaft’s direction.
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Fig. 5. Functional relations to perform mapping between actuator↔ joint,
and joint↔ task space, combining calibration and kinematic model.

A workspace boundary highly similar to the one depicted in
Fig. 4a is obtained.

The kinematic model to perform the mapping between task
and joint space (Fig. 5) is the key theoretical component to
control the instruments, however a calibration algorithm to
map the joint values obtained from the inverse kinematics into
the actuator space is necessary to precisely control the physical
robotic hardware.

IV. NONLINEAR TRANSMISSION COMPENSATION

Non-linear transmission, e.g. due to backlash, friction or ten-
don elongation, is a major challenge in tendon and gear-based
robotic systems. There are multiple backlash compensation
methods that implement a feed-forward controller [20], [26],
[27]. In this paper, a similar approach is used, so the following
will focus on how to determine/fit the calibration model
(Fig. 5) and the mapping function fcalib based on experimental
measurements. Calibration data is recorded by commanding
the motor to frequency- and amplitude-modulated sinusoidal
encoder positions (m) while tracking the instrument joints and
the respective joint values (q) using an electro-magnetic (EM)
tracker attached to each link.

Data points obtained during the calibration routine are
categorized into forward p+

m = {m+, q+} and backward
p−m = {m−, q−} motions, based on a motor velocity ṁ
threshold. Points which lie in the mechanical dead-band due
to backlash are filtered out (prej

m ), with the rejection criteria
being based on a low joint velocity q̇ as determined from the
EM tracking data, see Fig. 6. In the first optimization step, the
data sets (p+

m, p−m) are simultaneously fitted to two parallel
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a b→z →z

Fig. 7. In-place rotation: End-effector rotation, actuated from proximal end,
requires compensation by actuating all joints of the articulated section. a.
initial pose, b. final pose.

lines:

{â, b̂+, b̂−} = arg min
{a,b+,b−}


card(p+

m)∑
i=1

(q+

i− a (m+

i − b+))
2 (18)

+

card(p−m)∑
j=1

(
q−j− a

(
m−
j − b−

))2 ,

where the slope (a) is constrained to be identical for both
lines. Thus, the backlash (b = |b̂+ − b̂−|) is determined
as the distance between the lines in the m-coordinate. In
case non-linear fitting is performed, both sets (p+

m, p−m) are
translated along the m-coordinate towards each other by b̂+ and
b̂− respectively and are agglomerated to p̃m. The backlash-
adjusted set p̃m = {m̃, q̃} is further used to perform non-
linear fitting between motor encoder and joint values such that:

f̂calib = arg min
fcalib


card(p̃m)∑
i=1

(q̃i − fcalib(m̃i))
2

 , (19)

where fcalib can be a polynomial as in Fig. 6 or any other
suitable function.

V. EXPERIMENTAL RESULTS

A. Calibration Model

The calibration was verified by attaching an EM sensor
to the tip of the instrument, and moving the end-effector up
15 mm off axis, see Fig. 7a-b. Subsequently, the end-effector
set-point is rotated about the z-axis of the local frame (Fig. 7a-
b), such that the gripper performs a roll motion. Since the roll
joint is at the proximal end of the kinematic chain, and the
desired roll is set at the distal end, all joints are required to
move synchronously to enable this manoeuvre. To ensure that
only small deviations in position (∆p) and orientation (∆φ)
occur when moving from the initial pose (Fig. 7a) to the final
pose (Fig. 7b), an accurate calibration model is critical.

The graph in Fig. 8 shows the significant improvement
in position (∆p) and orientation (∆φ) when applying the
presented calibration model. The maximum non-compensated
positional deviation of 22.7 mm was reduced to 3.8 mm when
considering the non-linear factors determined during calibra-
tion. Also the deviation in orientation was reduced from 28 ◦

to 14 ◦.
In a separate experiment, the first wrist joint (see Fig. 2),

was individually actuated and tracked. The results are pre-
sented in Fig. 9. When applying the calibration model, the
measured joint angle increases linearly with the desired joint
value, mean/peak error: 1.6◦/6.1◦. Without compensation (us-
ing proportional scaling based on a linear regression of the
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Fig. 8. In-place rotation: Axial rotation of the end-effector, green: using
calibration model to compensate for non-linear transmission, red: using a
linear model.

calibration) the backlash and a non-linear relation can be
observed, mean/peak error: 4.2◦/11.6◦. Previously presented
work [26] reported comparable peak error improvements, from
28◦ to 9.2◦ after compensation.

Both experiments show the importance of compensating
for non-linear transmission effects such as backlash, friction
or tendon stretching and demonstrate the improvements in
manipulation precision benefiting the user experience.

B. Inverse Kinematics and System Performance

The inverse kinematics was validated by various experi-
ments simulating realistic tasks performed in SAS.

Two Omega.7 haptic devices (Force Dimension, Switzer-
land) were used as input interfaces without force feedback to
control the robot. The stereo visual feedback was provided
using an Endoeye Flex 3D videoscope (Olympus, Japan) and
displayed on a LMD-2451MT polarised stereo (3D) screen
(Sony Corporation, Japan) for depth perception. Pick and place
tasks could easily be performed by inexperienced users even
when operating at the limits of the instruments’ workspace,
see Fig. 10 a-c.

In a user experiment, nine participants novice both to
laparoscopic and robotic surgery were asked to perform
the fundamentals of laparoscopic surgery (FLS) peg transfer
task [28] on a board half the standard pegboard size of
55 mm×35 mm, see Fig. 10 d-f. The pegboard was mounted on
a ATI Mini40 force/torque sensor (ATI Industrial Automation,
USA) to measure the forces exerted on the pegboard.
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Fig. 9. Calibration model validation: joint angle model → joint angle
measured, green: using calibration model, red: using linear model.
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a b c

d e f

Fig. 10. a - c: pick→place task at the limits of the workspace,
d - f: pick→transfer→place task using 1/2 standard size peg transfer board.

The task performance metrics were duration and maximum
force applied. The number of dropped rings was recorded but
not penalized, nor the procedure interrupted. These metrics
were compared between experiments using the robot and man-
ual laparoscopic TEMS tools. The order of using manual and
robotic tools was randomized. The Wilcoxon signed-rank test
was used to determine p-values, where p< 0.05 is considered
statistically significant. The evaluation of the metrics, depicted
in Fig. 11a, shows that the interquartile mean duration using
the robotic tools was T = 269 s, and the average time for
the manual tools was 384 s, which represents a significant
difference (p< 0.01). The time limit of 300 s for the FLS task
was met by 5 participants using the robot, and by 2 using
the manual tools. The number of drops is significantly lower
using the robot. The evaluation of maximum exerted forces
on the pegboard, see Fig. 11b, shows that using the robot
(Fmax = 4.6 N) resulted in significantly lower forces (p< 0.01)
than with manual tools (Fmax = 7.8 N).

After performing the experiment, the users were asked
to evaluate: i. task difficulty, ii. triangulation capabilities,
iii. workspace size, iv. visual/motor alignment, v. frustration,
and vi. confidence on a scale from [−3,+3], with negative val-
ues representing negatively perceived task properties/metrics
and positive values meaning positive experiences in the re-
spective category. In regards to all qualitative metrics except
visual alignment, the participants perceived using the robot
as significantly more positive (p< 0.01), see Fig. 11c. This
assessment suggests that novice participants experienced a
lower cognitive burden when using the robotic system.

a b c d

Fig. 12. Dexterous peg placement task. A square peg had to be inserted
completely into four different square-shaped holes. Endoscopic view of the
task as seen by the user.

Another experiment was conducted with eight novice par-
ticipants to validate the dexterity of the tool (see Fig.12)
compared to conventional straight laparoscopic instruments.
The task was to place a square-shaped peg into four different
square-shaped holes in a plastic block, see Fig. 12. To mitigate
learning effects, the order of using robotic or manual tools
was alternated between participants. The main quantitative
metric to evaluate the performance was the task execution
time, dropping of the peg was not penalized but registered.
The task duration in Fig. 11d shows an improved performance
using the robotic tools in comparison to the straight manual
tools. The interquartile mean duration using the robotic tool
amounted to T = 82.4 s, where the average time for the manual
tools was 100.5 s, which does not represent a statistically
significant difference (p= 0.12). No participant dropped the
peg using the robotic instruments, while 6 drops were counted
with the manual tools. The same qualitative metrics as in the
peg transfer experiment were used. As depicted in Fig. 11e,
the users preferred the robotic tool in all categories. Less
frustration and higher confidence as well as a lower perceived
task difficulty using the robotic tools suggests again a lower
cognitive burden for the operator using the presented kinemat-
ics and instruments.

Furthermore, the presented kinematics were used ex vivo in
a bovine colon model with the Richard WOLF TEM trainer
to evaluate the usability of the system, by an expert TEMS
surgeon. During a simulated tumour resection the following
steps were performed: i. tumour margin marking using a
7-DoF gripper on the left to lift the tissue and a 4-DoF
monopolar electrocautery knife on the right to mark the tumour
margins (duration: 54 s, Fig. 13a); ii. the tumour is gradually
separated from the surrounding tissue using the same tools
(duration: 154 s, Fig. 13b); iii. the right tool is replaced by a
7-DoF needle-driver, and the wound is closed with multiple
stitches (6 stitches, duration: 463 s, Fig. 13c); iv. using the
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Fig. 11. a-c: Results of peg transfer task user study. a: task duration for robotic/ manual: median T̃ : 266 s / 387 s, interquartile mean: T : 269 s / 384 s
b: maximum force applied for robotic/ manual: median F̃max: 4.6 N / 7.9 N, interquartile mean: Fmax: 4.6 N / 7.8 N; c: perception questionnaire, marker
represents the mean value, high values are for all metrics desired. d-e: Results of dexterity user study. d: task duration for robotic/ manual: median T̃ : 85.7 s
/ 97.3 s, interquartile mean: T : 82.4 s / 100.5 s; e: perception questionnaire, marker represents the mean value, high values are for all metrics desired.
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a b

c d

Fig. 13. Bovine colon tissue tumour resection and closure simulation.
a: Tumour margin marking, b: Resection, c: Suturing, d: Knot tying.

same tools the thread is pulled tight and a double knot is placed
to secure the closure (duration: 87 s, Fig. 13d). Including
the time for the instrument exchange and excluding the time
required to establish the pneumorectum, an operating time
of less than 18 min was achieved. This suggests that the
robotic system is beneficial for the TEMS procedure when
compared to operating times of approximately 109-116 min
using conventional tools [29]. However, further validation by
multiple users operating at different locations in the rectum
needs to be performed to confirm these findings.

VI. CONCLUSION

This paper presents approaches to effectively manipulate
highly articulated robotic instruments in confined spaces for
single access surgery. The forward and differential kinematics
for flexible and constant curvature links are presented using a
geometric approach. The introduced approach avoids complex
analytical descriptions of the Jacobian matrix and simplifies
the calculation of the Jacobian for heterogeneous systems
consisting of different link types. Furthermore, a null-space
mapping approach is presented to facilitate manipulation close
to and at joint limits, providing precise control to the operator
even at the borders of the workspace. In combination with
the presented calibration model based on non-linear fitting
of calibration data, various experiments demonstrated the
achieved dexterity, which enables effective manipulation in
tight spaces and overcomes the challenges of narrow access
routes. This result also suggests that an increased number of
DoFs in combination with the presented inverse kinematic
solver could allow non-expert operators to perform challenging
operations, which potentially increases the accessibility of
such procedures for patients.
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