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Abstract

An incision point acts as the pivot point when a minimally invasive surgery procedure is
applied. The assistive robot arms employed for such operation must have the capability
to perform a remote center of motion (RCM) at this pivot point. Other than designing
RCM mechanisms, a common practice is to use a readily available spatial serial robot arm
and control it to impose this RCM constraint. When this assistive robot is required to
be backdriven by the surgeon, the relation between the interaction forces/moments and
the motion with RCM constraint becomes challenging. This paper carefully formulates a
hybrid position/force control scheme for this relationship when any readily available robot
arm that is coupled with a force/torque sensor is used for an RCM task. The verification
of the formulation is carried out on a readily available robot arm by implementing the
additional constraints that are derived from a surgical robot application.

Keywords: admittance control with RCM; assistive robots; surgical robotics

1. Introduction
Minimally invasive surgery (MIS) procedures involve the insertion of surgical tools

and a camera system called the endoscope through incision port/s. The surgical tools are
moved about using this incision port as the pivot point. The typical motion characteristics
are three degrees-of-freedom (DoF) rotation about this pivot point and the translational
motion of the surgical tool along the pivot point.

Surgical robots taking part in MIS procedures must have the capability of RCM at the
pivot point. This capability is either acquired by the mechanism design by mechanically
guaranteeing the RCM constraints [1] or by controlling the motions of a readily available
robot arm to impose the virtual RCM constraint [2].

The surgical robot–surgeon interaction takes place in various forms depending on the
nature of the surgical system. Master consoles are used for a telesurgery application [3],
and the surgeon interacts with the surgical robot through these master consoles [4,5],
which are placed away from the patient. In an assistive robot setting, the surgeon and the
surgical robot are operating on the patient at the same time and location. The robot–surgeon
interaction takes place through some interfaces that capture or estimate the surgeon’s needs,
and the robot is controlled via these inputs, such as voice [6,7] and motion capture [8].
Another medium of surgeon–robot interaction is a purely physical one where the surgeon
backdrives the surgical robot, which is holding a surgical tool [9,10].

Some robot systems are developed to be passively backdrivable (i.e., without active
control). These robots are usually small in size. When the workspace of such robots is larger,
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because of transparency requirements in backdriving the robots, passively backdriven
robots become infeasible. The common method for backdriving a robot by active control
is admittance control. For instance, in [11], a model predictive admittance controller is
developed to perform knee arthroplasty surgeries. The high-level controller consists of an
admittance controller to map the human hand force to the robot end-effector velocities.
Then, a model predictive controller (MPC) is utilized to track the joint trajectories. However,
the input of MPC is the dynamic model of the robot, which calls for the precise knowledge
of the robot parameters (e.g., inertia).

Although admittance control enables backdriving, additional considerations must be
made when controlling a readily available robot that is required to perform RCM. One
approach is to measure the interaction forces at the incision point between the surgical tool
and the patient. A force-based control method is proposed for this purpose in [12]. In this
work, an admittance controller is implemented in a laparoscopic surgery scenario to pivot
the camera as a consequence of sensed forces at the incision point (trocar), and the angular
velocity of the tool is controlled in velocity control mode. The idea is to move the robot
such that trocar forces between the robot and tissue are minimized while performing RCM.
Also, the future velocity of the RCM is estimated through geometrical relations and fed
to the system with the help of a feedforward velocity controller, preventing the sudden
change of the velocities while performing RCM. However, the determination of admittance
gain requires a long calibrations season, and human force input is overseen in this scenario.

Another popular method is controlling the readily available robot arm in torque
control mode (i.e., bypassing the motion controller) and imposing the RCM constraint
in terms of forces calculated using the discrepancy between the RCM point and the tool
axis [13]. However, such a strategy depends on the availability of the torque-mode control
of the readily available robot arm and requires a good knowledge of the physical properties
(e.g., mass center and inertia) of the robot arm. Furthermore, in [14], a hybrid admittance
controller is developed by keeping the robot at the RCM point through position control
while providing compliance at the tool (i.e., the tip point of the endoscope). However,
similar to the previous study, also in this study, the mass and inertia properties of the robot
have to be precisely known due to the torque-control strategy.

In addition, a target admittance model is designed to carry out RCM in an MIS scenario
under the joint position control mode of a collaborative robot (cobot). An artificial potential
field is formed mimicking the surgery area, and repulsive forces are generated at the end-
effector when the user crosses the forbidden region (i.e., outside of the surgery area). Yet,
the stability of the controller is not proved [15]. In the following years, this limitation is
solved, and a variable damping gain is integrated to achieve smooth force feedback in the
potential fields [2]. However, the admittance model is complex, and the RCM position error
is reported up to 1.2 mm, which is non-negligible. Such an error emerges mainly due to the
assigned damping gain used to generate repulsive force feedback.

Although numerous solutions are proposed in the literature to perform RCM in MIS
via a readily available robot arm, to our knowledge, none of them use robot kinematics and
its joint position controllers to achieve admittance control about a pivot point under the
user force. The detected limitations in the current state-of-the-art are (i) large RCM point
deviations, (ii) long calibration seasons, (iii) the need for modeling the robot parameters,
and (iv) complex admittance control algorithms. For instance, achieving the RCM through
torque control calls for the estimation of the robot parameters (i.e., mass and inertia).
Velocity-control-based studies can be a promising solution to neglect those parameters, yet
in this case, the trocar force is considered in admittance control instead of human force
while moving the RCM to nullify this force, which requires the precise determination
of admittance gain. Furthermore, hybrid admittance controllers merge the position and
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admittance control-based solutions; however, physical parameters of the robot (e.g., inertia)
are necessary. Finally, a complex admittance model is developed to constrain the movement
of the user about RCM axes with the help of repulsive forces generated via the position
deviation and the damping gain. Nevertheless, large errors in maintaining the RCM
position are detected because of the controller gain determination challenge. To overcome
the mentioned challenges, this article proposes a hybrid control framework for backdriving
the end-effector of a surgical robot about a pivot point. This hybrid controller incorporates
a position-controlled subspace for maintaining the RCM constraint and an admittance-
controlled subspace so that the human operator can backdrive the end-effector about the
RCM by applying forces on the end-effector. The formulation of this hybrid controller
is designed so that this controller can be implemented on any robot architecture that
already has its own position control algorithm. It should be noted that a well-tuned
position controller is already available in commercially available robot arms, which cancels
the need for controller gain tuning. Regarding the hybrid controller, it is defined at the
pivot point, which is the fundamental novelty of this study compared to other studies.
To clarify, user forcings (i.e., forces and moments) are received from the end-effector of the
robot and transferred to the pivot point since it is not possible to attach a force sensor at
this point. Subsequently, a diagonal compliance matrix is defined to map those resolved
forces (RCM forcings) to the RCM velocities. Depending on the task, non-zero values are
identified in this matrix along the RCM axes (i.e., roll, pitch, yaw, and translation along the
pivot point) to generate motion under admittance control. For the rest of the directions,
a zero value is set, and robot movements due to the forcing applied by the human are
constrained. A selection matrix is introduced to choose along which directions the robot
can be backdriven or constrained through the robot position controller. After generating
velocities along certain directions and constraining the rest of them at the pivot point, they
are mapped to the joint motion demands through inverse kinematics to be tracked by the
robot joint position controller or transformed into the robot’s last frame velocities so that
the task-space controller of the robot can be used. The preliminary results of this work
were presented in [16]. In this article, we generalized the hybrid controller formulation and
conducted several experiments to demonstrate the performance of the proposed technique.
The original contributions of this work are summarized as follows:

• Formulation of a new hybrid controller defined at the pivot point to carry out RCM
in MIS;

• Verification of the designed control framework through a robot arm driven by a
user under different admittance terms assigned for different RCM axes to perform
combined (e.g., yaw and translation) and separate movements (e.g., only translation).

The rest of the paper is organized as follows: in Section 2, the generalized formulation
of the hybrid controller is described; in Section 3, a case study is defined through the
definition of the task and the presentation of selected robot’s kinematics; in Section 4,
the experimental procedure and the results are reported; in Section 5, discussions are
presented; and finally, in Section 6, conclusions and future studies are highlighted.

2. Admittance Control Formulation Around the RCM Point
General-purpose industrial or collaborative robot manipulators cannot be passively

backdriven due to their high resistance to forces that are externally applied. This resis-
tance to motion is due to using high gear-ratio speed reducers in their actuation system.
The common method for backdriving such robots is (1) measuring the interaction forcing
(i.e., forces and moments) between the human operator and the robot, (2) defining the
dynamics between the interaction forces and motion of the robot, and (3) driving the robot
using the calculated motion demand through the measured forcing and defined dynamics.
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This strategy is commonly termed as admittance control. The dynamics set between the
interaction forcing between the human and the robot, and the robot’s motion is generally
named the admittance term Y.

The admittance control of robots has been studied extensively [17–19]. The formulation
provided in this paper differs from the previous admittance control studies since the
calculations are carried out at the RCM. It is not possible to place a force/torque sensor
at the RCM. Therefore, the interaction forcing ζ̄

(S)
S measured at another location on the

manipulator through a force/torque sensor is used for calculating the interaction forcing
ζ̄
(e)
R imposed at the RCM. Here, the subscripts S and R indicate the sensor’s center point

and the RCM point, respectively. Superscripts s and e indicate the sensor measurement
frame and the end-effector frame, respectively. The distance vector between the center of
the sensor frame and the RCM point is defined by the vector rRS = RS. Figure 1 depicts
these vectors and frames, and the dashed lines indicate a rigid connection between the
force/torque sensor and the end-effector.

Figure 1. Force/torque sensor’s center and frame, and RCM point and end-effector frame.

It should be noted that, in general, the imaginary RCM point’s location R is selected
as a fixed location with respect to the base. However, its location changes relative to the
end-effector and the force/torque sensor’s center point S throughout the manipulation.
Therefore, rRS is a function of the joint variables of the robot and the selected R location. It
is also possible to design the R location as a time variable R(t) if it is required for a specific
task. The ith frame resolutions of forcing vectors have the general form presented in (1).

ζ̄
(i)
K =

[
F(i)

K1 F(i)
K2 F(i)

K3 M(i)
K1 M(i)

K2 M(i)
K3

]T
(1)

where for j = 1, 2, 3, F(i)
Kj defines the force along the u(i)

j direction measured/calculated at

point K, M(i)
Kj defines the moment along the u(i)

j direction measured/calculated about point

K, and ui
j indicates the jth unit vector of the ith frame. Using these definitions, the ith frame

resolution force vector acting at the point K can be defined as F(i)
K =

[
F(i)

K1 F(i)
K2 F(i)

K3

]
,

and the ith frame resolution moment vector acting about the point K can be defined as
M(i)

K =
[

M(i)
K1 M(i)

K2 M(i)
K3

]
.

Since the main objective is finding the forcings acting at the RCM point, the exact
location where the human operator applies forcing is not important by using the rigid body
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assumption. Accordingly, the measured forcings at the force/torque sensor are moved to
the RCM point using (2).

ζ̄
(e)
R =

[
Ĉ(e,s) F̄(S)

S

Ĉ(e,s)(M̄(S)
S + r̃(s)RS F̄(s)

S )

]
=

[
F̄(e)

R

M̄(e)
R

]
(2)

where Ĉ(e,s) defines the transformation matrix between the Fs and Fe frames, and r̃(s)RS is the
cross-product matrix derived by using the skew-symmetric form of rRS as resolved in frame
Fs. The tilde sign from this point on defines a 3 × 3 skew-symmetric matrix representation
of a 3 × 1 vector.

When the RCM constraint is applied, the motion of the end-effector is constrained to
take place along and about the RCM point (i.e., three degrees-of-freedom (DoF)) rotational
motion and single-DoF translation along u(e)

3 . Therefore, not all components of the forcings

ζ̄
(e)
R are expected to result in the motion of the end-effector. This can be achieved by

designing a diagonal admittance matrix Ŷ(e) in the end-effector frame Fe as shown in (3).

Ŷ(e) = diag
(

0 0 Y(e)
F3

Y(e)
M1

Y(e)
M2

Y(e)
M3

)
(3)

The most general form of this Ŷ(e) matrix can be modified depending on the needs of
the specific application. If it is desired for the human operator not to control the rotation
about u(e)

3 or the translation along u(e)
3 , then Y(e)

M3
or Y(e)

F3
components of the Ŷ(e) matrix can

be selected to be zero, respectively.
The composition of the admittance terms (e.g., Y(e)

M1
) in the Ŷ(e) matrix can be selected

depending on the needs of the specific application. The main aim of this paper is not to
propose an admittance term formulation. Usually, a mass–damper analogy is chosen for
the admittance term, which in fact results in a low-pass filter. The reader can find many
works in the literature on setting the admittance term parameters [20,21]. If a mass–damper
model is used for each term, then the admittance terms in the Ŷ(e) matrix can be defined
as follows:

Y(e)
Fi

(s) =
v(e)i (s)

F(e)
i (s)

=
1

mis + bi
, Y(e)

Mj
(s) =

ω
(e)
j (s)

M(e)
j (s)

=
1

Ijs + Cj
(4)

where i, j = 1, 2, 3, mi and Ij are the mass and inertia parameters, and bi and Cj are the
linear and torsional damper parameters.

After that, the Ŷ(e) matrix is used in (5) to calculate the consequent motion in terms of
task-space velocities defined in the end-effector frame Fe.

V̄(e)
R = Ŷ(e) ζ̄

(e)
R (5)

where V̄(e)
R =

[
0 0 v(e)R3

ω
(e)
R1

ω
(e)
R2

ω
(e)
R3

]T
.

The block diagram representation of this algorithm can be developed based on a
hybrid position/force control scheme [22] using a diagonal selection matrix Ŝ(e). This
selection matrix enables defining the constrained motion directions and those in which the
human operator’s forcings can dictate the motion. Figure 2 shows the block diagram of the
hybrid position/force control scheme for implementing admittance control about the RCM.
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Figure 2. A generic hybrid position/force control scheme for implementing admittance control about
the RCM point.

In this block diagram, ζ̄
(e)
Rd

represents the desired resistance that the human operator
should feel while backdriving the robot. This vector must be selected as zero vector for
freely backdriving the robot about the RCM. X̄(e)

Rd
augmented pose vector in which the

first three elements define the RCM position relative to the base frame’s origin 00. For a

generic case, this vector is composed as X̄(e)
Rd

=
[

x(e)RCM y(e)RCM z(e)RCM 0 0 0
]T

, which
is conveniently defined first in the base frame F0 and converted to the end-effector frame
Fe as follows: X̄(e)

Rd
=

[
diag(Ĉ(e,0) 0̂)

]
X̄(0)

Rd
, where 0̂ is a 3x3 zero matrix. X̄(e)

R is the
augmented measured position vector transformed into the end-effector frame as follows:
X̄(e)

R =
[
diag(Ĉ(e,0) 0̂)

]
X̄(0)

R . The “Position Controller” in the block diagram can be
configured as any position control algorithm, including a simple proportional controller.

In the most general case (i.e., for a four-DoF RCM motion), the selection matrix Ŝ(e)

is configured as follows to impose the RCM constraint through pure position control in
translational motion along u(e)

1 and u(e)
2 axes.

Ŝ(e) = diag
(

1 1 0 0 0 0
)

(6)

If there is a requirement that the end-effector must not translate along u(e)
3 -axis, then

the third element in the diagonal of the matrix Ŝ(e) can be changed to 1. If the rotation
about the u(e)

3 -axis is not to be controlled through the moment input by the human operator,
then the sixth element in the diagonal of the matrix Ŝ(e) can be changed to 1, and the last
element of the X̄(e)

Rd
and X̄(e)

R can include the rotation information about the u(e)
3 -axis.

The resulting velocities through the admittance controller, V̄(e)
R , and the position con-

troller, V̄(e)
C =

[
v(e)C1

v(e)C2
0 0 0 0

]T
, are then superimposed to calculate the total ve-

locity defined for the end-effector in the end-effector frame,

V̄(e)
T =

[
v(e)C1

v(e)C2
v(e)R3

ω
(e)
R1

ω
(e)
R2

ω
(e)
R3

]T
=

[
v̄(e)

T

T ω̄
(e)T

T

]T
.

The motion that is calculated in the end-effector frame Fe must be converted to the
velocity origin of the robot’s last frame O f in the base frame of the robot F0 by using the
generic calculation presented in (7).

V̄(0)
O f

=

Ĉ(0,e)(v̄(e)T + ω̃
(e)
T r̄(e)RO f

)

Ĉ(0,e)ω̄
(e)
T

 (7)
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Therefore, by (7), the calculation inside the block titled “Transform to F0” is repre-
sented. Here, r̄(e)RO f

is the position vector that is defined from the RCM position to the origin
of the last frame of the robot (e.g., for a six-DoF robot, this center is O6). At the final step,
one can choose to directly input the task-space velocities to the robot controller or use the
inverse kinematics solution to calculate the subsequent required joint velocities. After this
step, the built-in task-space or joint-space controller of the robot can be utilized to achieve
the input motion.

The formulation described in this section does not depend on the robot architecture
or the desired DoF for the RCM motion. However, to test and validate the formulation,
a collaborative robot arm is used by defining a specific task, which is the handling of an
endoscope. The next sections are reserved for the description of this case study and the
validation of the formulation on this case study.

3. The Surgical Case Study: Definition of the Task and the Robot
The case study selected to verify the formulation of the hybrid control algorithm is

a surgical robotic scenario. This section describes the task in which the proposed control
framework is integrated to demonstrate its applicability with the help of a commercially
available collaborative robot. The surgical robotic scenario is an endonasal operation in
which endoscopic pituitary tumor surgery is carried out. In these operations, the surgical
instrument called the endoscope is inserted through the patient’s nostril to visualize the
sella turcica (surgery area), which is the skull area, and the place of the pituitary gland.
The primary challenge surgeons face in such surgeries is that while one hand adjusts the
position of the endoscope, the other hand can only hold one instrument. This constraint
limits the movement capability of the surgeon. Furthermore, controlling the endoscope for
2–4 h (average duration of the surgery) may lead to fatigue, and eventually, this mitigates
the efficiency of the operation. To tackle this challenge, assistants take the workload from
the surgeon by holding the endoscope as a third hand (see Figure 3), allowing him/her to
use both hands actively [23]. An alternative solution to this problem is to integrate a robot
that holds and directs the endoscope based on the demands of the surgeon. The motion
demand of the surgeon can be extracted by various ways, including speech recognition,
joysticks, or image processing algorithms. The motion can be triggered with the help of a
foot pedal and hence, the surgeon is able to perform the operation with both hands while
supervising the robot. This is a surgeon–robot coexistence scenario.

Figure 3. Illustration of an endoscopic surgery conducted by the surgeon and assistant holding
the endoscope.
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As another option, the above-mentioned task can be carried out via the surgeon–
robot physical interaction, which is the scenario we selected to show the performance
of the proposed control framework in this paper. To clarify, instead of estimating the
robots’ reference position through image processing, the surgeon moves the robot holding
the endoscope to the target position and orientation by applying forces/moments on
the endoscope. To achieve this, the hybrid control scheme proposed in this paper is
implemented to generate the RCM of the end-effector, where the endoscope is attached, as a
result of the surgeons’ forces/moments measured through a force/torque sensor assembled
at the last link of the robot. The endonasal operations are minimally invasive endonasal
surgeries in which the surgical instruments are moved about a pivot point that is the tip of
the nose.

Throughout these surgeries, the surgeon performs RCM about the aforementioned
pivot point by rotating the endoscope about three axes that are roll, pitch, yaw angles,
and translation along the insertion direction to reach the pituitary gland or remove the
endoscope after the operation. The roll angle, which is the rotation about the endoscope’s
telescope axis, is necessary to maintain the surgical area view displayed on the monitor in
the same orientation as presented in Figure 4.

Initial view                                                                   Rotated view

Figure 4. Roll rotation illustration about the telescope axis.

In this case study, the Doosan A0509 collaborative robot (cobot) is incorporated into
the system due to its relatively good repeatability value (0.03 mm). An endoscope holder
is attached to its last link. The kinematic model of this robot is derived to define the
RCM constraints and the motions, considering the constructional parameters of the endo-
scope holder.

The employed cobot is non-backdrivable in design, and thus a hybrid controller is
implemented to let the surgeon adjust the endoscope view about the pivot point by exerting
forces/moments to the cobot when it is necessary. As presented in Figure 5a, a force/torque
(F/T) sensor is attached to the robot’s last flange to measure the surgeon’s interaction
forces/moments applied on the endoscope.

Afterward, the theoretical formulation of the hybrid controller is derived and reported
in the next section using the parameters illustrated in Figure 5b to guarantee that the cobot
is controlled about the pivot point under the surgeons’ guidance.
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Figure 5. The proposed control framework guarantees the RCM about the pivot point defined at the
designed endoscope holder. An illustration of (a) the test bench and (b) the parameters and frames
used to perform the hybrid controller for endonasal operations.

3.1. Cobot’s Kinematics Model

This section presents the kinematic models of the cobot through its Denavit–
Hartenberg (DH) parameters in Table 1, which are developed utilizing the link lengths and
the coordinate frames presented in Figure 6.

𝒖𝟑
(𝟎)

𝒖𝟏
(𝟎)

𝒂𝟐 𝒅𝟒

𝒅𝟔

𝒅𝟏

𝑶𝟎

𝑷 (𝑷𝑿, 𝑷𝒀, 𝑷𝒁)

Figure 6. The link parameters of the Doosan A0509 cobot without the endoscope holder.

Table 1. Denavit–Hartenberg parameters of the Doosan A0509 cobot.

θi ai di αi

θ1 0 0 −π/2
θ2 a2 0 0
θ3 0 0 +π/2
θ4 0 d4 −π/2
θ5 0 0 +π/2
θ6 0 d6 0
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3.1.1. Forward Kinematics Model

In this section, the forward kinematic equations of the cobot are presented to compute
its tip point position P̄(0) and last link orientation with respect to the base frame. Also,
eũnθ is the exponential notation of the transformation matrix, representing the rotation of θ

about the nth frame of the principal axis vector (Fn{u(n)
1 , u(n)

2 , u(n)
3 }). The transformation

between F6 (last link frame) and F0 (base frame) is simplified to the following form:

Ĉ(0,6) = eũ3θ1 eũ2θ23 eũ3θ4 eũ2θ5 eũ3θ6 (8)

where θ23 = θ2 + θ3. The tip point position with respect to the base frame is computed
in (9). Here, the tip point is indicated as the robot’s last frame center.

P̄(0) = d1ū3 + a2eũ3θ1 eũ2θ2 ū1 + d4eũ3θ1 eũ2θ23 ū3 + d6eũ3θ1 eũ2θ23 eũ3θ4 eũ2θ5 ū3 (9)

where Î is the identity matrix, and Î = [ū1
... ū2

... ū3]. In the next step, the general kinematics
model of the cobot in (9) is modified by using the kinematic parameters of the endoscope
holder. The orientation of the endoscope is calculated through a transformation matrix
formulated with respect to the base frame in (10). Finally, the position of the endoscope’s
tip point illustrated in Figure 5b with P∗ is computed in (11).

Ĉ(0,7) = Ĉ(0,6)R̂2(δ) (10)

P̄∗(0) = P̄(0) + kĈ(0,6)ū3 + eĈ(0,7)ū3 (11)

where R̂i(φ) denotes the rotation matrix indicating φ amount of rotation about ith axis.

3.1.2. Inverse Kinematics Model

After locating the endoscope inside the nostril (surgical area), the cobot is expected
to perform RCM about a pivot point. A frame that is fixed to the endoscope can be
defined as F7{u(7)

1 , u(7)
2 , u(7)

3 } in which the u(7)
3 is along the telescope axis of the endoscope.

The angular motions about the RCM point are represented via target orientation angles
β, α, and ρ and defined about u(7)

1 , u(7)
2 , and u(7)

3 , respectively. Also, translational motion
along the RCM point is defined via the v parameter, as shown in Figure 5b, which is the
distance between the RCM and the tip of the endoscope. Therefore, those four parameters
are the input target reference values to perform RCM about a pivot point. The position of
this pivot point and the orientation of the endoscope frame are calculated with respect to
F0 in (12) and (13), respectively.

PRCM = 00RCM = PRCM1 u1 + PRCM2 u2 + PRCM3 u3 (12)

Ĉ(0,7) = R̂1(β)R̂2(α)R̂3(ρ). (13)

After defining the input motion parameters, the position of the tip point of the robot
(P̄(0)) and its last link’s orientation are calculated as follows:

Ĉ(0,6) = Ĉ(0,7)R̂2(−δ) (14)

P̄(0) = P̄RCM + (v − e)Ĉ(0,7)ū3. (15)

Since the result of (14) and (15) defines the motion of the robot’s tip point and its
last frame, the robot can now be controlled using its built-in task-space controller or joint
controllers. For the former one, the results of these two equations are directly sent to
the task-space controller of the robot. For the latter, the inverse kinematics calculation
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should be carried out to compute the joint space motion to be tracked by the robot’s joint
controllers. Inverse kinematic calculations are not presented here since it is not the main
focus of this article.

It is important to note that after computing (14) and (15), any manipulator can be used
together with its own built-in motion controller to achieve RCM thanks to the generalized
formulation presented in this paper.

4. Experiments and Results
The developed control framework is evaluated in a pituitary tumor surgery task on a

test bench where a cone-shaped tool is fixed on a table together with the Doosan A0509
Cobot as in Figure 5a. The center of the smallest diameter of this cone is the pivot point at
which the RCM is performed by the user’s input. In the design phase of this cone-shaped
tool, first, 4 mm telescope is moved to its extreme orientation (i.e., αMAX and βMAX),
and translation (v) values at the pivot point in a computer-aided-design (CAD) software
(SolidWorks 2022) while checking if there is a contact between the tool and the telescope.
Next, a safety distance (1.4 mm) is defined to tolerate the possible manufacturing errors
between them, and finally, the minimum diameter of the tool is determined (6.8 mm).
The detailed views of this investigation in the CAD environment can be seen in Figure A4.
The experiments were carried out at the Izmir Institute of Technology’s Robotics Lab
and approved by the ethics committee of Izmir Institute of Technology’s Science and
Engineering Department (Protocol No: E-41752998-050.04-2500051293).

The flowchart of the experiments is illustrated in Figure 7, and the parameters used in
the experiments are presented in Table 2. First, the endoscope holder parameters, including
δ, k, e, and m, are set in the hybrid controller formulation for calculating the user forcings at
the RCM point (see Figure 5b). Then, the elements of the admittance and selection matrices
are assigned depending on which direction the user will be allowed to backdrive the cobot.
For instance, performing only α orientation requires setting a non-zero value for Y(e)

M2
in (3)

and zero for the rest of them. On the other hand, all the elements of the selection matrix
must be 1 except the fifth one, which has to be 0. In the experiments, first, only α, β, and v
motions are carried out independently, and then combined movements such as α and v and
β and v are carried out to demonstrate the performance of the hybrid controller.

Start Hybrid Controller

HPs መ𝑆(𝑒) ෠𝑌(𝑒)

Kinematic Model

LPs WLs

Activate Cobot 

at RCM point

F/T sensor

RCM 
Task 

accomplished 

User 

force
RCM 

point End

Yes

No

Figure 7. The proposed control method to achieve RCM motion about a pivot point via robot
kinematics, and its own controller under the user force. HPs and LPs represent the holder parameters
and link parameters, respectively. WLs denotes the workspace limits. Black arrows are the inputs,
while red arrows indicate the flow of the control strategy.

After calculating the forces at the RCM point, the link parameters of the DOOSAN
A0509 cobot are used in its kinematic models presented in (9) for implementing the hybrid
contoller formulation. Throughout the experiments, the cobot is driven via its built-in joint
space controller, and the motion demands are sent to the robot controller via the amovej
command through ROS-1 (Robot Operating System) environment. To clarify, when the task-
space velocities are generated in Fe based on (5), they are taken as average velocity demands
for a certain interval, which is the step size, and then multiplied by the step size time to
calculate the corresponding displacements (i.e., angular and translational displacements)
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about the RCM point. Note that the angular displacement is reported in (13), whereas
the translational displacement is written in (12). Then, an inverse kinematics formulation
is used based on [24] to calculate the joint position demands to be entered in amovej
command together with the step size of 0.8 s. The large step size is due to the capabilities
of the computer and the ROS-1 communication. Furthermore, the coordinates of the fixed
pivot point (PRCM1 , PRCM2 , and PRCM3), where the user performs RCM, are determined
in F0 based on the surgical robotics scenario. Also, workspace limits are assigned for α,
β, and v to keep the endoscope holder in the surgical area while the user is handling it.
Finally, an ATI force/torque sensor is attached to the last link of the robot to measure the
user’s forcings and eventually to perform RCM until the task is accomplished, as shown
in Figure 7. Throughout the experiments, the user is asked to move the endoscope holder
deliberately from one pre-defined workspace limit to the other.

Table 2. Parameters of the experiments set based on the selected surgical case study.

HPs δ, k, e, m 75◦, 166 mm, 100 mm, 20 mm

LPs a2, d1, d4, d6 409 mm, 155.5 mm, 367 mm, 124 mm

RCM Point PRCM1 , PRCM2 , PRCM3 600.8 mm, 0 mm, 156.5 mm

WLs (max/min) α[◦], β[◦], v[mm] (185◦/235◦), (−20◦/20◦), (−80 mm/100 mm)

A B C D E

Ŷ(e) [0 0 0 0 2.4 0] [0 0 0 6 0 0] [0 0 4 0 0 0] [0 0 3 0 2 0] [0 0 4 3 0 0]
Ŝ(e) [1 1 1 1 0 1] [1 1 1 0 1 1] [1 1 0 1 1 1] [1 1 0 1 0 1] [1 1 0 0 1 1]
X̄(e)

Rd
[0 0 50 0 α 0] [0 0 50 β 210 0] [0 0 v 0 210 0] [0 0 v 0 α 0] [0 0 v β 210 0]

Holder parameters: HPs; link parameters: LPs; workspace limits: WLs; selection matrix: Ŝ(e); admittance matrix:
Ŷ(e). The elements of the admittance matrix are reported in deg

s.Nm . The first three elements of the X̄(e)
Rd

values are in
mm, while the remaining three orientations are in degrees.

4.1. Experimental Protocol

Five experiments are conducted by assigning non-zero admittance terms (e.g., Y(e)
F3

)
for enabling the motion along different RCM axes, and each experiment is repeated once.
To begin with, in experiments-A, B, and C, admittance terms are set to enable only α, β,
and v movements, respectively (see Table 2). Then, in experiment-D, v and α are set to
positive values in Ŷ(e) to carry out combined movements. Finally, in experiment-E, v and β

motions are performed while setting zero for the rest of the admittance terms. Regarding
the elements of Ŝ(e), they are assigned 0 along the directions where non-zero admittance
terms are set to perform admittance control, as shown in Figure 2. Other elements are
set to be 1 to constrain the holder movement along the corresponding directions under
position control.

Furthermore, the elements of X̄(e)
Rd

in Table 2 indicate the position and orientation
values of the robot’s RCM point. If some axes are backdriven under admittance control,
they are indicated as RCM variables (e.g., α, β, and v). On the other hand, the posi-
tion/orientation of other axes is kept constant through the position controller, and their
values are indicated with numbers in this table. For instance, in experiment-E, the β and v
combined movement is carried out under admittance control while keeping motion along
the other axes constant (α = 210◦, ρ = 0◦, v = 100 mm, and x(e)RCM = y(e)RCM = 0 mm) using
the robot’s built-in position controller.



Robotics 2025, 14, 144 13 of 19

4.2. Experimental Results

According to the experiment-A results presented in Figure 8, although the user ap-
plies forces and torques in all the directions, as expected, the consequent motion is only
α orientation change about u2

(7). It is also clear that user is constrained between the up-
per (235◦ in state-2) and lower (185◦ in state-3) workspace limits as indicated in Table 2.
The mean (± std) values of RCM constraint deviation in the β and v values are reported as
0.0000021◦(±0.0000216◦) and 0.0114 mm (±0.149 mm), respectively. The latter is computed
by taking the mean and standard deviation E(e)

3 presented in Figure 8 as it represents the

task-space position deviation resolved in Fe along u3. Also, the mean values (±std) of E(e)
1

and E(e)
2 are computed to be −0.0312 mm (±0.12 mm) and −0.00008 mm (±0.0008 mm),

respectively. The range of these values verifies that the proposed hybrid controller guides
the user along the enabled RCM axes (i.e., only α in this case) while constraining his/her
motion along the rest of the directions.

1                                         2                                         3                                   

1     2     3   1     2     3   1     2     3   1     2     3   

Figure 8. Experiment-A results where only α movement is conducted. Red dashed lines with the 1, 2,
3 numbers denote the state of the experiments, and pictures show the configuration of the robot at

that instant of time. α is 210◦ in state-1, 235◦ in state-2, and 185◦ in state-3. F(e)
RCM and M(e)

RCM represent

the force and torque resolved at the RCM point. E(e)
n where n = 1, 2, 3 denotes the Cartesian position

error at the RCM point along u1, u2, and u3, respectively.

Regarding the experiment-E results illustrated in Figure 9, resultant motions under the
user forcings are v and β in compliance with the assigned admittance terms for those two
RCM axes. Furthermore, while β is moved between −20◦ (state-4) and 20◦ (state-3), v is
moved between 100 mm (state-1) and −80 mm (state-2). This shows that defined workspace
limits keep the user inside the surgical area. Moreover, there are minimal deviations from
the set constant α orientation throughout the experiment, and the mean deviation (± std)
is recorded as 210.001◦ (±0.008◦). In addition, the mean values (± std) of the task-space
position error along u1, u2, and u3 are recorded as 0.0042 mm (±0.072 mm), 0.0148 mm
(±0.175 mm), and −0.006 mm (±0.118 mm), respectively. These results indicate that the
user is allowed to perform combined β and v movements under admittance control, and the
rest of the motions are restricted, which shows the effectiveness of the formulation.

In addition, the experiment-B, C, and D results are presented in Appendix A. For
instance, only the admittance term corresponding to β rotation was a positive term during
the experiment presented in Figure A1, whereas in Figure A2 only the v RCM axis is allowed
to be backdriven under the user force. Additionally, the combined motion results when the
α and v motions are allowed are illustrated in Figure A3. These results serve as additional
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justifications that the developed hybrid control framework is able to let the user move the
endoscope along the RCM axes in which non-zero admittance terms are identified in Ŷ(e)

(see Table 2). When it comes to motion along the other axes that are constrained utilizing
the built-in robot position controller, the mean values (± std) of E(e)

1 , E(e)
2 , and E(e)

3 are
−0.0026 mm (±0.0148 mm), −0.0183 mm (±0.0122 mm), and −0.0056 mm (±0.0321 mm)
in experiment-B, −0.0036 mm (±0.075 mm), 0.0001 mm (±0.0005 mm), and 0.0038 mm
(±0.1127 mm) in experiment-C, −0.0146 mm (±0.221 mm), −0.00009 mm (±0.006 mm),
and −0.002 mm (±0.108 mm) in experiment-D. Finally, the mean of the set constant α

value is 210.005◦ (±0.005◦) in experiment-B, the mean values of the set constant α and β

values are 209.99◦ (±0.003◦) and 0.00004◦ (±0.00005◦) in experiment-C, and the mean of
the set constant β value is −0.00004◦ (±0.00005◦) in experiment-D. These reported constant
orientation values are the constant X̄(e)

Rd
elements that are presented in Table 2 (for instance,

in experiment-B, the α value is fixed at 210◦).
Moreover, the zoomed view is presented in Figure 9 to demonstrate the instant when

the user releases the endoscope. It is clear that no unstable movement is monitored.
The same situation can be seen also in Figures A1 and A2. When the forces and moments
are close to zero at the end of the experiment (i.e., physical interaction is lost between the
user and the endoscope), the robot maintains its final position.

1                           2                        3                         4

1      2 3 4 1      2 3 4
1     2 3  4

1      2 3 4

zoomed 

view

Figure 9. Experiment-E results where β and v combine movement is conducted. Red dashed lines
with the 1, 2, 3, 4 numbers denote the state of the experiments, and pictures show the configuration of
the robot at that instant of time. β/v is 0◦/100 mm in state-1, −6◦/−78 mm in state-2, 20◦/−8 mm in

state-3, and −20◦/36 mm in state-4. F(e)
RCM and M(e)

RCM represent the force and torque values resolved

at the RCM point. E(e)
n where n = 1, 2, 3 denotes the Cartesian position error at the RCM point along

u1, u2, and u3, respectively.

5. Discussions
The section serves as a discussion of the other relevant aspects of the study. For in-

stance, the user forces and moments applied during the experiments are analyzed to
compare it with the reported values in the literature. In [15], hand-guiding is conducted in
an MIS task, and the user forces change between 0 ± 10 N. When it comes to our experi-
ments results, we detected the maximum user force and moments measured throughout
the experiments as follows: the mean values (± std) of maximum forces/moments along
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u1, u2, and u3 are recorded as 10.72 N (±4.96 N)/0.67 Nm (±0.62 Nm) in experiment-
A, 6.46 N (±1.01 N)/0.59 Nm (±0.04 Nm) in experiment-B, 4.57 N (±1.88 N)/0.45 Nm
(±0.35 Nm) in experiment-C, 7.26 N (±2.5 N)/0.75 Nm (±0.62 Nm) in experiment-D, and
8.06 N (±2.14 N)/0.99 Nm (±0.26 Nm) in experiment-E. It is clear that our results match
the benchmark information on user forces/moments in [15].

It is also important to note that the applied user forcings are directly related to the
assigned admittance terms, and the focus of this work is not to achieve the task within a
predefined force/torque or a velocity range. For instance, by identifying larger admittance
terms than the current ones, the same resultant motions can be achieved with smaller user
forcings (user forces/torques are multiplied by the admittance terms to generate motions
as in (5)). Selecting the suitable admittance term in the human–robot interaction is very
personal and thus must be selected and tuned through user experiments. Depending on
the level of motion precision and, contradicting to it, the level of user effort, experimental
studies can be carried out to quantitatively measure these aspects (i.e., the motion precision
and user effort) and qualitatively receive the user feedback on user preferences through
questionnaires. Although these user experiments can be initially conducted on phantoms,
for surgical systems, cadavers are included as the next setup as ex vivo experimentations,
which is followed by in vivo experiments with the actual patients. These next steps of
the experiments are the subjects of future studies. Neverthless, we compared our results
with [15] to emphasize that the developed hybrid controller can be exploited in an MIS task
without a long calibration season to determine suitable admittance terms, unlike in [12],
in which the calibration seasons are carried out for the selection of admittance terms.

Related to the task-space position error maintaining the RCM point, the maximum
values of E(e)

1 , E(e)
2 , and E(e)

3 are 0.5926 mm, 0.0025 mm, and 0.8013 mm in experiment-
A, 0.0519 mm, 0.3762 mm, and 0.105 mm in experiment-B, 0.313 mm, 0.0025 mm, and
0.4974 mm in experiment-C, 0.965 mm, 0.003 mm, and 0.46 mm in experiment-D, and
0.575 mm, 0.822 mm, and 0.874 mm in experiment-E. The main cause of these errors is the
step size limitation of the experimental system. Until a new force–torque measurement is
received in the next time step, the robot is moved with the amovej command, which fits
a spline between the two consecutive positions of the joints. When the sampling time is
small, the errors caused by the fitted spline become also small. In a previous benchmark
study reported in [5], the RCM error is measured to be above 1 mm. In another study [2],
this error is reported to be 1.2 mm. This concludes that our control framework produces
better results in terms of deviations from the RCM constraint during the admittance control
of surgical robots compared to the recently published studies. In addition, according to
the anthropomorphic dimensions of human nose, the mean (± std) Nares width of female
North Europeans is 26.71 mm (±2.68 mm), whereas for female West Africans, it is 60.27 mm
(±11.34 mm). The former is the smallest dimension among the populations, while the
latter is the greatest based on [25]. Considering the smallest one, and dividing it to two,
13.355 mm is obtained as the incision port diameter. In our experimental setup, the smallest
diameter of the cone-shaped tool is 6.8 mm. Therefore, the difference justifies that the RCM
error is within the tolerance of real surgical use.

Furthermore, the current large step size also limits the speed of the operation. The sur-
geon needs to put more effort in moving the endoscope with a large step size since admit-
tance gains should be limited due to safety reasons. On the other hand, higher admittance
gains can be assigned when a smaller sampling size is set (i.e., sampling frequency must
be higher), and eventually faster motions can be carried out under the same effort of the
surgeon. Also, the calculation of the force–torque vector at the end-effector assumes that
the RCM point is always maintained perfectly. However, due to the beforementioned
sampling time issues, in the current experimental setup, there is a small deviation from
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the RCM point. Therefore, with an industrial setup that has higher sampling frequency
capacity, more dynamic motions of the endoscope can be achieved with the small effort
of the surgeon, and force–torque calculation errors can be made smaller, even negligi-
ble. It should be noted that this limitation in the implementation is not imposed by the
proposed formulation.

6. Conclusions
In this article, a hybrid controller consisting of pure position and admittance controllers

is developed to perform RCM about a pivot point in compliance with the user-induced
forces/moments. The essential novelty of our study is that the controller formulation is de-
fined at the RCM point. Depending on the task, desired RCM constraints are implemented
using the robot’s built-in position controller, while the motions in other directions are
achieved as the user backdrives the robot via the admittance controller. This strategy is ac-
complished by configuring selection and admittance matrices in the formulation complying
with the task requirements. We carried out five experiments, setting different admittance
terms in different axis to conduct independent (e.g., only α), and combined (e.g., only β and
v) movements via the admittance controller about the RCM point. The results show that
the maximum of the mean (± std) task-space position errors in maintaining the RCM point
along u1, u2, and u3 axes in overall five experiments is 0.429 mm (±0.342 mm). The main
cause of this error is the sampling step size of the system, and it can be reduced by setting a
smaller step size. However, considering the studies in the literature on control-based RCM
in MIS, our validation tests produced better results compared to the others.

As a future study, we will enhance the hybrid controller to investigate what happens
when the surgeon needs to retract the endoscope holder from the pivot point, for instance,
to clean the camera. In this situation, the constraint conditions need to change. This change
has to be managed not to result in sudden changes in the motion. These tests will be
conducted on a cadaver in the operational environment.
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Appendix A

Figure A1. Experiment-B results where only β movement is conducted. F(e)
RCM and M(e)

RCM represent

the force and torque values resolved at the RCM point. E(e)
n where n = 1, 2, 3 denotes the Cartesian

position error at the RCM point along u1, u2, and u3, respectively.

Figure A2. Experiment-C results where only v movement is conducted. F(e)
RCM and M(e)

RCM represent

the force and torque values resolved at the RCM point. E(e)
n where n = 1, 2, 3 denotes the Cartesian

position error at the RCM point along u1, u2, and u3, respectively.

Figure A3. Experiment-D results where α and v combine movement is conducted. F(e)
RCM and M(e)

RCM

represent the force and torque values resolved at the RCM point. E(e)
n where n = 1, 2, 3 denotes the

Cartesian position error at the RCM point along u1, u2, and u3, respectively.
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25 mm

𝛽𝑀𝐴𝑋

𝛼𝑀𝐴𝑋
∅6.8 mm

RCM(i)

(ii)

(iii)

(iv)

(v)

Cone-shaped 

tool

Figure A4. Detailed view of the experimental setup where a cone-shaped tool is fixed on a table
together with the DOOSAN cobot. The illustration of (i) minimum distance between the nose and the
endoscope holder, (ii) minimum cone diameter from top view, (iii) robot configuration at βMAX from
front view, (iv) αMAX from side view, and (v) zoomed view of the fabricated experimental setup.
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