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Abstract— The paper focuses on controlling by hand a robot
carrying a patient lying down on a ”couch top” located at
the extremity of the end-effector. The Orion prototype, is a
six Degree-of-Freedom (DoF) robotic system. The control of
the robot is achieved through a home-made co-manipulated
haptic device located under the couch top and operated by
a paramedical assistant. This device enables the operator to
move the couch top, on which the patient lies down, and within
an identified operational safety space. The 6 DoF admittance
control algorithm is implemented on this new robotic platform.
An experimental validation has been carried out to validate
the co-manipulation control of the robot. The adaptable admit-
tance parameters have been tuned on several experiments in
order to observe the mass-spring-damper equivalent behaviour
and demonstrate the validity of the implemented admittance
algorithm.

I. INTRODUCTION
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Fig. 1: CAD of the robot with patient and assistant (left),
and full scale prototype of Leoni’s positioning robot (right)

Physical Human-Robot Interaction (PHRI) is one of the
fields supported by the ”France Robots Initiative” plan to po-
sition France as a new robotic world leader. Co-manipulated
robots (Cobots) are increasingly needed in industry to boost
production performance or in clinical application to enhance
medical practitioner’s gesture accuracy. PHRI is currently a
booming topic research field where most of the current works
focus on developing:
• Intrinsically safe robots [1]
• Small lightweight robots [2], [3]
• Obstacles avoidance control laws [4], [5] and [6]
In addition, a 2015 national contest dedicated to PHRI

has been organized by France and encompasses industrials
and research laboratories. PHRI is also a worldwide research
topic; several projects (European, ANR, ...) have been funded
([7]–[9]) on these topics.
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II. MEDICAL CONTEXT

The context of this work is radio-therapy medical appli-
cation. This process aims at cancer treatment by focusing
a high-energy beam on an identified tumor in order to
damage the cancer cells and stop them from dividing. The
application, for which the Leoni robotic system is designed,
relates to proton-therapy, a radio-therapy derivative which
uses heavy particles (protons) to generate the treatment beam.
Proton-therapy aims at providing better treatment accuracy
with fewer side effects. Contrary to conventional radio-
therapy for which a 6 DoF dose delivering machine can
be used (Cyberkniffe for example), in proton-therapy this
machine (named Gantry) has only 1 DoF thus the patient
positioning device must have at least 5 DoF. The treatment
protocol is as follows: the patient lies down on the couch top
located at the end-effector of the positioning robot (Fig 1).
In order to receive the radio treatment with high accuracy,
the patient must be positioned at a specific medical location
called the ”isocenter”. The accelerated particles beam is
focused on the isocenter, and the patient’s tumor shall be
positioned at this very location in order to be adequately
treated. Figure 2 illustrates the geometrical frames used in
the forecoming study.

Fig. 2: Robot, end-effector, Tumor and Isocenter Frames

As a complete treatment requires several sessions, the
patient has then to be re-positioned for each session on the
couch top. The tumor location is only known in relation to
a patient-fixed geometric frame and furthermore the patient
position on the couch top is not fully accurate. In addition,
the robot is moved in relation to its own fixed geometrical
frame called the ”Robot” frame (Fig. 2). As a result, to
automatically position the tumor at the isocenter with the
Leoni robot (also named OrionPT) we need to find the
location of the patient tumor in relation to the end-effector



frame. Therefore, a manual setup process also known as ”pre-
positioning phase” must be performed by the paramedical
assistant.

The patient tumor is localized during an imaging technique
phase (not presented here) and is physically identified by
three ”tumor marks”. Therefore, the calibration perfomed
by the paramedical assistant will aim to find the geometric
transformation (a transfer matrix) between the patient frame
(tumor location) and the ”end-effector” frame. This requires
two room-fixed orthogonal lasers (Fig. 3). The intersection
of these lasers depicts the isocenter location on which the
tumor marks have to be aligned by the paramedical assistant
displacement action on the couch top (Fig. 3).When the three
markers are colinear with the lasers beams (i.e. isocenter), the
patient tumor coordinates can be evaluated with respect to the
robot geometrical frame using the robot indirect geometric
model.

The pre-positioning procedure is divided in two phases :
• Move the patient/couch top using only translations to

approximately position the patient three tumor marks
close to the orthogonal lasers cross point (isocenter)

• Rotate (in a plan parallel to the ground) the patient to
align the tumor marks with the room lasers (Fig. 3).

This process is executed iteratively until the tumor marks are
fully positionned. The next steps of the treatment phase are
performed without the need of robot manual control such
steps are not described in this article.

The setup process is as follows :
• During a previously performed imaging phase, the tu-

mor is marked with three dots on the patient skin
• The patient is set on the couch top (the three tumor

marks are made visible to the paramedical assistant)
• The two room-fixed orthogonal lasers are switched on
• The paramedical assistant moves the robot end-effector

(couch top) using the admittance control algorithm in
order to align the tumors marks with the room lasers

Fig. 3: Patient pre-positionning phase performed by the
operator action on the couch top

III. MECHANICAL STRUCTURE

A. Leoni’s Robot (OrionPT)
The proton-therapy robot prototype, used for the patient

positioning and developed by Leoni Company, is a 6-DoF
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Fig. 4: Kinematics of Leoni’s robot

serial robot composed of 6 rotated joints and can be seen as
an hybrid architecture between SCARA and PUMA robot.
Figure 4 represents the Leoni robot kinematics with the
modified Denavit-Hartenberg parameters.

B. Direct-Geometric Model

Table I presents the modified Denavit-Hartenberg param-
eters [10], [11] of the proton-therapy robot.

TABLE I: Denavit-Hartenberg parameters of the Leoni robot

i σ αi di θi ri
1 0 0 0 θ1 0
2 0 0 d2 θ2 r2
3 0 π/2 d3 θ3 0
4 0 −π/2 0 θ4 r4
5 0 π/2 0 θ5 0
6 0 −π/2 0 θ6 0

C. Haptic Handle

F/T Sensor

Haptic Handle

End-Effector

Couch top

Patient

Fig. 5: F/T Sensor and U-shape bar located under the couch
top and used in the proof-of-concept

1) Specifications: A dedicated haptic handle using an
industrial force/torque sensor has been specifically designed
and manufactured for this application. It is used as the input
device for the external loop admittance algorithm described
afterwards. It is composed of a force/torque sensor and a
haptic handle (U-bar) attached to the sensor with an industrial
flange (Fig. 5).



NASA1 and ”theergonomicscenter” information helped us
to summarize the maximal efforts that will be exerted by the
paramedical assistant on the haptic handle on the middle of
the U-Bar (”A” point on Fig. 6). The maximal force value is
approximately 350 N in front of the paramedical assistant,
65 N on his left and right hand sides and 65 N up and down,
so :

A{TF→H}R =

{ −→
RF→H−→

MF→H(A)

}
R

=

 65 0
−350 0

65 0


R
(1)

B{TF→H}R =

{ −→
RF→H−→

MF→H(A) +
−−→
BA ∧ −→RF→H

}
R

(2)

According to the scheme (Fig. 6) equation 2, the resulting
force and torque (N and N.m) on the sensor is :

B{TF→H}R =

 65 45
−350 12

65 17


R

(3)

The choice of the force/torque sensor used with the haptic
handle has been made considering the previously calculated
maximal force exerted.

Force/Torque sensor

Fh

(Operator's force)
A

B

2
5
0
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m
)

175 (mm)

Fig. 6: Human force exerted on Haptic Handle (top view)

In addition the U-Bar has been designed with the following
specifications :
• Two lateral parts spaced by 500mm to facilitate the

grasp of the haptic handle from any side
• Sufficient length to have two hands side by side : greater

than 300mm
• As small as possible to preserve the couch top transpar-

ent to the beam

IV. ADMITTANCE CONTROL

A. Algorithm

As we discussed previously, the paramedical assistant
needs a non-constrained manual robot control in order to

1http://msis.jsc.nasa.gov/sections/section04.htm
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Fig. 7: Kelvin-Voigt Mass-Spring-Damper Representation

position the three tumors marks at the isocenter defined by
the two lasers. Several researches have been carried out
on admittance control ([12], [13], [14], [15]), there are all
based on the impedance control algorithm developed by
Hogan [16] in 1985 and provide a compliant behaviour in
the cartesian space. The expected robot motion is equivalent
to the displacement of a mass-spring-damper system with a
force input (Fig. 7). The operator (i.e paramedical assistant)
exerts a force Fh on the robot corresponding to the input
for the control algorithm (Fig. 6). The kinematics of the
robot (i.e couch top) will be similar to the movement of a
mass on the equivalent mass-spring-damper system depicted
in Figure 7. Figure 7 is a 1 DoF system, but our control
algorithm is implemented on six independant equivalent
mass-spring-damper systems on its 6 DoF.

This control method developped by Hogan provides a
position or velocity control output regarding a force as input
with a dynamic relation as follows :

Fh(s) = Z(s)sX(s) (4)

The leoni robot is controled using joints velocities as input,
therefore, our implemented algorithm will compute velocity
regarding to the paramedical force input.

There is a dynamic relation between controlled posi-
tion/velocity and force/torque input (eq. 5 to 8).

In our case the robot is controlled with a velocity input,
V is a six-dimension vector: from the second Newton’s law
we can write (cf. Fig 7) :

−Fc − Fk + Fh = MẌ (5)

Assuming the robot initial position is X0 :

−CẊ −K(X −X0) + Fh = MẌ (6)

Fh = K(X −X0) + CẊ + MẌ (7)

The parameters are (Fig. 7) :
• X : Cartesian position of the mass
• Ẋ : Cartesian velocity of the mass
• Ẍ : Cartesian acceleration of the end-effector
• M : Mass
• K : Stiffness
• C : Damping
The following equation aims to find the transfer function

between the paramedical input (force exerted on the robot)



and the robot cartesian velocity. Assume Ẋ = V , we can
write the transfer function in the Laplace domain :

Fh(s) =
K

s
V + MsV + CV (8)

The velocity output is given by:

V =
1

C + Ms
(Fh −K(X −X0)) (9)

B. Software Architecture

The global admittance control loop is depicted in Figure
8. The input force used in the admittance algorithm is
Fh the paramedical assistant force. the velocity command
Vc is computed using the equation 9. Then, the internal
computation loop containing the geometric model of the
Leoni robot is used to compute the joints velocities injected
to the robot (eq. 10). Note that an internal servoing loop
is included in this control scheme (Fig. 8) which aims at
providing an accurate joints velocities servoing. This loop
will not be described in this paper.

Based on a common co-manipulation implementation in-
troduced by [17], [18], the software architecture is divided
into two loops (Fig. 8). The first one is implemented in a
VxWorks real-time operating system and aims at providing
a low-level control of the robot. An inverse kinematic model
is included in order to calculate the joint velocity with respect
to a cartesian velocity as input. The external loop where the
co-manipulation algorithm is implemented and executed in
an external linux-based computer (i.e non real-time) and is
in charge of the high-level control. The object-oriented Ruby
script language was used to implement the co-manipulation
algorithm.

1 / ((K / s) + M s + C) J^-1
Internal Servoing

Loop

Velocity

Contolled Robot

Human operator
Force/Torque

Sensor

Fh

Fc

Vc dq/dt dq/dt

dq/dt

V

External Loop Internal Loop

V

Fig. 8: block diagram of the implemented admittance control
loop

The control loop depicted in eq. 10 will be used. The
velocity controlled robot input is a joint velocity Q̇. As
it was previously mentionned, the implemented admittance
control algorithm provides cartesian velocity with respect to
the force as input. The joint velocity robot input is computed
using the inverse Jacobian J−1 of the Leoni robot as follows.

We assume Vc (Fig. 8 equivalent to V in eq. 10) is the
cartesian control velocity, so :

Q̇ = J−1Vc =
J−1Fh

K
s + Ms + C

(10)

C. Implementation

In order to implement the previously detailed control
algorithm we need to transpose it from continous to discrete
form.

Because of the low latency time computation (∼20ms) we
can assume :

Ẍ =
Vk−1 − Vk

∆T
(11)

In setting :
• Vk : Computed cartesian velocity
• Vk−1 : Previously computed cartesian velocity
• ∆T : Computation sampling time
• Xk : Current robot cartesian position
• X0 : Initial robot cartesian position
• Fhk : Current paramedical assistant force input

So, equation 6 can be written in a discrete form :

−CVk −K(Xk −X0) + Fhk = M
Vk − Vk−1

∆T
(12)

so,

Vk =
MVk−1 −K∆T (Xk −X0) + ∆TFhk

C∆T + M
(13)

The computed cartesian velocity obtained in equation 13
will be converted into joints velocities using the robot inverse
Jacobian of the robot (eq. 10) then injected into the six
actuators.

The proposed control approach was implemented on the
6-DoF system but the following experimental results shows
a 3 DoF (translation) system.

V. EXPERIMENTS

The experiment were carried out using the Leoni patient
positioning robot associated with the haptic handle. In order
to validate the admittance control algorithm, it was firstly
decided to set the damping parameters to non-null values
and the stiffness and mass diagonal cartesian matrices to
0 to provide a free-space motion capability needed for the
medical application then to use a so called stiffness control
(on axis Z) which will be used in an incoming work dealing
with obstacles avoidance.

A. Damping Control

For the so called Damping Control [19], the velocity out-
put will be proportional to the paramedical assistant’s force
Fh. Damping control is a common implementation [20], [12],
[21] in order to obtain a free-space (non-constrained) motion
capability with a force amplification.

As mentionned, the patient positionning movement is
divided into translations and rotations. The following experi-
ments cover the translation part of the pre-positioning phase,
that’s why we use only the three translations.

The control algorithm was only applied onto 3 DoF (trans-
lations) and an untrained operator exerted random forces on
the haptic U-bar in order to move the robot in free-space.
No specific information was given to the operator for this



test as the main goal was to observe the relation between
the computed velocities and the input forces. The robot
must follow the operator, therefore the computed cartesian
velocities must be collinear to the input forces.

TABLE II: Values of the diagonal cartesian damping matrix

x y z Rx Ry Rz
500 N.s.m−1 800 N.s.m−1 3000 N.s.m−1 0 0 0

The admittance parameters used are summarized in table
II. In order to demonstrate the capability for this control
algorithm to works with different parameters we set three
different damping values on the three controlled cartesian
axes.

The cartesian velocities and forces on axis X, Y and Z
are given on figure 9. The cartesian velocity is proportional
to the force input, and we observe a prominent time delay
of about 300ms induced by a force signal processing. In
fact, to reduce vibrations, a Butterworth filter (order 3 and
cut-off 1 Hz) has been implemented. This validates the
admittance algorithm principle, however an improvement has
to be considered in order to reduce the time delay for a better
transparency.

B. Adding Stiffness control

We tested here the stiffness part of the admittance algo-
rithm which will be used for collision avoidance (not detailed
in this paper), we added a non-null spring value on axis Z
and observe the response both for a step and for a random
input from an untrained operator. The damping (i.e ”C”) and
stiffness (i.e ”K”) values are given in the table III.

TABLE III: Values of the diagonal cartesian damping and
stiffness matrix

Parameter x y z
C 500 N.s.m−1 500 N.s.m−1 500 N.s.m−1

K 0 N.m−1 0 N.m−1 400 N.m−1

The robot behaves as a spring plus damper system and
reaches its stable position at 0.075 m as expected considering
the force input (30 N) and the Z-Axis set stiffness 400N.m−1

(Fig. 10a).
The system tends to recover its initial position similarly to
a spring-damper system behaviour without excitation force
(Fig. 10b).

VI. CONCLUSION

An admittance algorithm was implemented on a dedicated
patient positioning robotic system. Two sets of experiments
were carried out to validate the implemented algorithm. The
results for axis Z are depicted on Fig 10 and demonstrate the
validity of the admittance algorithm. A time delay has been
identified, which reduces the co-manipulation transparency.

With the validation of this proof of concept, we showed
that Leoni patient positioning robot could be co-manipulated;

(a) Axis X using C = 200 N.s.m−1.

(b) Axis Y using C = 800 N.s.m−1.

(c) Axis Z using C = 3000 N.s.m−1.

Fig. 9: Experiments results for 3 DoF damping control

the future work will focus on relocating the force/torque sen-
sor between the couch top and the end-effector to improve the
interaction between the robot and the paramedical assistant.
Hence, it will allow the paramedical assistant to grab the
U-bar and move the couch top from anywhere around the
couch top. Moreover, several haptic tests will be carried out
to quantify the transparency of the co-manipualtion.
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intéragir physiquement avec l’humain,” PhD thesis,
Laval, Laval, 2010.

[15] J. Dumora, “Contribution à l′interaction physique
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