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Abstract

Conventional physiotherapy sessions are intense and require a great work capacity and time
from both physiotherapist and patient. The physical and psychological fatigue may compromise the
performance of the clinicians and patients, resulting in possible lost of efficiency of the physiotherapy
session. The great work capacity and constant precision of the end-effector position and movement of
KUKA LWR was used to overcome these problems. KUKA LWR is a seven degrees-of-freedom robotic
manipulator designed specifically for applications where the robot is in close contact with the human
operator. KUKA LWR has an embedded impedance control strategy that behaves like a damped spring
with mass which pulls the robot to the desired position in joint and Cartesian spaces. The robotic
system implemented pretends to study the upper-limb behaviour, and specifically the shoulder complex,
during shoulder flexion exercises often used in conventional physiotherapy sessions. The contact forces
between the physiotherapist and the patients arms were acquired during the exercises. First, the
physiotherapist action was restrained to a pre-defined trajectory while he performed the movement.
Second, the robot performed the rehabilitation exercise without the influence of the physiotherapist.
The total moment felt on the shoulder and the consequent variation of the amplitude of movement
were used to study the non-pathological shoulder behaviour during the rehabilitation exercises.
Keywords: Physiotherapy, KUKA Lightweight Robot, Impedance Control

1. Introduction

The limitations of one-to-one manually-assisted
physiotherapy, namely its intensity and time expen-
diture as well as the budget constraints have forced
the introduction of robotic systems that could re-
place, in part, the human work. The objective was
to automate sessions, to give more precision to the
task and to exploit the great working capability of
robots to extend and raise the number of sessions
for a single patient [12]. In this way, rehabilitation
robots can enhance clinicians productivity and ef-
fectiveness as they take care of an individual patient
and give them more time to make clinical decisions
and analysis of the patients’ progress.

Some collaborative robots have been specially de-
signed for rehabilitation of upper and lower limbs.
Examples of these are are HAL (Hybrid Assis-
tive Limb) [16], ReWalk [11], Armeo [6] and MIT-
MANUS [8]. These robots can be used to study the
behaviour of the human arm in rehabilitation exer-
cises so that the mechanical properties of the human
limb and the way they change trough the execution
of the functional tasks can be comprehended. This
is the first step to unveil the underlying neuromotor

strategies present in the upper limb. The dynamic
but stable movement of the musculoskeletal system
of the upper limb makes it compliant when entering
in contact with a variety of objects [1].

The human upper limb is classically described by
a mass-spring-damper system with three parame-
ters (M for mass, b for damping and k for stiffness)
as showed in equation 1.

Fext = M(ẍd − ẍ) + b(ẋd − ẋ) + k(xd − x) (1)

where Fext are the external forces applied to the
arm and x, ẋ and ẍ are the displacement, veloc-
ity and acceleration respectively. xd is the desired
position.

Traditionally, the identification of the three me-
chanical properties of the human limb is achieved by
applying fast position perturbations with a strong
and instantaneous force and probing the upper limb
response to this force [1]. Often the subject was
asked to hold his/her upper limb position while
the robotic arm exerted unexpected instantaneous
forces [4, 5, 14]. There are studies that consider
more complex human arm models where general
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skeletal dynamics model with the impedance of the
neuromuscular system are included [10].

Alternatively to the aforementioned traditional
methods, the use of electromyography (EMG) sig-
nals was proposed by [1] to control the behaviour
of a robotic arm. In a study developed by the Ger-
man Aerospace Center (DLR) the upper limb was
randomly perturbed while the subject performed
predefined grasping tasks. The authors measured
EMG signals of the biceps, triceps, and pectoralis
muscles and compared the values of robot-measured
impedance with EMG-predicted impedance [19].

A robotic system is implemented in this work
with the objective of overcoming the limitations
of the conventional physiotherapy. The contact
forces and the displacement of the arm recorded
by the robotic system were used to study the
upper-limb behaviour and specifically the shoul-
der complex during shoulder flexion exercises often
used in conventional physiotherapy sessions in non-
pathological shoulders.

2. System Description
2.1. KUKA Lightweight Robot
The KUKA Lightweight Robot (KUKA LWR) is
a seven degree-of-freedom (DoF) robotic arm with
seven joints and with flexibility to work in cluttered
and unstructured workspaces. One of the DoFs is
redundant and helps avoiding typical singularities
of 6-axis kinematic systems [3].

KUKA LWR has several modes of control. The
Cartesian Impedance control mode, which was used
in this work, enables the user to manually guide
the robot’s end-effector in a compliant way on the
Cartesian space. If the Cartesian spring stiffness,
kx, ky and kz, is minimum, as well as in the rota-
tion stiffness kxr

, kyr and kzr , the robot enters in
Gravity Compensation and lets the user move
freely in the robot’s workspace. In Joint Impedance
control mode the same compliant effect can be ex-
perienced but in the joint space. Similarly to the
Cartesian Impedance control mode, the value of the
spring stiffness influences the type of control within
the joint impedance control. For instance, if the
value of kj , where j represents the joint number, is
set to its maximum on every joint, then the robot
is in Joint Position Control and if it is set to its
minimum, then the robot is in Full Torque Con-
trol [2].

2.2. Human-Robot Coupling Tool
As proposed by [13], the tool developed in this work
can be split in mainly two parts: one that goes to
the robot (Fig.2) and one that goes directly in con-
tact with the patient (Fig.1). These two main parts
are hold together via via eight magnets installed on
the inside of the two pieces, very close to the sur-
face.

(a) Front view. Note the
pyramidal configuration
of the interface surface.

(b) Closing part

Figure 1: Tool parts in contact with the patient

The tool part in contact with the patient was di-
vided in two main pieces which form an open cylin-
der, allowing the user to place his limb inside it. In
this way, the tool setup on the arm is facilitated.
These parts are hold together by two Velcro straps
that are fixed and surround the two pieces. The
patient’s limb will be accommodated by foam for
greater comfort.

(a) Front view. Four
holes were created for
insertion of the mag-
nets.

(b) Back view. Note
the pyramidal configu-
ration of the interface
surface.

Figure 2: Tool parts in contact with the robot

Fig.2 shows the components that are not in con-
tact with the patient’s limb directly. The hole with
a pyramidal configuration is analogous to the inter-
face surface of the parts in direct contact with the
patient. An auxiliary piece was also printed so that
it functions as an intermediary between the tool and
JR3 Force-Torque Sensor.

2.3. JR3 Force-Torque Sensor
JR3 Sensor is a 12 DoF force-torque sensor which
measures forces, torques and accelerations simulta-
neously on Cartesian space. By using integrated
electronics, JR3 sensor is able to compensate even-
tual acceleration and deceleration due to starting,
stopping and changes of direction during movement,
distinguishing forces and torques due to accelera-
tion from contact loads. This allows contact forces
and torques to be controlled even if there is any sort
of motion. The sensor outputs two data streams
(one for force, another for acceleration), both con-
taining six axes data at a sampling rate of 8Hz.
Measurements of linear acceleration are limited up
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to 5g whereas angular acceleration measurements
can be measured up to 200 rad/s2. The DSP-based
receivers process the force and torque or accelera-
tion data at the same sampling rate of 8Hz, provid-
ing decoupling, coordinate transformation, low-pass
filtering, vector calculation, threshold monitoring,
peak capture and rate calculations [7]. Since the
parameters of interest are the force and torques,
the linear and angular accelerations were discarded.
The top of the transducer has a copy of the KUKA
LWR flange for direct coupling.

2.4. Communication Setup

The system used for communication between the
KUKA LWR and the rest of the devices is simi-
lar to the one developed and used in [15]. In this
system, the host PC is where the applications were
developed and implemented in Simulink Real-Time
and communicates via TCP/IP with the FRI-xPC
server (or xPC Target PC). In turn, FRI-xPC server
is responsible for assuring data flow between the
host PC and KUKA controller. Fast Research In-
terface (FRI) was developed by KUKA to facili-
tate access to relevant information like joint posi-
tions, tool positions and orientations, communica-
tion quality and external torques while sending in-
formation needed to control the robot to the KUKA
controller [17].

Similarly to the work developed in [15], the FRI-
xPC server used for communication with the KUKA
controller and with JR3 Force-Torque Sensor was
adapted to introduce an extra block besides the
original blocks developed by [21]. The simplified
scheme of FRI-xPC server can be observed in Fig.3.

The original three blocks are FRI Receive, FRI
Transmit and the Main Controller. FRI Receive
is responsible for receiving and unpacking all the
information that comes via UDP from the KUKA
controller. FRI Transmit packs the data containing
joint positions, tool positions and orientations, com-
munication quality and external torques and sends
it via UDP to FRI. The Main Controller block is a
state-machine that controls the actions of FRI-xPC
server [21].

Figure 3: FRI-xPC Server diagram (adapted from
[15])

The block named Rehabilitation Block was added
to implement control strategies for rehabilitation
exercises. This has three fixed components that the
user must use depending on the task he wants to ac-
complish: Control mode, Tool pose and joint
positions and Stiffness,damping and external
forces parameters [21].

3. Implementation
3.1. Experimental Setup

The robot’s positioning during a physiotherapy ses-
sion is very important since this is an environment
where the robot is in permanent contact with the
patient and, in some phases, in contact with the
physiotherapist. This positioning must assure that
there is a low interference between the patients’ arm
and robotic arm workspaces.

In the light of the study developed by [20], a pos-
terior positioning of the base of the robot relatively
to the patient was adopted during the experiments,
as can be seen in Fig.4. It can also be noted that
the base of the robot is elevated.

Figure 4: Robot’s positioning

It was not possible to place the robot’s base on a
vertical position as was done in the study developed
by [20], which is considered a better option by the
author. However, the elevation of the KUKA LWR
and the posterior base positioning relatively to the
patient were considered a good approximation to
the Ergonomic Configuration suggested by [20].

The Human-Robot Coupling Tool was mounted
on the flange of the robot indirectly through the
JR3 Force-Torque Sensor. Together, these two com-
ponents form the tool that was used in all the exper-
iments performed in this work. The tool assembly
can be observed in Fig.5.

The tool must be defined and calibrated in
KUKA LWR software. To perform this calibration
the XYZ 4-Point procedure was used and the tool
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Figure 5: Tool mounted on KUKA LWR flange.
The Human-Robot Coupling Tool is attached to
KUKA LWR indirectly through JR3 Force-Torque
Sensor

reference frame was set with the ABC 2-Point pro-
cedure [9]. When calibrating the tool, a tool coor-
dinate system is defined with its origin on a user-
defined point called Tool Center Point (TCP). The
calibration resulted in a TCP error of 0.194 mm.
Tables 1 and 2 show the parameters of the position
and orientation of the tool reference frame relatively
to the KUKA LWR flange.

Position

X(mm) Y(mm) Z(mm)

-4.287 11,211 93.307

Table 1: Position of the tool reference frame rela-
tively to KUKA LWR flange

Orientation

A(◦) B(◦) C(◦)

95.526 80.629 10.006

Table 2: Orientation of the tool reference frame rel-
atively to KUKA LWR flange

KUKA LWR has also to account for the specific
weight of the tool used, otherwise the user cannot
move the robot freely while in gravity compensa-
tion. The parameter that stores the center of mass
was also changed. Table 3 shows the values for the
tool’s center of mass and tool payload.

3.2. Trajectory Acquisition
The position and orientation of the reference frames
of both shoulder and wrist were acquired by two
separate acquisitions for each subject: the first es-
tablishes the reference frame of the shoulder rela-
tively to the base of KUKA LWR, the second one
measures the evolution of the wrist pose while the

Payload Center of Mass

Payload (kg) X(mm) Y(mm) Z(mm)

1.7 0 0 100

Table 3: Tool Payload and Center of Mass (the
center of mass is relative to the flange’s reference
frame)

physiotherapist is performing the movement. A
typical trajectory should resemble the one repre-
sented in Fig.6.

Figure 6: Trajectory of the shoulder flexion move-
ment after postprocessing (left). User defined re-
gion (right). The origin of the reference frame is
the base of the robot.

3.3. Contact Force Acquisition
For one cycle in the trajectory, the points were cho-
sen according to a well-defined region of space so
that they allow the performance of the full ampli-
tude of movement (Fig.6). The user-defined region
is then uploaded as a fixed parameter inside the
Rehabilitation Block. Yet, it is inconvenient to up-
load the whole trajectory as there are too many
points that would, in extreme cases, provoke the
overflow of FRI-xPC Server. Therefore, some points
are selected respecting a minimal distance between
them, representing the nodes of the trajectory (or-
ange spheres in Fig.6).

After choosing the user-defined region, the robot
must move to the initial point of this region with
the right pose so that the patient’s arm starts the
movement exactly as it was decided by the physio-
therapist. A smooth rectilinear trajectory was im-
plemented inside the Rehabilitation Block to per-
form the tool pre-positioning. The rectilinear path
parametric description in Cartesian space is repre-
sented by the following equation [18]:
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p(s) = pi +
s(t)

‖pf − pi‖
(pf − pi) (2)

s(t) = a3t
3 + a2t

2 + a1t+ a0 (3)

In equation 2, s(t) represents the parametric vari-
able that dictates the variation of the tool position
p(s) in time. pi and pf are respectively the initial
and final positions. Knowing the initial and final
positions of the end-effector, in t = 0 and t = td
respectively, and forcing null initial and final veloc-
ities for a smooth movement, system of equations
4 is solved to determine the coefficients a3, a2, a1
and a0, where ṗi = ṗf = 0 [18]. The duration of the
trajectory td is tunable and it influences the speed
of the robot end-effector while positioning itself on
the desired position.

a0 = pi

a1 = ṗi

a3t
3
d + a2t

2
d + a1td + a0 = pf

3a3t
2
d + 2a2td + a1 = ṗf

(4)

The same can be done for the velocities in the
three axes of KUKA LWR workspace by deriving
both equation 2 and equation 3.

To generate a trajectory for orientation of clearer
interpretation in the Cartesian space, the angle and
axis description was used [18]. This description uses
the initial and final orientations, Ri and Rf respec-
tively, to define a variation law of the angle ν around
the axis r that leads to the final angle νf . The final
angle and the axis are calculated by the following
equations:

νf = cos−1

(
r11 + r22 + r33 − 1

2

)
(5)

r =
1

2 sin(νf )

r32 − r23r13 − r31
r21 − r12

 (6)

for sin(νf ) 6= 0 [18]. The terms rij are the entries
of the rotation matrix resulting from the product
between Ri

T with Rf . By using these parameters,
a cubic law of angle variation which tends to νf
was implemented, similar to the one found in equa-
tion 3. However, the coefficients are calculated by
knowing the initial and final angles (0 and νf ), the
trajectory duration, td, and by setting initial and
final velocities to zero, using the same set of equa-
tions in system 4. The angle obtained in a certain
time instant with the cubic law corresponds to an
orientation matrix Ri(t). This matrix is used in
equation 7 to get the intended orientation [18].

Re(t) = RiR
i(t) (7)

The orientation velocity law ν̇(t) can be defined
by taking the derivative of the cubic law of angle
variation. Using the coefficients calculated previ-
ously, the velocity ωi(t) in a certain time instant
can be calculated by the following equation:

ωi(t) = ν̇(t)r (8)

where r is the axis of rotation calculated with
equation 6. In order to characterize the rotation
velocity in the base reference frame , we(t), w

i(t) is
pre-multiplied by the initial orientation matrix Ri.
The final expression is:

ωe(t) = Riω
i(t) (9)

While moving, the robot can have a position er-
ror of at most 3.5 mm but the the final position
error is about 0.7 mm. The orientation error has
a similar evolution, with a maximum error of 0.75
degrees. When the robot reaches the final position,
the orientation error is about 0.3 degrees.

3.4. Impedance Tunnel
An impedance environment in the shape of a tunnel
was implemented around the previously defined re-
gion to help the physiotherapist follow a trajectory
that stays within this region. The force needed to
dislocate the robotic arm from its real position to
the desired point in the user-defined region can be
given by equation 10.

F t = Ktdt (10)

where F t, Kt and dt, represent the force,
impedance and distance to the desired position in
the region reference frame respectively. In turn, Kt

can be represented by a diagonal matrix with the
impedance components also in the region reference
frame given by equation 11.

Kt =

[
kx 0
0 ky

]
(11)

However, the impedance parameter that is given
to the robot inside the Rehabilitation Block is rep-
resented in the tool reference frame. Thus, the
impedance Kt must be transformed into the end-
effector reference frame which is known. The final
expression for the Cartesian impedance, Kt, is:

Kr =

[
c2αkx + s2αky −sαcαkx + sαcαky

−sαcαkx + sαcαky s2αkx + c2αky

]
(12)

where α is the rotation angle between the tra-
jectory and the tool reference frames. The values
that belong to the diagonal are the ones given to
the robot.
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As the physiotherapist moves the end-effector in-
side the impedance tunnel, the update of the de-
sired position must be made between nodes within
1ms for a smooth movement. For this, a linear law
for the variation of the position between nodes was
implemented and is expressed by equation 13.

pd = ni + dpath · ~V (13)

where pd stands for the desired position, ni is the
initial node, ~V is the unitary vector that defines
the direction of the line and dpath is the distance
between the initial node and the end-effector posi-
tion. Orientation is also linearly interpolated. The
nodes define the initial and final orientations Ri and
Rf in each of the subregions of the trajectory. The
final angle νf and the axis of rotation r are calcu-
lated by using equations 5 and 6 respectively. The
angle variation between two nodes A and B is given
by equation 14.

ν(t) =
νf∥∥AB∥∥dpath (14)

The angle ν(t) obtained in a certain time instant
is then transformed into a corresponding orienta-
tion matrix Ri(t) and equation 7 is used again to
calculate the new orientation.

3.5. Trajectory Mimicking
In this phase, the robot is assigned the maxi-
mum Cartesian impedance for maximum precision
of movement. The user-defined region is used to
define a constant trajectory that can be repeated
several times by the robot. In this work, these rep-
etitions are called cycles that consist of a complete
raise of the patient hand to the maximum ampli-
tude of the movement, followed by a downward re-
turn to the initial position. The number of cycles
performed by the robot is defined by the physio-
therapist as well as the speed.

A cycle is defined by a n× 13 matrix where each
row k contains the time instant tk and the tool pose
vposek (equation 15). The pose is represented by the
rotation matrix and the tool position in a 1×12 row
vector.

Cycle =



ti . . . vposei
...

...
tk . . . vposek
...

...
tf . . . vposef


(n×13)

(15)

To follow a trajectory correctly, KUKA LWR
needs a new position, i.e. a vector containing the
pose and the respective time, in each millisecond.
Thus, considering the initial and final time, ti and
tf , respectively, and the number of rows n of the

cycle, a linear law can be defined to calculate the
row i that corresponds to the time instant t. This
law can be defined by equation 16

i =

(
n− 1

tf − ti

)
(t− ti) (16)

Knowing the time that it takes to the end-effector
to perform a full cycle tcyc and the number of rep-
etitions nrep, each repetition of the cycle has now
its own linear law of i variation in time. The gen-
eral law for all the nrep repetitions of a cycle can
be expressed by equation 17.

in = m(t− ((rep− 1) ∗ tcyc − ti)) (17)

with

m =
n− 1

tf − ti
(18)

The variable rep in equation 17, which represents
the current repetition of the movement, is incre-
mented each time the robot reaches the end of a
repetition, until it surpasses the number of repeti-
tions nrep prescribed by the user inside the Reha-
bilitation Block.

Another separate strategy was used in order to
diminish the overall movement velocity by some fac-
tor r. Each one of the columns of the cycle repre-
sented in equation 15, except for the time column,
are interpolated by simply increasing sampling rate
by the same factor. This way, if the physiotherapist
wants to perform a cycle with a prescribed number
of repetitions but with half the speed, the factor
chosen for interpolation will be 2. The time column
needs to have differences of 1ms between tn and
tn+1 to be uploaded successfully to the Simulink
Real-Time Model, so it is simple to assign the cor-
responding time to each row if the initial time ti is
known.

4. Results
4.1. Data Processing
The data stored in FRI-xPC Server in itself is in-
sufficient to describe the relationship between con-
tact forces applied by the physiotherapist and dis-
placement in the shoulder. In fact, KUKA LWR
sends only the positions and orientations of the tool
movement on its workspace relatively to the base
and JR3 Force-Torque Sensor sends the forces on
its reference frame. Thus, both trajectory and con-
tact forces were converted to the shoulder reference
frame. The transformation of the pulse trajectory
from the base reference frame, PBaseP , to the shoul-
der reference frame, PBaseO , is given by equation 19.

POP = RBaseO

T
(PBaseP − PBaseO ) (19)

where RBaseO is the rotation matrix between
the KUKA LWR base and the shoulder reference
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frames. Moreover, in physiotherapy the movements
are often described by their amplitude of movement.
Thus the transformed trajectory is turned into an
angle between the initial configuration of the arm
~L1, which is taken as a reference, and the actual
configuration ~Ln. Thus, the angle is given by equa-
tion 20.

θn = cos−1

 ~L1 · ~Ln∥∥∥~L1

∥∥∥∥∥∥~Ln∥∥∥
 (20)

To transform contact forces from the JR3 Sensor
reference frame to the shoulder reference frame, two
steps must be taken. First, the forces are trans-
formed into the pulse reference frame using equa-
tion 21.

~FP = RPJR3(−~FJR3) (21)

where ~FP are the forces in the pulse reference
frame, ~FJR3 stands for the forces measured by JR3
Force-Torque sensor and RPJR3 is the rotation ma-
trix between JR3 and pulse reference frames. Note
that the forces ~FJR3 are the ones applied on the
sensor, e.g. the weight of the arm. So, the reaction
to ~FJR3 forces is in fact the one responsible for pulse
displacement. Once the forces are expressed in the
pulse reference frame, they must be transformed
into the shoulder reference frame. The forces ex-
pressed on the shoulder reference frame, ~FO, are
given by equation 22.

~FO = ROP ~FP (22)

Only the component that is tangent to the tra-
jectory is considered in the final results. The mo-
ments ~MOn are then obtained by applying the cross
product between each arm configuration ~Ln and the
tangential forces in the corresponding configuration
~FO~tn as expressed in equation 23.

~MOn = ~Ln × ~FO~tn (23)

The shoulder moments were then projected to the
vector orthogonal to the plane of the trajectory and
plotted against the corresponding angles θn for in-
terpretation.

4.2. Data Analysis
All subjects were submitted to the same phases of
data acquisition described in the previous chapter.
First, the rehabilitation exercise is saved in FRI-
xPC server with KUKA LWR in gravity compen-
sation for better handling of the robotic manipula-
tor. No forces are recorded in this step. Second,
the impedance tunnel is activated around the user-
defined region after the successful prepositioning
process of the Human-Robot Coupling Tool, forcing
the physiotherapist to follow that specific region of

the workspace. The displacement of the subject’s
arm and the contact forces are recorded in FRI-xPC
server. Lastly, the robot performs the movement by
itself, without the influence of the physiotherapist,
by following the same user-defined region. In this
phase, the robot performs the movement with dif-
ferent velocities in position control while sending
positions and contact forces from JR3 to FRI-xPC
server.

The list of subjects submitted to the tests consists
of a population of seven individuals, 5 male and 2
female, with ages between 22 and 40 and with no
associated pathology in their shoulders. The sub-
jects evaluated exhibited mainly two types of be-
haviour. For better visualization and comparison
of both types of shoulder behaviour, two subjects
were selected to represent the groups.

4.2.1 Impedance Tunnel Results

0 0.5 1 1.5 2 2.5
rad

-10

-5

0

5

10

N
m

Cycle 1
Cycle 2
Cycle 3
Cycle 4

Figure 7: Moments variation during shoulder flex-
ion for subject A. The triangular markers stand for
the beginning of a cycle. The circular markers rep-
resent the end of a cycle

The evolution of the moments in Subject A is dif-
ferent in each one of the cycles because of the un-
restrained movement in the direction of the trajec-
tory, since the impedance tunnel only blocks move-
ment in the directions perpendicular to the trajec-
tory (Fig.7). All cycles start with a positive mo-
ment, which continues to increase until the mid-
dle of the movement amplitude, where it starts to
decrease until it reaches maximum negative values
near the maximum amplitude point (MAP), i.e. the
maximum angle reached in every cycle. When the
angle starts decreasing, the moments increase again,
reaching again a maximum positive value while the
arm returns to the initial position.

In Fig.8 the total forces applied on the wrist by
the physiotherapist ~FO and the tangential forces
~FO~tn are plotted. Here, it is visible that the tangen-
tial forces decrease to zero and reach negative values
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Figure 8: Evolution of the total shoulder forces and
the tangential forces throughout a cycle for subject
A. The origin of the reference frame represents the
shoulder reference frame.

in the end of the arm ascension due to the arm con-
figuration. Since the physiotherapist pulls the pa-
tient arm up during its ascension to the MAP, pos-
itive values of force are expected at the very begin-
ning. The force needed to lift up the arm tends to
grow in this phase due to the greater contribution of
the arm weight. When the arm angle is near to the
maximum amplitude of movement, the tangential
force is expected to diminish since the arm’s weight
tends to be perpendicular to the trajectory. Con-
sequently, the forces applied by the physiotherapist
will also tend to be perpendicular to the trajectory
which means that their tangential component FO~tn
responsible for the arm’s movement tends to zero.
After this point, the arm reaches the maximum am-
plitude of movement where the subject’s wrist po-
sitions itself in a posterior position relatively to the
head. In this configuration, the weight of the arm
tends to go backwards. To maintain the arm in this
configuration, the physiotherapist reacts by apply-
ing a force forwards, whose tangential component
is negative. The downward movement of the arm
has the inverse characteristics of the arm lift up, as
should be expected.

In Fig.9 the results obtained for subject B are
shown. In this case, in spite of the early increase of
the moment in each one of the cycles, the moments
registered are always negative. The main reason
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Figure 9: Moments variation during shoulder flex-
ion for subject B. The triangular markers stand for
the beginning of a cycle. The circular markers rep-
resent the end of a cycle

for this phenomenon is considered to be the lack of
relaxation of the arm during the exercises. It is hy-
pothesized that the involuntary contraction of the
arm muscles during the upward movements gener-
ates a force on the wrist of the subjects that tends
to help the physiotherapist to lift the arm. The
same analysis can be done to the downward move-
ment of the arm, where the subjects facilitate the
physiotherapist controlled movement involuntarily.

By looking at Fig.10, the total forces ~FO have
a predominant negative direction during the whole
cycle, which have tangential component ~FO~tn that
is also negative. Considering that these forces are
the reaction to the forces applied by the patient, it
becomes clear that the subjects with this kind of
behaviour exert an involuntary force in the upward
direction, contributing also to the upward move-
ment. The tangential forces continue to be negative
while the arms moves down, which suggests that the
subjects like subject B were exerting forces in the
opposite direction of the movement.

4.2.2 Trajectory Mimicking Results

The objective of these experiments was to compare
the robotic arm performance with and without the
physiotherapy influence. Moreover, the velocity was
reduced to half the prescribed by the physiothera-
pist in an attempt to diminish the involuntary con-
tractions of the subjects’ arms which caused unex-
pected results in the impedance tunnel experiences.

The results obtained for subject A, which can be
observed Fig.11, demonstrate a very similar shoul-
der behaviour during the whole rehabilitation ex-
ercise to the results of the impedance tunnel. For
subject B it can be concluded that reducing the ve-
locity had no significant impact on the shoulder’s
behaviour during the cycles. In spite of an initial
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Figure 10: Evolution of the total shoulder forces
and the tangential forces throughout a cycle for sub-
ject B. The origin of the reference frame represents
the shoulder reference frame.

positive force, which did not exist on the prescribed
velocity movement, subject B continues to reveal
the tendency of exerting involuntary forces in the
robot’s end-effector that help the robot lift the arm
and control the arm speed during the downward
movement. Thus, subject B continued to demon-
strate an involuntary contraction of the arm’s mus-
cles, which were detected even in low velocities.

However, it can be said that for subject B, the
results were lightly improved since the overall neg-
ative forces and moments have increased, meaning
that subject B did less effort and therefore some of
the initial undesired contraction of the upper limb
muscles was eliminated.

5. Conclusions

The robotic system used and the communications
setup developed previously by [15] permitted the
development of strategies to control KUKA LWR
behaviour during a physiotherapy exercise.

The tool developed for coupling the patient’s arm
proved to be comfortable and adaptable to differ-
ent subjects. The foam used around the arm was
responsible for the accommodation of the different
subjects’ arms inside the two parts that form a
cylinder. The possibility to separate both parts fa-
cilitated the insertion of the upper limb in the tool,
which can be important for patients who struggle to
move it. The magnetic system mounted inside the
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(b) Subject B moments

Figure 11: Moments variation during shoulder flex-
ion for subject A and B with half the velocity
prescribed by the physiotherapist. The triangular
markers stand for the beginning of a cycle. The
circular markers represent the end of a cycle

tool gave the system an extra safety measure. How-
ever, a better accommodation of the magnets must
be studied to allow more strength on the magnetic
coupling.

The system could effectively copy the movement
prescribed by the physiotherapist with different ve-
locities and with the number of repetitions needed
and apply an impedance tunnel around the trajec-
tory that guides the physiotherapist. In fact, the
non-pathological shoulders of the seven individuals
submitted to the tests showed that the action of
the physiotherapist while co-manipulating KUKA
LWR with the impedance tunnel was very similar
to KUKA LWR when performing the shoulder flex-
ion movement by itself. By looking at the curves of
both shoulder moments and forces applied on the
wrist of each subject, it is clear that their evolution
is very similar in the case of co-manipulation and
without manipulation.

The differences observed between the two types
of subjects show the sensitivity of the developed
robotic system to small alterations in the tension of
the patient upper limb muscles, which can be im-
portant in the case of future developments where
the robotic arm must react to the patient’s be-
haviour during the physiotherapy session.

The development of a new Human-Robot Cou-
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pling Tool, the implementation of a Graphical User
Interface, the study of the relation between the re-
sults obtained in this work and the arm’s char-
acteristics (mass, damping, stiffness) and the de-
velopment of a strategy to enable the reaction of
KUKA LWR to the shoulder’s behaviour alterations
are some of the aspects that should be further ex-
plored.
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