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Abstract. Nowadays the rehabilitation process involves the patient and the
therapist, that must interact to recover the motion of limbs and the strength of
related muscles to restore the initial functionalities. The therapy relies on the
experience and sensitivity of the therapist that identifies the rehabilitation exercises
which are necessary to recover the expected ability. To prevent inappropriate
practices an interesting aid may come by mixing collaborative robots, namely Cobots,
and additive manufacturing technologies. The proper integration of a Cobot assistant
and custom-printed training objects enables a significant improvement in the
effectiveness of the therapy action and the related user experience since the
programmed trajectories can mimic the movements related to activities of daily
living. To this aim, this work describes an integrated approach to support the design
of Cobot assisted rehabilitative solutions. The object selected by the patient and
therapist, the motion pattern, the clamping area, and loads on the limb represents
the design requirements. The motion trajectories defining the specific training tasks
are the starting point to the optimal placement within the Cobot workspace.
Specifically, manipulability maps can provide an objective evaluation of the locations
where the exercises are performed at the best of workspace and configuration of the
Cobot. A simple upper limb rehabilitation exercise based on a demonstrative handle
has been selected to prove the effectiveness of the proposed approach. The results
confirm that the manipulability index can be adopted to drive the preliminary design
of the Cobotic solution toward a feasible configuration.
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1 INTRODUCTION

The recent advances in robot technologies are opening new development pathways that are of great
interest to the medical sector, especially for palliative and supportive care [15] as well as for
rehabilitation actions [4, 6]. Mainly two solutions of rehabilitative robots are well established in
clinical applications, namely grounded exoskeletons and grounded end-effector devices [8]. The
former control individual joints while the latter focus the control on selected joints or limb segments.
Examples of exoskeletons are ARMIN [14], Rupert [22] and NESM [5], among many others. These
devices empower perfect repeatability of the movement for each joint. Nevertheless, they need a
complex design of the parts aimed to execute a specified exercise with a scarce possibility to adapt
it to perform other types of exercises. Furthermore, the complex anatomical structure of human
limbs generates additional torques and forces during rehabilitation training. Conversely, some
examples of end-effector solutions are MIT-MANUS [10], GENTLE/S [12], REHAROB [23], PUParm
[2] and EULRR [25]. The end-effector solutions objectify the mobility of the limb and define both the
path and the effort to perform the exercises. The effort required by the patient is related to the
resistance or the help that the robot can apply along the path of the rehabilitation exercise. So, the
higher the resistance, the greater the forces that must be able to be applied to the end-effector.
Also, in this case, the mechanisms used for end-effector robot solutions still focus on motion
trajectories for tailored exercises with limited customization.

The intrinsically safe collaborative robots, namely Cobots, applied as rehabilitative mates for
post-operative therapies represent an interesting advance from the aforementioned devices that
enables more effective approaches. Research activities demonstrate the feasibility of the Cobot mate
to recover the mobility of upper and lower limbs [11, 24] and available commercial solutions
reinforce this achievement, such as the system ROBERT® by Life Science Robotics [20]. A recent
survey expresses positive feedback about the adoption of collaborative interaction with robots for
assisted training on upper limb function [18]. The main benefit of the adoption of Cobots is the
integrated sensing system for a controlled force exchange with human beings, that can be configured
for specific tasks. Repetitive high-quality movements can be produced, enabling an increased
intensity of the rehabilitation action. The internal sensors of the Cobot can be also exploited to return
objective data to evaluate the progress of the patient’s mobility, which itself can change the
interaction by altering the control parameters of robot motion [17]. Consequently, the monitored
interaction between the Cobot and the patient’s limb improves the efficiency of the therapeutic action
[1, 13]. Through tailored end-effectors attached to Cobot extremal flange and programmed paths,
a large variety of exercises can be designed for the therapist to choose from. Additive manufacturing
technology can help to this aim by shaping the end-effector like the object to be manipulated by the
patient in everyday life. Thus, the exercise assumes tangible significance over the physical action by
further motivating the execution of rehabilitative action. Therefore, the use of Cobots and customized
end-effectors strengthen the two main actors of the rehabilitative action; the therapist gathers
objective data to evaluate residual mobility and thus define the exercises necessary for expected
recovery; the patient performs exercises tailored to the mobility to be restored thanks to the
integration of tailored objects to mimic the everyday action to retrieve. Nevertheless, dedicated
approaches are required to design the proper rehabilitative setup. Interesting proposals arise from
the literature [4, 6] but general design procedures that support the engineer with the definition of
Cobot based layouts and the integration with other technologies are still missing. By choosing a
Cobot to perform rehabilitation tasks, the main issues are related to their limited payload and the
low stiffness, which change within the workspace. Consequently, the actual upper bound for the
interaction forces is strictly related to the joint configuration. So, there are areas of the space in
which the patient can apply a higher force during the rehab training and areas in which for the same
level of the external forces, the joint torques overcome the safety thresholds. This issue leads to the
need of optimizing the Cobot/patient layout in order to identify the best areas of the operative space
where the exercise can be performed and drives the design of end-effector to be mounted on the
terminal flange according to the specific rehabilitation task.
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With this work, the Authors suggested an integrated design approach to identify the best
configuration for Cobot assisted rehabilitation settings. More in detail, the topic of workspace design
is addressed. As suggested by the work of Chiriatti et al. [3], the manipulability index can be used
to evaluate and design the best limb/Cobot configuration. Here the manipulability index is adopted
to return an objective assessment of i) best configuration of Cobot from wrist flange orientation; ii)
manipulability of the whole trajectory to identify the best location within the workplace. To validate
the theoretical results of the optimization process the proposed methodology is applied to a reference
trajectory required for a representative exercise, that has been located in different areas within the
operative space of the Cobot. To present the first achievements of this study the next sections of
the paper are organized as follows. The design methodology and the tools used for the
implementation are presented in section 2. The use case for the validation of the method is presented
in section 3 while the related results are collected in section 4. Conclusive remarks close the paper.

2 DESIGN METHODOLOGY

The effective adoption of Cobotic solutions for rehabilitation purposes needs a dedicated approach
to drive the design according to the needs from the therapist and the patient. Therapist needs are
for a tool that should be easily reconfigurable for different exercises with a limited effort and
knowledge to manage Cobot technologies. The patient should feel comfortable and motivated by
adopting objects of daily use while using the Cobot system. To translate these needs into technical
specifications to drive the selection of components and arrangement of Cobot workspace, the design
approach embodies the steps linked as the flow presented in Fig. 1.

The first step, namely “Exercise constraints”, identifies the design boundaries related to the
exercise conceived by the therapist. By focusing on the activity to reinforce and related object to
handle, the type of grip and the posture of the patient are identified as well as the characteristics of
the trajectory that limb should travel, such as shape and width. These geometrical characteristics
bring to the second step "Technical specification” that is related to identification of the technical
requirements that the robot environment should satisfy, such as the dimension of the volume
requested to execute the trajectory and a first approximation of the interaction forces; for example,
the type of grip and type of trajectory respectively identify the direction along which the patient will
constrain the Cobot end and the sub-zone where the trajectory lies on. These data drive the selection
of the Cobot that has a large enough workspace and the appropriate payload, which is the third step
"Cobot choice”. Merging the input from steps 1 and 3 it is possible to develop the step "Preliminary
layout” to get an evaluation of the overall dimensions of the area for the Cobot and the relative
position of the patient while executing the exercises.

( Physiotherapist )

[ 5. Workspace optimizationJ
[ ; Exercige gonisugints ] [ 1. Kinematic characterization of Cobot j
[ = Technicalipecifications ) 2. Workspace manipulability mapping
3. Cobo: choice ] V' ( flange orientations )
4. Prellmmary layout J 3. Optimal Cobot/Patient configuration
5 Workspace optimization ) (a. Workspace partitioning ]
6. End Effector definition ) (b Trajectory manipulability )
( 7. Flnal layout ) (c. Optimal placements of trajectory )
[ Patient ]

Figure 1: Design methodology for Cobot assisted rehabilitation solution.
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This phase enables the subsequent "Workspace optimization” where to assess the performances of
the Cobot selected and identify the configuration that optimizes the assisted rehabilitation. A novel
approach here is proposed by the author based on manipulability ellipsoids to derive indexes to map
this property along the Cobot workspace as well as for the trajectory selected in the first step. As a
result, it is possible to automate the identification of workspace optimal areas in which the interaction
forces at the robot terminal are the highest within the Cobot range. Subsequently, given the flange
orientation and the direction of the grip, the "End Effector definition” phase, step 6, receive the
constraints to shape the structure to connect the Cobot end, the flange, to the object to manipulate.
The advantages of Additive Manufacturing enable the adoption of Topology Optimization to identify
the shape with the lowest weight and expected strength. Now, experimental tests with the user can
provide a realistic assessment of the usability of the proposed solution. In the case of drawbacks,
the preliminary layout can be adjusted by evaluating again the placing of the Cobot. Conversely,
“"Final layout” step returns the setup of the collaborative solution for the rehabilitation.

2.1 Workspace Placement of Motion Trajectories

In the initial stages of the rehabilitation, the patient barely manages to maintain his arm up in a
certain position. So, the Cobot must sustain all the weight of its limb almost by itself. Moreover,
depending on the anatomical characteristics of the patient, the Cobot should also be able to apply a
higher or lower force at the end-effector without reaching its torque limits. Nevertheless, to comply
with limited energy exchanges in case of unexpected contact the Cobots have a limited payload.
Moreover, the same load applied to the Cobot end flange returns different forces and torques as the
joints configuration change. Consequently, the design process should identify those areas of the
workspace and the configuration in which the interaction forces are far from the limits of the Cobot,
to exploit all the range of payload available to withstand changing behaviour by the progress of the
rehabilitative program. Within the “"Workspace optimization” step for the proposed methodology, for
the selected Cobot the kinematic chain is represented through the Denavit-Hartenberg (DH)
parameters.

The coordinate systems of each link are related to the serial structure by means of these
parameters. Specific to this approach, the adoption of DH modified method [19] identifies, in a
systematic way, the coordinate frames of each link and calculate the homogeneous transformation
matrices between two consecutive frames. By multiplying the homogeneous transformation matrices
from the base frame to the tool frame, the pose of the end-effector with respect to the base frame
is calculated. In this way the expression of the direct kinematic of the Cobot is firstly addressed by
the step "Kinematic characterization of Cobot”. The subsequent "Workspace manipulability mapping”
returns the robot capabilities in the task space to exert forces.

1 “ Force elipsoid

0.8 ~
0.6 ~

0.4

Y 112 X

Figure 2: Graphical representation of force manipulability ellipsoid.
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This method adopts different scalar indices related to the concept of force manipulability ellipsoid
[21] that provides a graphical indication about the direction along which the interaction force can be
higher (Fig. 2). The more the ellipsoid is close to a sphere, the more manipulator will respond in an
isotropic way to the external forces. Force ellipsoids can be easily computed, and they make it
possible to define manipulability measures related to robot volume [25]. The index used to evaluate
ellipsoids is the manipulability index, m, defined as:

m(®) = |det(J(9)/7(9)) (2.1)

Given its definition, m depends on the configuration of the robot joints ( ¥ ) and its geometric
Jacobian (J ). It is a scalar value useful to map the workspace, that assume always positive values
except for the case in which the manipulator is in a singular configuration ( m =0 ). Physically it
represents the distance from singularity positions in which high forces cannot be applied at the end
flange because the joint torques increase too much causing the robot to stop during the interaction.
Consequently, the workspace can be discretized with a finite number of points. For each of them, 9
is calculated by means of the inverse kinematic. Subsequently, the related J is calculated as well. A
four-dimension set of data are collected for each of the mapped points in which the first three
dimensions express the cartesian position of the selected point (x, y, z) while the fourth dimension
specifies the value of the manipulability index m. For each feasible pose of the end-effector the
related map is calculated and the one with higher values of manipulability is selected for further
analysis. The last step named "Optimal Cobot/Patient configuration” focuses on the best
manipulability map to identify the optimal placement of the selected trajectory. The data map is
broken down into sub-zones that are wide enough to embody the trajectory bounds, derived by its
length and space orientation. On each sub-zone, for a discrete humber of points that relies on the
trajectory the manipulability index is calculated and the minimum value m,,;, is assumed to weight
the trajectory. For a given sub-zone, between all the available placements the one where the
trajectories assume the greater m,,;, is chosen. The optimal trajectory within the Cobot workspace
and for the selected end-effector pose is identified by the parameter m,,,.

2.2 Computer Aided Tools

The whole approach presented relies on the adoption of innovative digital tools and manufacturing
technologies. The former are Computer Aided Platforms for the design of the collaborative assisted
layout. 3DExpericence®© by Dassault Systémes is the integrated Computer Aided Design Platform
suggested to implement the approach. It allows to create a digital twin of the layout by embodying
human, Cobot and manufacturing constraints. Consequently, Cobotics is key technology since is at
the base of collaborative action. Complementary to that, Additive Manufacturing enables the
customization of assisted rehabilitation toward the patient’s needs, e.g., by fabricating end-effectors
that mimic everyday actions.

Specific to the aim of this work, the separated environment of Matlab within the Robotic Toolbox
Plug-In has been exploited for the identification of optimal placement of the trajectory according to
the manipulability index, as described in Section 2.1. Beyond the development of the functions to
define Cobot direct/inverse kinematics from DH parameters and compute m(9) on the workspace, it
enables a graphical representation that helps the designer to identify the relative location between
Cobot and the optimal placement of the trajectory. It exploits the URDF, Unified Robot Description
Format, to build the 3D model of the Cobot and the auxiliary devices directly in Matlab. Following
XML specification, the geometrical and dynamical characteristics of the Cobot joints and links as well
as the visual and collision properties are modelled by importing tessellated neutral files of the bodies,
e.g. the STL file format. Furthermore, it is also possible to recreate the whole layout of the station
by importing the elements designed from the beforementioned 3DExperience platform. The final
layout representation in Matlab allows to verify that the optimal placement of the trajectory is
actually feasible with respect to patient comfort and that there aren’t any obstacles for the patient
in the layout.
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3 METHOD VALIDATION

To prove the effectiveness of the proposed approach, the iterative procedure suggested in Sec. 2.1
has been assessed to weight two different placements of a selected trajectory related to a real
rehabilitative exercise. The indexes related to the two different placements are compared to the
values of joint torques from the real Cobot while performing the planned trajectory in the area
suggested by the placement algorithm. The use case considered is the abduction movement for
shoulder rehabilitation. The theoretical trajectory is approximated to a planar circular arc with the
center in the shoulder and radius equal to the length of the arm, as depicted in the left part of Fig.
3. The Cobot selected to perform the exercise is the Panda Cobot by Franka Emika because the
payload and the workspace dimensions are compatible to force exchange and trajectory
encumbrance. The central and right areas of Fig. 3 provide the dimensions of the theoretical
workspace of the Cobot. The URDF model of Panda Cobot has been imported into Matlab with the
dynamic identification proposed by [9] and used to recreate the virtual layout in the Matlab
environment, see Fig. 4a. Through the solver available in the Matlab Robotics Toolbox (Generalized
Inverse Kinematics), the direct kinematic is completely defined and the inverse kinematic is

performed.
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Figure 3: On the left, the selected rehabilitation exercise, abduction of the arm; on the right,
workspace dimensions of Franka Emika Panda Cobot.

>0.14
15 1
| 0.12
|
05| 05 \ x
S
E E ‘ 0.1 i
N 04 N 0 " %
w ‘ =
‘ 008 &
0.5 0.5 4 (]
| \‘ s
‘ a4 -
, 05 T~ 05 s .
0 ~. ) 0 0 0
J < 0.5 0.5 J
y [m] x[m] y [m] T x [m] 0.02
(a) (b)
Figure 4: The virtual layout in the Matlab environment (a) and the manipulability map for the

selected orientation of the end-effector, RY.
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Applying the equation 2.1, the workspace mapping has been recreated with a scale of colors to the
values of m to have a 3D representation of the map for a fixed orientation of the end-effector. This
procedure is performed for each feasible flange orientation to obtain the associated map. Figure 4b
depicts the manipulability map related to the orientation R9=(0 0 1,0 1 0, =1 0 0), that has
been selected for this use case.

This data map is broken down into sub-zones wide enough to encase the trajectory. Here, sub-
zones are section planes since the trajectory lies on a planar surface. The range of section planes is
further limited to those where the patient can perform the exercise outside encumbrances of the
objects included in the collaborative layout, e.g. the bench where the Cobot is fixed (Fig. 5a).
Comparing the value m(9) assumed by the largest number of points, the section plane that may
contain the trajectories with the highest manipulability is identified among others (Fig. 5b). A
reference frame placed on the center of planar circular arc is used to place the trajectory with respect
to base frame of the Cobot. Distances (x, ¥) and angle ( g ) are the three parameters used to set
iterative calculation of m,,;, for each trajectory within the selected plane. Specifically, m,,;, is a local
value related to a given location that represents the minimum value of the manipulability index
between each point belonging to the selected trajectory. Conversely, m,, is a global value that
identifies the trajectory characterized by the highest m,,;,. Figure 5d returns the final position of the
trajectory while Fig. 5e provides the final layout configuration for the selected exercise

3.1 Experimental Setup

To demonstrate that the placement of the chosen trajectory within the workspace of the Cobot is
the optimal one as determined by the suggested approach, one further location of the trajectory in
a different area is compared.
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Figure 5: Slice planes of the manipulability data (a), selection of the best plane (b), the optimal
position of the trajectory (c), the final layout (d), the experimental setup (e).
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The same external forces are applied to evaluate the “effort” sustained by the Cobot in terms of
torques at the joints. To perform the experimental tests the Panda robot of Franka Emika has been
used. It is a collaborative robot with workspace dimensions shown in Fig. 3 and a payload of 3 kg.
A demonstrative end effector with known weight and geometrical characteristics is designed and
applied to the Cobot end flange, to allow the repeatability of the exercise (Fig. 5c). Moreover, the
pose for the end-effector is selected to exert an external force whose direction remains constant
along the z axis during the execution of the trajectory. To enable interaction with the patient, a
dedicated controller that adopts a dynamic model that constrains the end-effector to move within a
predefined path is developed. This dynamic model is based on an admittance model that receives
the forces exerted by the patient on entry and returns the position of the terminal. Such position
data is sent as input to the position control system with gravity compensation that generates the
torque data. This data is then sent to the torque controller of the robot which implements the desired
dynamics of the robot. The control architecture is detailed in a separate work by the same Authors
[16]. To make the end-effector move forth and back along the trajectory, a sinusoidal forcing that
keeps tangential to the constraint curve was applied in the dynamic model. The amplitude (1 N) and
the frequency (0.3 rad/s ) have been chosen in such a way that the speed along the trajectory is
comparable to that of a patient who performs the rehabilitation exercise. The tests carried out on
the exercise trajectory are two:

e the first considering the optimal positioning of the curve, obtained from the analysis of the
workspace (Fig. 6a and Fig. 6b),

e the second by moving the trajectory to an area of the workspace with a low manipulability
index to evaluate the behavior of the robot and, therefore, check the usefulness of the
analysis method (Fig. 6¢ and Fig. 6d).

To properly evaluate the relation between the manipulability index and the position of the two
trajectories, the external torques of the joints, t; , are considered to characterize and compare the
two configurations of the Cobot, respectively named Low Manipulability Configuration, LM, and
High Manipulability configuration, HM,.
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Figure 6: Trajectory placement with high (a, b) and low (c, d) manipulability index.
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3.2 Results

The FCI (Franka Control Interface) [7] of the robot allows to directly read the torque signals thanks
to the sensors that are installed in each joint. The values of 7; for each Cobot joints, i ={1,2,3,4,5,6,7}
are reported in Fig. 7. The left column relates to LM.,, while the right column to HM.;,. The torque
trends for LM, are very irregular with peaks that are higher than the HMs, case. From a practical
point of view, where the torque signal begins to swing the manipulator begins to vibrate and becomes

unstable.

Figure 7: External torques trends at each joint: LM.s, and HM., respectively on the left and right

column.
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Furthermore, the comparison between the norm of the external torques returns a clear difference in
the signal amplitude between the two trajectories. Figure 8 collects the plots for LM.s, and HM.¢, on
the top and bottom row, respectively. Consequently, it is possible to confirm that a higher
manipulability index returns a stable behavior of the Cobot along the selected trajectory. In this

way, the exercise can be carried out with better fluency and with a wider range of forces that the
patient can apply at the end-effector.

20
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I I

t [s]
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Figure 8: Trends of the norm of the external torques on the Cobot joints.

4 CONCLUSIONS

The present work suggests a systematic approach to design effective Cobotic solutions to assist the
rehabilitation of patients affected by limited mobility on upper limbs. To prove the feasibility of the
development steps proposed, it is fundamental to evaluate the Cobot capabilities against the
movement requested by the therapist and to be performed by the patient. The manipulability index
is suggested here as the parameter that drives the evaluation of the characteristics of the selected
Cobot with respect to the effort related to rehabilitating movement. Furthermore, this parameter can
be also exploited to identify which are the workspace sub-zones where the Cobot expresses better
performances for the selected exercise. Consequently, this work focus on the evaluation of the
effective aid on the design of Cobot assisted rehabilitation solutions by adopting the proposed index.
Among the steps of the systematic approach suggested, the phase named "Workspace placement of
motion trajectories” is specifically addressed as well as the procedure suggested to identify the
optimal placement by manipulability index. To demonstrate the effectiveness of the theoretical
results, dedicated experiments are performed on a demonstrative Cobotic setup. The experimental
data confirms that the index proposed provides a first suggestion about the right placement of the
selected trajectory. Nevertheless, the selected trajectory was a simple curve which lied on a planar
surface; furthermore, other parameters can be integrated to improve the design directions.
Therefore, next developments will focus on investigating other parameters as well as extend the
other phases of suggested approach, such as the control logic and the integration of design for
additive manufacturing applied to end-effector customization.
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