robotics MBPY

Article
On the Design of a Safe Human-Friendly
Teleoperated System for Doppler Sonography

Juan Sebastian Sandoval Arévalo *©/, Med Amine Laribi'”, Said Zeghloul and Marc Arsicault

Department of GMSC, Pprime Institute, CNRS, ENSMA, University of Poitiers, UPR 3346 Poitiers, France;
med.amine.laribi@univ-poitiers.fr (M.A.L.); said.zeghloul@univ-poitiers.fr (S.Z.);
marc.arsicault@univ-poitiers.fr (M.A.)

* Correspondence: juan.sebastian.sandoval.arevalo@univ-poitiers.fr; Tel.: +33-5-4949-6538

check for
Received: 11 January 2019; Accepted: 12 April 2019; Published: 15 April 2019 updates

Abstract: Variable stiffness actuators are employed to improve the safety features of robots that share
a common workspace with humans. In this paper, a study of a joint variable stiffness device developed
by PPRIME Institute—called V250OM— for implementation in the joints of a multi-DoF robot is
presented. A comparison of the interaction forces produced by a rigid body robot and a flexible
robot using the V250OM is provided through a dynamic simulator of a 7-DoF robot. As an example
of potential applications, robot-assisted Doppler echography is proposed, which mainly focuses on
guaranteeing patient safety when the robot holding the ultrasound probe comes into contact with the
patient. For this purpose, an evaluation of both joint and Cartesian control approaches is provided.
The simulation results allow us to corroborate the effectiveness of the V2SOM device to guarantee
human safety when it is implemented in a multi-DoF robot.

Keywords: safe physical human-robot interaction (pHRI); variable stiffness actuator (VSA);
collaborative robots; robot-assisted Doppler sonography

1. Introduction

The capability of industrial robots to execute tasks significantly faster than humans has improved
the efficiency of several industrial processes. However, there exist numerous tasks that are harder to
automate, where human execution is required. The use of Cobots (i.e., collaborative robots) appears to
be an effective solution to improve the execution of complex tasks where humans are required. Unlike
the classical industrial robots, which are usually isolated and avoid physical contact with humans,
Cobots share a common workspace with humans and cooperate with them to achieve a desired task [1].

At this time, the use of collaborative robots in medical and industrial applications is rapidly
growing. In the context of robot-assisted Doppler sonography, a teleoperated manipulator holds an
ultrasound probe and reproduces the same movements over the patient, which are executed by the
medical expert manipulating a fictive probe from a master site. In this application, the efforts applied
by the manipulator over the patient must be regulated to ensure patient safety and thus, it is important
to create compliance in the robot movements.

When using Cobots, the most important issue is to guarantee a safe human-robot coexistence.
In this regard, several solutions have been studied [2]. Park et al. led the use of a viscoelastic casing in
the robot’s body to reduce consequences of any impact [3]. Fritzsche et al. proposed the supervision
of the impact forces by covering the robot’s body with tactile sensors [4]. Human safety can also be
ensured by providing the robot with compliant motion capabilities. Two main strategies are defined
for this purpose. The first one concerns the use of specific control approaches in order to provide the
robot with compliant motions, such as the well-known impedance control [5], admittance control [6]
or the compliance control [7] approaches. Some of them react to the external forces applied to the
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robot, which are either measured by a force/torque sensor or estimated by a disturbance observer [8].
Furthermore, more simple controllers do not need an external torque measure or estimation, such as
the one proposed in [7], which uses the potential energy of a virtual spring to perform the compliance
motion. On the other hand, a second strategy implementing compliant motion capabilities involves
the use of joint compliant mechanisms, allowing us to introduce intrinsic compliance to the robot.
For instance, series elastic actuators (SEA) are simple compliant mechanisms, including a mechanical
spring between the motor transmission output and the robot link [9]. Unlike the SEA that proposes a
constant stiffness, variable stiffness actuators (VSA) are capable of providing adjustable stiffness values
according to the requirements [10,11]. Several VSAs have been proposed since the 1980s. Some of them
propose mechanical solutions for modifying the stiffness, such as the use of leaf springs [12,13]. Other
more complex mechanisms include an extra actuator to vary the stiffness behavior [14,15]. This is also
the case for the V2SOM mechanism, a novel rotational variable stiffness actuator that was recently
presented by PPRIME Institute. This mechanism presents an innovative stiffness behavior, which is
smoothened in the vicinity of zero deflection through the use of a cam-follower mechanism. In the case
of collision, stiffness sharply sinks to a steady constant torque threshold, which is tunable according to
the load variation [16]. The working principle of V25OM and an evaluation of its safety performance
when implemented on a multi-DoF is presented in this paper.

Various human safety indexes have been studied to validate the effectiveness of the compliant
mechanism, such as the head injury criterion (HIC) [17] or the head impact power (HIP) criterion [18],
which are used when evaluating the consequences of an impact to the head. These criteria measure the
displacements, velocities and accelerations of the head during crash impact tests [19] and are usually
used in the automotive sector. Nevertheless, other safety criteria can be employed in robotics, such
as the measures of displacements, velocities or accelerations. Furthermore, the measure/estimation
of the interaction forces provides significant information for studying the safety behavior of a
compliant mechanism.

The validation of safety performance for VSA is typically performed by studying a single-DoF
system case. Thus, the collisions between the link attached to the VSA and the environment representing
a human being are typically produced and evaluated. Nevertheless, this type of study only provides
information about the local safety performance of the compliant mechanism and makes it impossible
to evaluate its global performance when using it in a multi-DoF robot.

In this paper, a study of the V2SOM safety performance is presented. Unlike classical studies
evaluating the safety performance in a single-DoF model, the presented work studies the performance
of a 7-DoF robot using V250OM on each joint. For this purpose, the dynamic model of a commercial
7-DoF robot has been modified to include the compliant mechanism on each joint. Moreover, two
study cases are presented. The first one considers the execution of desired trajectories in joint spaces.
In the second one, an application, namely robot-assisted Doppler sonography, is considered. Finally,
interaction forces are evaluated according to the human safety index since low accelerations are
performed in the application.

This paper is organized as follows. In Section 2, the modeling of a multi-DoF robot using the
V250M is depicted. Furthermore, joint and cartesian control approaches for executing tracking
trajectory tasks are explained. In Section 3, the robot-assisted Doppler sonography application and
their issues are presented. A study case for the comparison of the safety performance of a rigid body
robot and a robot using the V250OM on each joint is also presented. A discussion of the obtained results
and the conclusions of the presented work are provided at the end of this present paper.

2. Materials and Methods

In the following section, the dynamic model of a multi-DoF robot with joint flexibility that is
provided by the implementation of the V2SOM is described. First, the working principle of the V2SOM
is depicted. Subsequently, the dynamic robot model with the V2SOM for the execution of tracking
trajectory tasks in both the joint and cartesian space is presented.
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2.1. Working Principle of V2SOM

In order to ensure safe behavior in the event of a collision, a mechanism has been designed to
provide a finite torque’s slope when approaching to the zero deflection. When the deflection increases,
the stiffness smoothly decreases until it reaches a threshold torque level T,x. The performance curve
of the V250M is given by:

To = Tmux(l - 3_59)/ 1)

where s is a positive constant value and 6 represents the elastic deflection angle.

In general, two working modes are identified for the V2SOM. The transition between the two
modes smoothly occurs in the case of a strong collision, as illustrated in Figure 1a. The first mode
represents a high stiffness behavior (I) and is defined within a deflection range [0, 01] and a torque
range [0, Ty], respectively. The value of T; defines the limit of normal torque working conditions.
When this value is exceeded, the impact absorbing mode (Il) is activated, which is characterized by
a progressive decrease in the stiffness before reaching the torque threshold Ty;4y. In the developed
V2SOM prototype, the deflection 07 corresponds to a torque T7 = 0.8-Ty,x and supports a maximum
deflection Oy = 5.
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Figure 1. (a) Working modes of the V2SOM; and (b) Various performance curves of the V2SOM
according to different values of r (tunable reduction ratio).

The nonlinear behavior is achieved through a cam/follower system. Two blocks form the mechanics
of the V250M, with each one having a specific task. The two blocks are rigidly coupled as it can be
corroborated in the kinematic scheme of the Figure 2a.
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Figure 2. (a) Kinematic scheme; (b) CAD model of the upper block (top) and lower block (bottom); and
(c) First prototype of V2SOM.

The upper block, called the stiffness adjusting block, is basically a deflection angle reducer (torque
amplifier) with a tunable reduction ratio. This ratio can continuously be adjusted by modifying the
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reducer’s tuning parameter r through the actuated joint L2. Each value of r leads to a different torque
curve with its corresponding Ty and O,,,x values. Some of these curves are shown in Figure 1b.
Moreover, the V2SOM is designed to have a symmetric torque vs. deflection behavior, which allows it
to work in two rotation directions. The lower block, called the nonlinear stiffness generator block, is
based on a cam/follower mechanism with some additional springs. The cam profile, related to a given
positive parameter s, generates the desired torque curve Ty vs. deflection 6 (see Equation (1)). The
CAD design and an image of the first prototype are shown in Figure 2b,c, respectively. Readers are
invited to refer to [20] in order to obtain further details about the design phase of the V2SOM.

In the following section, a description of the dynamic model of a multi-DoF robot with joint
flexibility by means of the V25OM implementation on its joints is presented. The two control designs
for executing tasks in the joint and cartesian levels are also depicted.

2.2. Joint Control Design

The dynamic modeling of a flexible joint proposed by [21] is useful for representing a n-DoF serial
robot implementing V250OM on each joint as follows:

M(q0)d, + C(40, 90 )0 + 8(0) = To + e, @)

The vector g, € R" comprises the link side positions and Tg € R" contains the output torque
provided by V2SOM whose behavior is explained by Equation (1), as shown in Figure 2. The external
forces acting on the robot are represented by the torque vector T, € R". Moreover, the motor side
dynamics is defined by:

Bg;+Tog=T;- Ty, 3)

where B € R™" is the motor inertia matrix, g; € R" is the vector containing the motor side positions
and T; € R" contains the motor torques. The friction torques are represented by Ty € R". After this,
the elastic deflection angle is defined by 0 = g; — g,.

Several control approaches can be used to control a robot, including flexible joints, such as the one
presented in [22]. This approach was proposed for fast movements, such as pick-and-place applications.
In this case, in order to execute joint tracking trajectory tasks, the torque motor T; can be controlled
through a PD regulator that is added to a gravity compensation term in a similar way to the approach
proposed in [23]:

Ti = Kp(q4 — qi) — Kag; + §(q0), 4)

The vector g; € R" is the desired link side position. Figure 3 shows the block diagram of the
implemented control approach. Furthermore, the passivity of the system can be guaranteed by properly
choosing the constant values K;, and K.
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Figure 3. Block diagram of the proposed joint space control architecture.
2.3. Cartesian Control Design

In the case of cartesian tracking trajectory tasks of dimension m, the torque motor T; can also be
achieved through a PD regulator and a gravity compensation term, as follows:

Ty = J[Kp, (xa = %) = Ka i) = N(q)& + 2(q0), ®)
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where x; € R™ is the vector of the desired end effector positions. Similar to the joint space case,
the passivity of the system can be ensured with a proper choice of the constant values K, and Kj.
J(q) € R™" is the Jacobian matrix and N(gq) = I - J'J*T is a null space projector that allows us to
optimize an objective function represented by &. Figure 4 shows the block diagram of the implemented
control approach for the cartesian case.
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Figure 4. Block diagram representing the proposed cartesian space control architecture.

3. Implementation and Results

In this section, the robot-assisted Doppler sonography is first presented. As mentioned above,
the use of V250M can be useful for this medical application. Subsequently, two study cases allowing
us to compare the safety performance between a rigid body and a compliant robot using the V2SOM
are presented, where the latter study case concerns the mentioned medical application.

3.1. Robot-Assisted Doppler Sonography

Several studies demonstrate the appearance of work-related musculoskeletal disorders (WRMD)
due to the uncomfortable postures adopted by the sonographers during the examinations [24,25]. The
motion capture analysis performed during examinations has allowed us to confirm that sonographers
frequently take postures completely out of the comfort zone. In order to avoid the existence of WRMD,
a robotized platform for Doppler sonography has been proposed by PPRIME Institute. The medical
expert, located at the master site, operates a 3DoF haptic device (Figure 5). In a real-life scenario,
the sonographer will perform examinations on patients lying on the examination table in the same
conditions as in his medical office. The setup shown in Figure 5 is used to perform the first experimental
tests. The haptic device pedals the movements of the serial robot and maintains the ultrasound probe
over the patient. The use of the master device instead of manually manipulating the probe allows
medical experts to restrict their movements to the comfort zone.

7-DoF Slave device

(Kuka iiwa robot) \ . . Ultrasound probe

- ; Patient
3-DoF Master device

(Novint Falcon)

Ultrasound system

Figure 5. Teleoperated system for Doppler echography.
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In order to ensure safe patient-robot contact, it is important to create compliant behavior in the
slave robot. Therefore, compliance can be provided by implementing V2SOM on each joint of the robot.
A study case is provided below for a classical trajectory executed at the beginning of a robot-assisted
Doppler sonography examination.

3.2. Study Cases

Hereafter, some preliminary results of the safety performance of a multi-DoF collaborative robot
using V2SOM to provide it with joint flexibility are presented. A 7-DoF Kuka IIWA robot has been
used for this experience. This is one of the most relevant torque-controlled collaborative robots that are
employed by the research community.

3.2.1. Joint Space Trajectory Task

For this first experience, the cartesian workspace is restrained to the YZ plane. According
to this restriction, only the movements on joints 2 and 4 are activated, while the rest of the
joints have been blocked to fixed joint position values. The link side position vector is defined
as g, = {n/2, Go, —1/2, 0, qo,, 0, 0, 0}.

After this, the proposed V2SOM is implemented in the second and fourth joints with the purpose
to provide safe compliant behavior in the case of a collision with an external object. A joint desired
linear trajectory for the joint 2 is defined, i.e., g4, from 0° to 90°. For joint 4, a fixed desired angle
g4, = 0° was set. A compliant object is placed on the robot’s workspace, which interferes with its
trajectory. The external compliant object is characterized by certain stiffness and damping values of
ke = 1000 N/m and d, = 10 Ns?/m, respectively. Figure 6a illustrates the proposed study case.

V2SOM Compliant object

behavior Fext
implemented in g
joints 2 and 4
- %\«

"
e -~
g “ / Human body
F ext
(a) (b)

Figure 6. (a) First study case: a 7-DoF robot using V2SOM in joints 2 and 4 executes a trajectory within
a planar workspace while a compliant object obstructs with the desired trajectory. (b) Second Study
case: a 7-DoF robot integrating V2SOM on each joint executes a 3D trajectory until getting in contact
with the human body.

The constant parameters were defined as follows: Kp = diag{4000, 12000, 4000, 12000, 4000, 4000, 4000}
and K; = diag{300, 811, 300, 811, 300, 300, 0.15}. Friction effects were neglected for the sake of
simplicity, i.e., Ty ~ 0. Furthermore, the compliance parameters of the V2SOM for joints 2 and 4 were
selected as follows: Tyuy = £100 Nm and s = —184.428 rad ™! for a deflection value 67 = 0.5°. Figures 7
and 8 show the obtained simulation results for this study case. A comparison between the robot’s
behavior in two different compliance configurations is presented: when using a rigid body robot (i.e.,
Ty ~ T;) and when V2SOM is implemented in joints 2 and 4. Considering the low velocities used in
these examinations, the HIC and HIP criteria are not suitable for evaluating the safety performance of
the robot. Thus, the interaction forces Fey; induced for the two configurations are proposed for the
safety performance index.
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Figure 7. (Top) Position signals for joints 2 and 4 in the two cases: with (“V250M”) and without
(“RIGID”) using the V2SOM. (Bottom) Interaction force F.y; generated in these two cases.
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Figure 8. Link side torque signals Tg,, generated by joints 2 and 4 in both cases: when using a rigid
body robot and when the output torques are provided by the implemented V250OMs.

The interaction force F.y; generated during the physical contact between the robot and the
compliant object naturally induces a variation in the joint position signals. In the case of a rigid body
robot implementing a classical joint position control strategy, the PD regulator, directed by the constant
values K;, and Kj, are forced to reach the desired trajectory using the maximum torque provided by the
motor. This behavior can be verified in Figures 7 and 8, where joint 2 reaches its motor torque limit
T}, (200 Nm according to the manufacturer) that provides a joint trajectory close to the desired one.
As expected, this behavior also increases the magnitude of the interaction force (Figure 7, bottom).
On the other hand, the intrinsic compliance provided by the proposed mechanism induces a decrease
in the interaction force, which naturally causes a loss of accuracy in the following trajectory task.
Moreover, it can be verified in Figure 8 that the variable stiffness law provided by V2SOM limits the
motor torques to the defined torque threshold T, = £100 Nm. It is worth mentioning that the torque
variations generated from t = 2.5 s correspond to the variation of the desired trajectory for joint 2.

3.2.2. Cartesian Space Trajectory Task for Doppler Sonography

In the context of robot-assisted Doppler sonography, the robot holding the probe is first positioned
at its zero position (the probe is placed over the patient). After this, the robot executes a vertical
trajectory until it comes into contact with the patient’s body. This vertical trajectory corresponds to
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the first part of the proposed desired 3D cartesian trajectory, which is denoted as x,;(t). During the
second part, the robot moves away from the patient’s body. In real life conditions, once this trajectory
is executed, the sonographer is able to teleoperate the robot using the haptic device.

For this study case, the patient’s body is represented as a compliant entity characterized by certain
stiffness k. = 3000 N/m and damping d. = 30 Ns?*/m values, respectively. Figure 6b illustrates the
proposed study case.

Constant parameters have been fixed as: Kj,, = diag{6000, 6000, 6000} and K, = diag{300, 300, 300}.
Similar to the previous study case, friction effects have been neglected (i.e., Ty ~ 0) and the compliance
parameters of the V2SOM were selected as: Tyy = £30 Nm and s = —184.428 rad~! for a deflection
value 61 = 0.5°. The objective function was employed to stabilize the internal motion by reducing the
joint velocities, i.e., & = —0.1g;.

The robot’s behavior in three different configurations are compared: when using a rigid body
robot, i.e., Ty = T;; when a linear compliant behavior is implemented (constant stiffness); and when the
V250M is implemented on each joint of the robot. The obtained results are shown in Figures 9 and 10.

-0.05 7 T
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Figure 9. (Top) Current position along the z-axis; and (Bottom) Interaction force F,y; measured for the
three configurations: rigid body, constant stiffness and when using the V2SOM.
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Figure 10. Link side torque signals Ty in each compliant joint for the three different configurations:
rigid body, constant stiffness and when using the V250OM.

As expected for the medical application, the compliance behavior provided by the V250M
decreases the interaction forces (Figure 9 bottom). Furthermore, the z-axis trajectory performed by the
robot using V250M does not affect the quality of the Doppler test since the contact between the probe
and human body is established and guaranteed. Figure 10 proves that the output torques provided by
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V2SOM are always restricted by the desired limits Ty, = £30 Nm unlike the motor torque signals of
the rigid body and constant stiffness cases.

4. Discussion

In the first study case, Figure 7 shows the position signals of joint 2 and the interaction force
induced by the collision between the robot’s wrist and the compliant object in the two configurations.
The magnitude of this interaction force represents a safety index, which indicates a more human-friendly
behavior when low values are measured. In this case, Figure 7 allows us to verify that the interaction
force Fey has significantly decreased for the configuration when using V2SOM in joints 2 and 4, which
proves its safer performance.

Figure 8 shows the control torque signals for joints 2 and 4 in the two configurations. It is possible
to verify that the output torque Ty provided by the V2SOM that is implemented in joint 2 is constrained
by the torque threshold T4y at a time of around 3.6 s. In contrast, the torque signals of the rigid body
configuration are only restricted by the motor torque limits T, .

In the second study case, the current position signals on the z-axis and the interaction force
generated by the collision between the probe and the patient’s body for the three configurations
are shown in Figure 9. Similar to the previous case, it is shown that the interaction force F,y; has
considerably decreased when using the V250M, which demonstrates safer performance compared to
the rigid body robot configuration.

Although the external efforts generated during the physical interaction are experienced by all the
robot joints, Figure 10 allows us to verify that the efforts felt by joint 4 are particularly important as
they reach the torque threshold T} of 30 Nm. An opposing case can be seen for the rigid body and
the linear compliance configurations as the only restriction imposed to the joint torques concerns the
motor torque limits, which are not reached for this case.

It is worth mentioning that the use of V2SOM intrinsically improves the safety performance of the
multi-DoF robot used in the teleoperation system, as verified by the interaction forces in the presented
study cases. Further details about the safety performance evaluation of V2SOM through an evaluation
of safety criteria can be found in [26,27].

5. Conclusions

In this paper, the safety performance of a collaborative robot using the V2SOM, a variable stiffness
mechanism conceived by PPRIME Institute, has been presented. A dynamic simulator to integrate the
nonlinear compliant behavior of the V2SOM to the joints of a 7-DoF collaborative robot (i.e., a Kuka
ITWA robot) has been developed. The dynamic robot’s model has been modified to include the V25OM
compliance model. Two study cases were proposed to evaluate the safety performance of the modeling
system. Firstly, the physical interaction between the robot and a compliant object when executing joint
space trajectories was studied. Secondly, the use of the modified robot model for a medical application,
namely robot-assisted Doppler sonography, was presented, where the forces applied by the robot
holding the ultrasound probe over the patient must be minimized. Several comparisons were made in
terms of the safety performance between the robot using and without using the V250OM which mainly
considers the generated interaction forces as a consistent safety criterion. This provides evidence of a
safer response when the V250OM is implemented.
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