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Abstract: This paper deals with a collaborative robot, i.e., cobot, coupled with a new prismatic
compliant joint (PCJ) at its end-effector. The proposed collaborative solution is intended for Doppler
sonography to prevent musculoskeletal disorders issues. On one hand, the Doppler sonographer’s
postures are investigated based on motion capture use during the arteries examination. This study
highlighted that configurations adopted by angiologists lead to the musculoskeletal disorder. On the
other hand, the proposed PCJ with variable stiffness gives an intrinsic compliance to the cobot
handling the probe. This feature allows preserving the human safety when both human and cobot
share a common workspace. The effectiveness of the proposed solution is experimentally validated
through a 7-DoF Franka Emika robot virtually coupled with the PCJ, during the execution of a
trajectory performed during a Doppler ultrasound exam. The impact force criterion is considered as
a safety performance.

Keywords: intrinsic compliance; variable stiffness mechanism; safe human-robot interaction; cobot;
doppler sonography; motion capture

1. Introduction

The use of collaborative robots, i.e., cobots, emerges as a solution to improve the task execution
of those tasks where human is required. The cobots can coexist with humans in a shared common
workspace and cooperate with them to accomplish the desired tasks. While a robot can magnify the
human capabilities, such as its force, speed or precision, a human can bring a global knowledge and
his experience to jointly execute the tasks [1].

The ultrasound scan is a noninvasive medical technique that creates in real time a two- or
three-dimensional image of organs using high-frequency sound waves reflection. It has become a key
of medical decision-making. The Doppler echography is an ultrasound technique used to evaluate
blood flow through arteries and veins (mainly used for abdomen, legs, arms, neck exams). It is widely
used to detect blockages to blood flow (clots), narrowing of vessels, tumors, and vascular malformations.
During the ultrasound examination, the sonographer handles the transducer (ultrasound probe) and
carries out the investigation by moving the probe over the patient’s body. At the same time, the
operator monitors the ultrasound station and uses a keyboard to access the software facilities in order
to control the image. Several studies conducted in the past decade have highlighted work-related
musculoskeletal disorders (WRMD) and repetitive stress injury (RSI) among sonographers with almost
80% of them suffering of those problems. Static and uncomfortable postures are main causes of those
WRMD, which can lead to pain, sickness, as well as long-term disability [2-6].
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Multiple tele-operated solutions have been developed in the past with the aim of providing
medical facilities to geographically isolated patients [7-14]. The robotized ultrasound system, using a
master-slave architecture, constitute a solution to this issue. The master interface is operated by the
sonographer who remotely controls the probe located on the slave robot [7-9]. In the main cases of
teleoperation approach, the ultrasound probe is positioned by a robot, with the operator, the robot
controller, and an ultrasound image processor having shared control over its motion [10-12]. Nowadays,
one of the commercial solutions has been developed with the aim of reducing WRMD and RSI: Medirob
Ergo. This solution, used for cardiac sonography, is based on a 6-degrees-of-freedom (DoF) serial robot
that moves the ultrasound probe. The expert remotely controls the robot using a 3D mouse (generally
used for CAD) without any haptic feedback on the force applied on the patient. More recently, a soft
robotic ultrasound imaging system is used to improve sonographers ergonomics [12] and a bespoke
robotic ultrasound manipulator has been designed to ensure the patient’s safety [13].

In this paper, a new solution is developed consisting of a tele-operated ultrasound solution for
Doppler echography equipped with a collaborative robot as slave and haptic device as master interface.

Based on the standard ISO/TS 15066 published in 2016 for collaborative robots, safety is the most
important issue to guarantee before establishing collaborative tasks between human and robot, where a
high risk of collisions between them is palpable and may result in human damages. In this context,
research efforts are focused on the design of solutions to reduce the energy transferred by the robot in
case of collision, decreasing the risk of injury for the human [15]. On this way, some basic solutions have
been proposed. For instance, Park et al. introduced the use of a viscoelastic covering in the robot’s body
to reduce the impact forces [16]. Fritzsche et al. proposed monitoring the contact forces by providing
the robot’s body with a tactile sensor used as an artificial skin [17]. Furthermore, several control
approaches have been proposed to provide the robot with a compliant behavior while it executes a task.
These compliant control strategies typically make it possible to assign a dynamic relationship between
the robot and the environment, enabling the interaction behavior to be con-trolled by properly selecting
the dynamic parameters [18]. On the other hand, mechanical solutions have also been proposed to
provide an intrinsic compliance to the robot, as the one proposed by Wang et al. [13] based on the use of
customized spring-loaded ball clutch joint. These solutions are highly recommended by the standard
ISO/TS 15066 as a risk reduction measure. Among these compliant mechanisms, the variable stiffness
actuators (VSA) allow introducing an intrinsic compliance to the robot joints [19]. These mechanisms
are capable of providing adjustable stiffness to the joints, which can be adjusted according to the needs.

The SISCob (Safety Intelligent Sensor for Cobot) project, funded by the French National Research
Agency (ANR), aims at developing a new intelligent and modular device mimicking the functions
of biological articulations and their synergy for collaborative robots. On this context, a novel safety
prismatic compliant joint (PCJ) with variable stiffness has been developed and its behavior in a cobot is
presented in this paper. Different human safety criteria are proposed to study the effectiveness of a
compliant mechanism, such as the head injury criterion (HIC) [20] or the head impact power (HIP)
criterion [21]. In robotics, other safety criteria can also be employed, such as the measures of robot
displacements, e.g., velocities or accelerations, and the measure of the impact force.

The paper is organized as follows. Section 2 introduces the robot-assisted Doppler sonography.
We firstly present the medical gesture study phase of the sonographer thanks to the motion capture
system. The protocol setup, as well as experimental results are also detailed in the second part of this
section. The interactions with the patient during echo-Doppler examination is investigated through
effort measurement. In Section 3, we present the structure, as well as the kinematic model of the
PC]J. Curves obtained from both the simulation model and the prototype of the PCJ are presented.
In Section 4, we describe the dynamic model of a torque-controlled robot coupled with the proposed
compliant mechanism, as well as the control approach implemented to execute cartesian tasks. A case
study allowing to compare the safety performance of a rigid-body robot vs. a robot using the PC]J is
presented in Section 5. Conclusions about the effectiveness of the proposed mechanism in terms of
human safety are provided in the last section.



Robotics 2020, 9, 14 30f13

2. Robot-Assisted Doppler Sonography

2.1. Gesture Analysis during Echo-Doppler Examinations

The sonography’s gesture analysis has been performed by an angiologist during Doppler
ultrasound examinations on real patients in the same conditions as in medical office. Hence, multiple
organs have been scanned: Carotid, legs, and abdomen. The experimental analysis was made
using a motion capture system (Qualisys) and has been repeated several times. The system uses a
set of high-resolution cameras to detect reflective markers to study angiologist gestures (Figure 1).
The software Qualisys track manager (QTM) allowing us to record, visualize, construct, and export
the 3D position of each marker has been used. Then, we have recorded the motions of markers
while they were making real ultrasound examinations. The frequency of motion acquisitions was
fixed to a hundred images per second. Our motion capture method is based on the experience of the
biomechanics community especially for the choice of marker sets and segment reference definition [22].
Using QTM software, we have been able to reconstruct each motion by regrouping markers into
“segments” as shown in Figure 1. A segment is defined as a set of markers of the same solid. One of
these segments is a representation of the ultrasound probe.
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& "~ Shoulder joint
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Flexion-Extensio:

(a)

(b)

2>

[

Trunk twist

Figure 1. Motion capture during sonography examination: (Left): Markers locations on angiologist,
(right) carotid and leg examinations with the probe reconstruction model with segments.

Multiple reflective markers have been placed on the ultrasound probe, as well as on the angiologist’s
body to evaluate the positions and orientations during the examinations (Figure 2).

°
‘9. @

Figure 2. Reflective markers on probe.

Based only on posture observations, the expert is far away from its neutral positions and out
of their joint comfort zone. In addition, the gesture during the sonography examinations can be
described to be repetitive. All these observations approve the uncomfortable postures that could cause
musculoskeletal disorders.

The gesture analysis using motion capture will approve the musculoskeletal disorders issue.
This study is focused on compute of the member orientations of the angiologist and mainly the right
arm, the pelvis, and the head.

The maximum values of the joint orientation angles are considered, which corresponds to the
worst postures. These joint angles are compared to reference angles of comfort zone defined in ISO
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11226, ISO 11228-3, and NF EN 1005-4 norms. A sample data on a head rotation and an arm motion
are given on Figure 3. These values, joint angles for the neck torsion, and wrist joint, show that the
angiologist is all the time out of the comfort zone described by the norms.
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Carotid Aorta Legs )
(left & right) abdominal Carotid Legs Aorta

(left & right) abdominal
Figure 3. Neck torsion (left) and wrist joint angle (right).

In addition to the gesture, the interaction force between the probe and the skin has been studied.
The forces applied on the probe during an examination have been evaluated using force sensitive
resistors (FSR) installed on shell, composed of two parts: A fixed one and a moving one, surrounding
the probe (Figure 4). One part of the shell is tightened to the probe body (no motion allowed). The other
part encapsulates the probe with a small gap (filled with low-density foam), which allows small
movements between the two parts. Two FSR sensors are installed between fixed and moving shell in
order to evaluate forces applied by the angiologist onto the patient. The shells have been designed
to match the shape of the probe allowing the expert to manipulate it with a similar grasp as the
classic probe.

QL

4
FSR Fixed shell

ol

-

Moving shell—=

Probe —=—

Figure 4. Instrumented probe—Force measurement.

The applied force is maximum during abdominal examination. Indeed, the angiologist has to
apply a large force to find abdominal aorta. Figure 5 shows force measurement during the aorta
investigation. The force applied depends on the patient, more force is needed to find abdominal aorta
on a fat patient, with a large stomach. These patients are those who usually need Doppler examination.
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Figure 5. Applied force during abdominal examination.

As an outcome of this section, one can conclude that the posture of angiologist experts, studied
during a classical Doppler ultrasound exam by using a motion capture system, are out of comfort zones.
The angiologist needs also to apply large forces on the probe in contact with patient skin. These static
postures, out of comfort zones, foster the occurrence of musculoskeletal disorders.

In the next section, a tele-operated system is proposed to assist the angiologist in order to prevent
and alleviate these inconveniences.

2.2. Teleoperated System for Doppler Sonography

The robotics team of Prime Institute develops teleoperation platforms based on collaborative
robots. These platforms are mainly developed for medical applications, such as Doppler sonography
or surgical applications [23].

The tele-operated system for Doppler sonography is composed of slave station and a master
station (Figure 6). The master station consists of a 6-DoF haptic device composed of a Novint Falcon
interface linked to a virtual probe instrumented with an inertial measurement unit. The slave station
consists of a 7-DoF collaborative robot, i.e., a Franka Emika. This is a torque-controlled collaborative
robot including a torque sensor on each joint and whose maximum payload is 3 kg. The slave robot
handles an ultrasound probe, linked to a Doppler sonography station. The master device controls
motions of the slave robot and gives haptic feedback to the angiologist. ROS-based framework is used
to establish the data exchanges between the master device and the robot.
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Figure 6. (a) Tele-operation chain using a 6-degrees-of-freedom (DoF) master device and a 7-DoF
collaborative slave robot; (b) Doppler ultrasound test performed by the angiologist using the
tele-operation platform.

The proposed master device increases the three translational DoF of a classic commercial Falcon
interface by attaching a virtual probe to the end-effector using a universal joint. The virtual probe, called
holder, includes an inertial measurement unit (IMU) allowing to compute the three DoF of rotation.
This modification allows making a 6-DoF device with haptic feedback along the translational axes.

The slave device is a Franka Emika with 7-DoF torque-controlled robot useful to coexist with
human in a shared common workspace.

3. Prismatic Compliant Joint Mechanism

The prismatic compliant joint mechanism (PCJ) proposed in this paper provides the particularity
of a nonlinear variable stiffness behavior. The PCJ results from the association of a linear spring with
poly-articulated planar mechanism [24]. Different stiffness behaviors can be performed by compliant
mechanisms, where the elastic stored energy is the area below the torque curve. Figure 7 compares the
behavior of the PCJ with other existing compliant mechanisms.
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Figure 7. Stiffness curves for different compliant mechanisms. A linear curve (a) has a constant stiffness.
A progressive curve (b) has a higher stiffness at small deflections and a limited torque. A progressive
curve (c) has a higher stiffness at small deflections and a maximum higher torque than the linear curve.

3.1. Prismatic Compliant Joint (PCJ) Architecture

The architecture of the PCJ is shown in Figure 8. One observes the six-bar mechanism and a linear
spring mounted between joint axis A and B.

AX,,

O Revolute
joint

Prismatic
Joint

b

Figure 8. Prismatic compliant joint (PCJ) architecture: Six-bar mechanism with a linear spring,.

When a unidirectional force acts on link 5 (Slider), an appropriate force is requested as a
consequence on link 1 to statically balance the mechanism. The link 1 will rotate around the joint axis,
O, leading to the linear spring deformation and to a variable stiffness behavior in a nonlinear way.
The six-bar mechanism is defined by its geometric parameters and variables which will be used in the
mathematical definition of the relationships between the input and output [24]. The PCJ is defined by
its design vector, I = [ly, I1, I, I3, a4, x5, d4, k].

3.2. Prismatic Compliant Joint (PCJ]) Mechanical Model

The mechanical model of the PC]J is given, from one side by the external force F. applied to the

PCJ whose equation is described in terms of the variable angles and the other geometric parameters.
On the other side, this mechanical behavior is derived from the Hunt-Crossley (HC) model [25].
The mathematical formulation of the elastic behavior is given by the following equations:
Fe { A(MXy)" +Fe, DXy >0 @
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where AX;,;: PCJ deflection. A > 0 and n > 1 constant parameters.

The corresponding graphical representation of the external force is depicted in Figure 9, with a
force threshold F. to be reached before deformation takes place. The value of the force threshold is to
be defined by the user. The corresponding apparent stiffness of the whole system, K, is defined by the

following equation:
dF, n-1
Ky = ——— = nA(AX , AXpy >0 2
" A, (AXo) " @

I
I
|
1
1
1
1
|
T

AX

X’" max

Figure 9. The nonlinear elastic behavior of the PCJ’s general characteristic.

The numerical values of constants A and n are computed to guarantee a safe physical human-robot
interaction, by adopting a biomimetic behavior in terms of force-deformation characteristic. The values
A = 6.444¢° and n = 2.987 are determined for F, = 0.5 N, more details are given in [25].

The design vector, including the geometric parameters of the PCJ are given in Table 1.
These numerical values represent the optimal solution of dimensional synthesis approach and in terms
of the objective function based on biomimetic response [26].

Table 1. Optimal solution of the PC].

Iy [mm] I [mm] I, [mm] I3 [mm] ag [mm] x5 [mm] dq [mm] k [N/mm]

570 400 400 400 400 250 390 2.4

4. Dynamic Modeling of a Multi-DoF Robot Using the PC]

In order to model the behavior of the PC] when implemented in collaborative robots, the dynamic
model of a serial rigid-body robot is modified in the following to include the dynamic behavior of
the PCJ. Therefore, we first present the well-known dynamic model of a rigid-body v-DoF serial
manipulator in joint-space coordinates, represented by the following equation:

M(:)d; + C(i, 4;)3; + 8(q:) = Ty + Text 3)

The vector g; € R? contains the link-side joint positions, M(g;) € R?*¥ is the inertia matrix, the
vector C(qi, ql)ql € RY represents the generalized centrifugal and Coriolis effects, and the vector g(g;) €
RY comprises the generalized gravitational torques. Finally, T, € R? and T,y € R are the link-side
joint torques vector and the external torques vector acting on the robot, respectively.

Since the PCJ mechanism is attached to the robot’s end-effector, we can simplify the overall
dynamic model by decoupling its behavior from the one of the robot’s task-space, such as a pure passive
compliant end-effector. As explained in Section 2.2, the robot executes a cartesian desired trajectory
represented by X; € R?, where v = 6 corresponds to the dimension of the 3D trajectory. Then, a PD
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controller with gravity compensation [27] can be defined to control the cartesian following-trajectory
task, as follows:

Ty = JT[Kp, (X4 = Xi) = Kg, Xi] = N(9:)€ + 843, AXim) @)

A proper selection of the constant values K, and K;, allows preserving the passivity of the
closed-loop system. Since a 7-DoF robot is used for the Doppler sonography application, a third term is
added to the control equation to exploit its kinematic redundancy, i.e., v > w, where J(g;) € R™*? is the
Jacobian matrix and N(g;) = I — JTJ*T is a null-space projector. Therefore, the degree of redundancy
can be used to extremize an objective function . Since the center of mass of the PCJ varies with
its deformation, the parameter AX,, is included in Equation (4) to effectively compensate its mass,
as shown in the block diagram of Figure 10.

AX:, PCJ
kinematics
qi
e "
Cartes¥an Forward Xi PCJ +
Xg—sl fouowmg Tq >| Robot qi kinematics environment _X)
Xi trajectory ©

Figure 10. Block diagram representing the cartesian control architecture for a multi-DoF robot with a
PCJ attached to the end-effector.

5. Study Case

A study case is presented in this section in order to evaluate the safety performance of the PCJ
when used by a multi-DoF collaborative robot. The 7-DoF Franka Emika robot has been used to
evaluate the behavior of the robot when coupling the PCJ at its end-effector. Therefore, the model of
the PCJ has been virtually implemented in the robot’s controller.

We propose executing a 3D Cartesian trajectory X, (t) while keeping a fixed orientation, so that
the end-effector’s tool is kept upright. This trajectory is typically executed at the beginning of an
ultrasound test to contact with the patient’s body. This last one has been represented by a compliant
foam. During the execution of the trajectory, along the vertical z-axis, the patient’s body interferes
with the desired robot’s trajectory generating a physical contact. Figure 11 illustrates the proposed
study case.

‘L%? b

Figure 11. Study case: A Franka Emika robot with a PCJ attached at its end-effector executes a
three-dimensional (3D) trajectory to get in contact with the patient’s body.
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According to the control law of Equation (4), we defined the PD constant parameters as follows:
Ky, = diag{800,800,800,60,60,60} N/m and K;, = diag{56,56,56,15,15,15} Ns/m, respectively.
The objective function was used to stabilize the internal motion by minimizing the joint velocities,
as follows: & = —0.1g;.

We compare the behavior of the robot in two different compliance configurations: For a rigid-body
robot case and when using the PCJ. Due to the slow velocities executed on these examinations, around
0.15 m/s, HIC (head injury criterion) and HIP (head impact power) are not the most suitable criteria to
evaluate the safety performance of the robot. Instead, we propose comparing the interaction forces
induced for the two configurations.

Figure 12 (top) shows the current position signals on the z-axis, as well as the interaction forces
generated by the collision between the robot’s end-effector and the patient’s body. In the lack of the
PC]J, the robot behaves as a rigid-body system (RIGID) and the control approach forces to follow the
desired trajectory along the z-axis, i.e., z;, by increasing the interaction force, as shown in the bottom
of Figure 12. Nevertheless, when using the PCJ mechanism, the desired trajectory is not completely
followed from the starting collision time, since the compliance of the PCJ behaves, reducing the
interaction forces. The magnitude of this interaction force represents a safety index, where a lower
force magnitude indicates a more human-friendly behavior. It is evidenced that the impact force Fex:
has significantly decreased when using the PCJ, providing a safer performance to the robotic system.

T T T |
05 .
£0.4
s
£03
2
a
0.2
0.1 : : : -
30 i
20 —F, (RIGID)| |
E F_ (PC))
£ 10
0
1 1 ]

Time [s]

Figure 12. Current position along the z-axis (top) and measured impact force F,y; (bottom) for the two
configurations: Rigid-body case and when adding the PC]J.

Although the external efforts produced during the physical contact are supported by the whole
joints, the torque magnitudes produced by joint 4 are particularly significant due to the robot
configuration, as we present in Figure 13. We can verify that the torque applied by joint 4 has
significantly been reduced when using the PCJ, which means that the impact energy has been absorbed
by the PC]J.
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— F,, (RIGID)
—F_(PC))

ext

Time [s]

Figure 13. Link-side torque signals T, produced by joint 4 for the two configurations: Rigid-body and
when using the PCJ.

6. Conclusions

In this paper, a new tele-operated robotic system, using a cobot coupled with a new prismatic
compliant joint (PCJ) at its end-effector, has been proposed to prevent musculoskeletal disorders during
Doppler sonography examinations. The posture of angiologist experts have been studied during
classical Doppler ultrasound exams (carotids, legs, and abdomen exams) by using a motion capture
system. The results have evidenced that, most of the time, the expert performs his work out of a
comfort zone, as confirmed by the literature.

The proposed PCJ with variable stiffness gives an intrinsic compliance to the cobot holding the
ultrasound probe. This feature allows preserving the human safety when both the human and cobot
share a common workspace. The effectiveness of the proposed solution has been validated through a
7-DoF Franka Emika robot virtually coupled to the PCJ, during the execution of a trajectory performed
during an ultrasound exam. The impact force criterion has been considered as a safety performance
index, when an unexpected contact occurs with the patient’s body, represented by a compliant fixture.
It has been evidenced that the use of the PCJ helps reduce the impact force during the contact with the
patient’s body, by improving the safety performance of the robotized platform.
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