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Abstract: Listening to internal body sounds, or auscultation, is one of the most popular diagnostic
techniques in medicine. In addition to being simple, non-invasive, and low-cost, the information it
offers, in real time, is essential for clinical decision-making. This process, usually done by a doctor
in the presence of the patient, currently presents three challenges: procedure duration, participants’
safety, and the patient’s privacy. In this article we tackle these by proposing a new autonomous
robotic auscultation system. With the patient prepared for the examination, a 3D computer vision
sub-system is able to identify the auscultation points and translate them into spatial coordinates.
The robotic arm is then responsible for taking the stethoscope surface into contact with the patient’s
skin surface at the various auscultation points. The proposed solution was evaluated to perform
a simulated pulmonary auscultation in six patients (with distinct height, weight, and skin color).
The obtained results showed that the vision subsystem was able to correctly identify 100% of the
auscultation points, with uncontrolled lighting conditions, and the positioning subsystem was able to
accurately position the gripper on the corresponding positions on the human body. Patients reported
no discomfort during auscultation using the described automated procedure.

Keywords: autonomous auscultation; MobileNetV2-UNet; healthcare; computer vision; auscultation
points; medical robotics; vision robotics

1. Introduction

First introduced into factories in the 1960s [1], robotic systems have gained a foothold
in the manufacturing world, particularly in the automotive industry. More recently, col-
laborative robots created to work side by side with humans are transforming the world of
traditional robotics and production facilities [2,3]. In the medical sector, the introduction
of robotics and autonomous technologies is contributing to face the increasing number
of patients per health professional and maintaining the existing level of quality in health
services. In this context, automation allows, among other possibilities, professionals to
carry out easier and safer diagnostic activities, not necessarily implying the presence of, or
direct contact between, a doctor and his patient [4-7].

Auscultation has been an integral component of clinical examination since the 19th cen-
tury, and is a highly cost-effective screening method for the detection of abnormal clinical
symptoms [8]. Auscultation will continue to be essential in modern times, as cardiopul-
monary disease is one of the largest underlying and direct causes of death worldwide, with
a major influence on the quality of life and healthcare expenditure [9]. Additionally, this is a
viable diagnostic technique for patients with COVID-19, and can be used as a follow-up tool
for non-critical patients [10,11]. Remote auscultation is advantageous in terms of infection
prevention, as conventional auscultation requires clinicians to make physical contact with
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patients [12,13]. The main challenge in auscultation is that its effectiveness depends on the
hearing abilities and expertise of physicians [14].

Electronic stethoscopes have recently emerged as interesting solutions for remote
auscultation [15-18]. They allow the visualization of heart and lung sonograms during
auscultation, making it simpler to distinguish between various types of heart and lung
sounds, as well as a computer-assisted diagnosis in coronary artery disease [19]. Arti-
ficial intelligence (Al) is being applied to this equipment to decrease the subjectivity of
auscultation [20,21].

Although technology has increased the effectiveness of auscultation, the practice
still involves physicians, or healthcare personnel, placing portable stethoscopes on the
patient’s body, requiring their physical presence. Additionally, during auscultation, they
must place the stethoscope with adequate contact forces against the patient’s skin, i.e., to
ensure patient safety and to remove extraneous noise. Given the shortage of healthcare
professionals, particularly in rural areas, where medical resources are scarce [19,22], the
creation of a robotic platform that can perform autonomous auscultation with high accuracy
and repeatability, without relying on physician intervention, would be useful.

Through a literature search, it was only possible to find two studies already conducted
in this area. In the work developed by Tsumura et al. [23], the goal was to develop a
robotic auscultation platform, able to estimate auscultation positions and safely place the
stethoscope in the estimated position. The estimation method is based on registration with
a light detection and ranging (LiDAR) sensor. To autonomously perform the auscultation,
the robotic system recognizes the auscultation positions based on the shape of the whole
body and places the stethoscope in the determined auscultation positions, considering
the positional relationship between the body and the stethoscope. The work developed
by Zhu et al. [24], demonstrates, to the best of our knowledge, the first robotic system
capable of performing autonomous auscultation of the heart and lungs, based on the
TRINA robot. The goal of the robot is to provide diagnostically useful sounds, with high
quality, for a physician to hear, rather than to perform the diagnosis itself. First, the system
captures a scan of the patient’s 3D point cloud, registers a model of the human body,
estimates the location of key anatomical landmarks, and produces an initial map of high-
quality auscultation locations. It then adopts informative path planning, using auditory
feedback to adaptively search the region of interest for high-quality auscultation. The
auditory feedback is based on sound quality estimators trained on a database of cardiac
and pulmonary stethoscope recordings. To determine the optimal auscultation site, a
Bayesian optimization (BO) problem was formulated where the unknown sound quality
field was estimated as a semi-parametric residual Gaussian process model with a prior
map that depends on a latent translation offset and sound quality scaling parameters.
However, this proposed system configuration was based on remote control and did not
focus on autonomous auscultation. From these studies, and our literature search, it can
be concluded that there is still little work on platforms for autonomous auscultation. It
can also be concluded that the robots used in these studies are collaborative robotic arms,
due to the possibility of safety interaction with humans. Allied to the robotic arm there is
always a sensor/camera to visualize the patient and the location to where the robotic arm
should move.

Given the above ideas, this paper presents a robotic system that allows the autonomous
placement of a stethoscope based on external body information, while satisfying patient
safety in terms of stethoscope surface contact with the body. This platform performs the
autonomous auscultation on patients’ back, since it is easier to acquire volunteers to provide
images of the back than of the chest to create the dataset, differentiating itself from the
work performed by Tsumura et al. [23]. The auscultation points shown in Figure 1 were
used in the present work, bearing in mind the shoulder blades positions not to auscultate
on top of them, because they make auscultation difficult (block the sound transmission).
These points are obtained through the knowledge of human anatomy and from reference
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Figure 1. General architecture of the proposed system, showing the most important functional blocks
(software), the involved materials (hardware), and their respective flow connections.

2. Materials and Methods
2.1. Materials

The equipment used in the construction of this project is shown in Figure 1, where the
general system architecture can be seen.

Concerning the collaborative robotic manipulator, we have used the UR3e device,
manufactured by Universal Robots. It weighs 11 kg, has a payload of 3 kg (enough to grab
and move a stethoscope), 360° rotation in all joints of the arm, and an infinite rotation in the
end joint. Applications of the UR3e robot cover manufacturing industries, from medical
devices to circuit boards and electronic components [25,26].

For image acquisition, we have used a RGB-D camera produced by OAK-D. It has three
on-board cameras that implement stereo and red, green, and blue (RGB) image acquisition.
This camera uses the USB-C cable for power and to send data to a host. This camera is a
popular option to develop applications in a wide variety of areas, namely in education,
neonatal care, assistive technologies for the disabled, augmented reality/virtual reality
(AR/VR), warehouse inspection using drones, robotics, agriculture, sports analytics, retail,
and even advertising [27].

Finally, a personal computer was used to interface the UR3e robotic controller with
the OAK-D camera and to run the related computer vision algorithms. The supporting
hardware was composed of an Intel Core i5-8300H 2.30 GHz with 8 Gb memory and a
NVidia GTX 1050 video card. The communication between the computer and the robot
controller was established over a wired connection through the Ethernet protocol. The
computer and camera communication was established through a universal serial bus (USB)
type C cable.

2.2. Methods

Figure 1 shows the system overall architecture. It is possible to verify that there is,
first, a data preparation phase (A), consisting of the creation of the dataset and then the
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model training (B). Next, autonomous real-time auscultation is performed (C), where first
the offset between the camera and robot alignment is obtained. Next, the image of the
person’s back is obtained from the camera, and this is inserted into the trained model and a
model to perform background extraction from the image.

Then, the auscultation points are calculated through the obtained landmarks and their
respective 3D spatial coordinates. Finally, through the calculated distances between the
3D spatial coordinates, the robot reaches the auscultation points on the patient’s back. The
person is without a shirt during this whole process, since in this way the person’s back has
less detail, making it easier to estimate the key points and to auscultate the desired points.

2.2.1. Model Training

First of all, it was necessary to train a prediction model to predict the landmarks present
on the backs of the individuals. U-Net was used for this purpose. It is an architecture
developed by Olaf Ronneberger et al., for biomedical image segmentation, in 2015 at the
University of Freiburg, Germany [28], and is one of the most widely used approaches
currently in any semantic segmentation task. It is a fully convolutional neural network
that is designed to learn from little training data. This is an improvement over the existing
fully convolutional networks (FCN) developed by Jonathan Long et al., in 2014 [29]. U-Net
is a U-shaped network architecture composed of two parts: an encoder network and a
decoder network. This model merges high-level features and low-level features through a
skip connection between the two parts, which improves the ability to segment details in
the image. In this work, the preformed classification network MobileNetV2 [30] was used
as the encoder network, forming the MobileNetV2-UNet. The decoder network comprises
four deconvolution layers and three inverted residual blocks, so that the input and output
dimensions of the MobileNetV2-UNet are identical. The architecture is shown in Figure 2.
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Figure 2. MobileNetV2-UNet architecture (based on [31]).

Some advantages of this network structure are:

*  The model has fewer parameters, requiring less computational effort during training
and eventually less data;

¢  Using a pre-trained encoder helps the model converge much faster compared to the
non-pre-trained model;

* A pre-trained encoder helps the model achieve high performance compared to a
non-pre-trained model.

Once the network was formed, it was necessary to create a dataset composed of a
training set and a validation set. These were separated in folders with the back images and
their respective masks, both with a size of 512 x 512 x 3 pixels. In Figure 3, it is possible
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to observe a small example of a back image with its respective mask, that is, the reference
points. The mask was developed manually by an experienced professional and followed
current medical recommendations and standards. Since the initial dataset with the back
images was made up of only 172 images for training, the data augmentation techniques
described in Figure 4 were used. These techniques are useful for improving the performance
and results of the machine learning model by forming new and different examples to train
datasets. If the dataset of a machine learning model is rich and sufficient, the model
performs better and more accurately. Furthermore, for machine learning models, data
collection and labeling can be tiresome and costly processes. Transformations on datasets,
using data augmentation techniques, allow these operational costs to be reduced [32,33].
In the end, the created dataset had 6536 back images in the training set, where 34 different
female and male persons were present, and 24 back images, from different people, in the
validation set. In Figure 5 it is possible to observe the distribution of volunteers in terms of
gender at the creation of the dataset.

Image Mask Overlap

Figure 3. Example of an image pair with the reference points, for training. The image’s aspect ratio
was adjusted to fit the machine learning model input.
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Figure 4. Techniques used for data augmentation.

The Adam optimizer [34] was used to compile the model, with a learning rate of
10~4; the dice loss [35] was used as the loss function during training and validation; and
the dice similarity coefficient (DSC), intersection over union (IoU), recall, and precision
metrics were used to analyze the performance of the model over the course of training. To
evaluate the obtained results, the metrics accuracy, F1-score, Jaccard, recall, and precision
were used because they provide a good performance insight and are widely used by the
scientific community.
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Figure 5. People present at the dataset creation.

The model was trained over 9 epochs, with a batch size of 1, using the computer
GPU. Once the model training was completed, we moved on to the development of the
autonomous auscultation algorithm.

2.2.2. Calculating the Offset of the Camera’s Alignment with the Robotic Arm

The camera and robot arm must be aligned so that the center of the image obtained
from the camera corresponds to the center of the robot’s gripper, and the spatial auscultation
point (calculated later) corresponds to the distance traveled by the robot arm. Since
the camera was not fixed in our setup (to keep the system flexible to the environment
conditions), any slightest touch to the camera support causes the camera to move. In this
way, the offset of the camera’s alignment with the robotic arm is always recalculated.

For this purpose, a socket was created, with the host being the internet protocol (IP)
of the robotic arm and port 30002 being used. Via this socket, the robotic arm was moved
(with a speed of 2 m/s and an acceleration of 2 m/s?) to the following joint positions, using
the movej() [36] function: base = 180°; shoulder = —180°; elbow = 90°; wrist 1 = —90°; wrist
2 =90°; wrist 3 = 245°;

The camera was then placed on the table, so that the red point in the left side of
Figure 6A, which corresponds to the image coming from the color camera, approximately
coincides with the green point in the center of the green circle, since this green point
approximately coincides with the middle of the gripper on the front of the robotic arm.
Markings were placed on the table for the placement of the camera support, so that every
time there was an idea of where to place it, so that the camera would be approximately
centered with the robot [27].

Once the color camera image was taken, it was converted to a hue, saturation, value
(HSV) format. The red point is the center of the image. The circles present in the image
were determined using the HoughCircles() function, given the parameters entered into it.
The green point corresponds to the center of the green circle found in the intervals hue
[75:109], saturation [63:238] and value [0:255].

To obtain a more precise value of the 2D coordinates of the green point, the values
obtained after 250 instances were averaged.
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Figure 6. Calculation of the alignment offset between the robotic arm with the camera. On the left
(A), photographic image frame, with the middle of the gripper represented by a green dot (center
of the green circle). On the right (B), depth image frame with the middle of the gripper (green dot)
represented by a square, with related spatial coordinates, near bottom right corner vertex.

Using the 2D coordinates of the green point, their 3D spatial coordinates were calcu-
lated, as illustrated on the right side of Figure 6B. These coordinates (x, y, z) are calculated
using the hostSpatialsCalc algorithm available at the Luxonis GitHub repository [37]. This
algorithm calculates the spatial coordinates of a region-of-interest (ROI) or point-of-interest
(POI) based on the depth image, averaging the depth values in the ROI, and removing
values outside the range. To use a POI in this algorithm, it is necessary to create a ROI
through this POI that is as small as possible. From this, the function calc_spatials() of the
algorithm HostSpatialsCalc was then used, and the x and y coordinates of the POI that is
to be calculated were inserted. The value of these coordinates is the offset, because if this
green point is in the center of the image, the spatial coordinates x and y will be 0. To obtain
a more precise value of the offset, an average of the values obtained after 250 instances was
also performed.

2.2.3. Prediction of Reference Points

Once the offset of the camera alignment with the robotic arm was calculated, the
reference points were predicted. Using the previously created socket, the robotic arm was
moved (with a velocity of 2 m/s and an acceleration of 2 m/s?) to the following joint
positions using the movej() function [36]: base = 90°; shoulder = 0°; elbow = 0°; wrist
1 = —90°; wrist 2 = 90°; wrist 3:240°;

This movement of the robotic arm has been performed so that the camera can take a
frame of the person’s back without the arm being in front of them. The person should be
approximately in the center of the image.

Taking the frame from the person’s back, as illustrated on the left side of Figure 7,
it is then resized to 512 x 512 x 3 pixels, since this is the input of the model. Then, the
prediction model for image segmentation in humans, already trained and available on
the Internet, was used. This model predicts a mask that corresponds to the outline of the
person, and with this, it is possible to perform the extraction of the image background.

The mask predicted by this model (contour of the person), presented on the right
side of Figure 7, will be used later to calculate the center of this same contour. Next, the
keypoints, shown in Figure 8, were predicted using the previously trained model.
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Figure 7. Frame of the person’s back with and without background, respectively.

Figure 8. Keypoints on the person’s back, represented with white circles. Labels attributed according
to: P for neck, S for armpit, C for waist, 1 for left side and 2 for right side.

2.2.4. Calculation of the Points to Be Auscultated

Once the key points on the person’s back were obtained, the points to be auscultated
are calculated. For this, we used the previewed image with the key points, the mask with
the body contour, and the frame of the person’s back.

First, the unwanted points that were erroneously predicted in the image with the key
points (in other words, the noise) were removed. Morphological transformations were
used for this, namely image opening. Image opening is the name given to an erosion
followed by dilation transformation. These transformations were performed using the
morphologyEx() function.

Next, the 2D coordinates of the reference points (key points) of the person’s back were
obtained using the SimpleBlobDetector() function with the following parameters: filterBy-
Color = True; blobColor = 255; minArea = 0.1; minCircularity = 0.01; minConvexity = 0.01;
minThreshold = 1; minInertiaRatio = 0.01.

In addition, the center of the largest contour present in the mask with the contour
of the person was also obtained. This center should correspond to the center of the
person’s contour.

The key points are stored in different variables, since the SimpleBlobDetector() function
stores all these points in one variable. They are also separated into right side or left side,
considering the previously calculated center. These points are then also sorted considering
the value of the y coordinate.

After the keypoints are all sorted and stored, the following computations are per-
formed, depending on the key points which are found (see Figure 9):

¢ In the axilla area (S1 and S2):

- is computed the midpoint between points S1 and S2 (S_mid), and the horizontal
length of the back through the x coordinate of these points (difference between
these two points) (disty);

¢  In the neck area (P1, P2):
- is computed the midpoint between points P1 and P2 (P_mid);
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¢ In the waist area (C1 and C2):
- is computed the midpoint between points C1 and C2 (C_mid);
¢ In the neck and waist area (P1, P2, C1 and C2):

—  is computed the vertical length of the back (dist_y) by difference of the y coordi-
nate of the intermediate points calculated earlier (P_mid, C_mid);

*  Only at the neck and waist on the left side (P1 and C1):

—  is computed the vertical length of the back using the y coordinate of these points
P1 and C1 (the difference between these two points) (disty);

*  Only at the neck on the right side and at the waist on the left side (P2 and C1):

-  is computed the vertical length of the back through the y coordinate of these
points P2 and C1 (difference between these two points) (disty);

*  Only at the neck on the left side and at the waist on the right side (P1 and C2):

- is computed the vertical length of the back through the y coordinate of these
points P1 and C2 (difference between these two points) (dist;);

*  Only at the neck and waist on the right side (P2 and C2):

- is computed the vertical length of the back through the y coordinate of these
points P2 and C2 (difference between these two points) (dist,);

P2
P1_mid

L1© ORr1
S1 s2
L2 /’9’\R2 9 S1_mid

:30 QR.3I [
|

L4 R4

C2

cl C1l_mid

Figure 9. Dorsal mapping of auscultation points (green), reference points (red), and distances.

The algorithm is designed in such a way that it will only proceed to the next step
when it has found at least four reference points, two of which must be the points S1 and 52,
because that is the only way it can calculate the horizontal length of the back. It must find a
point at the neck (P1 or P2) and another one at the bottom of the back (C1 or C2), to be able
to calculate the vertical length of the back. The calculation of the auscultation points’ 2D
coordinates, represented in Figure 9 in green, are based on the measurements of the length
of the back (vertical and horizontal). If these are successfully obtained, and depending on
the key points found, the following equations apply:
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L1, = S_mid, — (disty/2) * 0.30 L1, = Ref_point, + dist, * 0.15 1)
R1, = S_mid, + (dist,/2) % 0.30 R1, = Ref_pointy + dist, * 0.15 (2)
L2, = S_midy — (disty/2) % 0.15 L2, = Ref_point, + dist,  0.35 (3)
R2, = S_mid, + (disty/2) % 0.15 R2, = Ref_point, + dist, * 0.35 4)
L3y = S_mid, — (disty/2) * 0.35 L3, = Ref_point, + dist, * 0.50 (5)
R3y = S_midy + (disty/2) % 0.35 R3y = Ref_point, + dist, * 0.50 (6)
L4, = S_midy — (disty/2) * 0.50 L4, = Ref_point, + dist, * 0.65 ?)

R4, = S_mid, + (disty/2) % 0.50 8)

~—

R4, = Ref_point, + disty * 0.65

The variable Ref_point, corresponds to whatever point is found in the neck area, i.e.,

P_mid, if both are found, or P1,, P2, depending on which one is found. This algorithm is
detailed in the flowcharts shown in Figures 10 and 11.

At least one keypoint found in
the neck area (P1 or P2), one at the waist
(C1 or C2), and two found in the armpit
area (S1 and S2)?

No
Y

Read preview image with reference points, body contour
mask, and start image

¥

Remove unwanted points (noise) from the preview image (if
any)

v

Apply Blob detector and draw the keypoints

'

Find the largest contour present in the mask and calculate
its center

¥

Save the keypoints in different variables, separating into
right side and left side, taking into account the center
calculated previously

v

[

Sort the keypoints taking the y-coordinate into account

)

J

Keypoints S1 and
S2 found?

Yes—p-|

Calculate midpoint (S_mid),
and horizontal back length
(disty)

Calculate intermediate point
(P_mid)

Keypoints C1
and C2 found?

Calculate intermediate point

(C_mid)

_J  J U

Keypoints P1, P2,
C1, c2 found?

No

Keypoints C1 and
P1 found?

Keypoints C1 and
P2 found?

No

Keypoints C2
and P1 found?

Keypoints C2
and P2 found?

Calculate the vertical
length of the back (dist,)
using the difference of the
y coordinate of the
previously calculated
intermediate points (P_mid,
C_mid)

Calculate vertical back length
with the y coordinate of these
two keypoints (dist,)

Calculate vertical back length
with the y coordinate of these
two keypoints (dist,)

Calculate vertical back length
with the y coordinate of these
two keypoints (disty)

Calculate vertical back length
with the y coordinate of these
two keypoints (disty)

No

Figure 10. First part of the algorithm for calculating auscultation points’ 2D coordinates.
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dist, and
disty calculated and
keypoints P1 and P2
found?

Calculate auscultation
points 2D coordinates

dist, and disty
calculated, keypoints P1
found and P2 not?

Calculate auscultation
points 2D coordinates

dist, and disty
calculated, keypoints P2
found and P1 not?

Calculate auscultation
points 2D coordinates

Figure 11. Second part of the algorithm for calculating auscultation points’ 2D coordinates.

2.2.5. Calculation of the Auscultation Points 3D Spatial Coordinates

Having determined the auscultation points’ 2D coordinates, we proceeded to calculate
the spatial coordinates of these points. This calculation was performed using the same algo-
rithm mentioned above: the function calc_spatials() was used where its input parameters
were the depth image and the x and y coordinates of each auscultation point. This function
returns the 3D spatial location of each point, calculated earlier. Figure 12 (left) shows a
frame of the spatial coordinates of the points to be auscultated.

To obtain more accurate values, during 250 instances when there are values available
for each point, the algorithm accumulates their values in the same variables and at the end
makes an average. These final values are also converted to meters.

Figure 12. 3D spatial coordinates of the points to be auscultated and the path that should be taken by
the robotic arm, respectively.

2.2.6. Performing the Auscultation

Once the spatial coordinates of the points to be auscultated are obtained, the robotic
arm is moved to the same joint positions mentioned previously, when the offset was
calculated, and with the same speed and acceleration.

After, the distance between the auscultation points is calculated for the robotic arm to
perform continuous auscultation without having to return to the starting position. This
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calculation started at auscultation point L2, because the UR3e robotic arm does not have
enough range to reach points L1 and R1.

To calculate these distances, first, the y coordinate value of the two points at each level
was averaged:

yl = (eL1, +eR1y)/2 )
y2 = (eL2, +eR2,)/2 (10)
y3 = (eL3, + ¢R3,) /2 (11)
y4 = (L4, + eR4y) /2 (12)

This average was calculated because the auscultation points on the right and left sides
must be at the same y coordinate to always auscultate at the same place, but on the opposite
side of the trunk.

Next, the distances are calculated as follows:

distly = eL2y — robot_of fsety distl, = y2 — robot_of fset, (13)
dist2y = eR2y — eL2y dist2y =0 (14)

dist3; = eR3y — eR2, dist3, = y3 —y2 (15)

distd, = eL3, — eR3y distd, =0 (16)

dist5, = eL4, — eL3, distsy, = y4 —y3 (17)

dist6y = eR4y — eL4y distéy =0 (18)

dist7, = —eR4, dist7, = —y4 (19)

where robot_of fsety and robot_of fset, corresponds to the values of the x and y coordinates,
of the offset value calculated earlier.

Variables that contain an e at the beginning correspond to the spatial coordinate of the
respective point. The last distance corresponds to bringing the robot back to the default
position. Figure 12(right) shows the path the robot arm will follow.

To move the robotic arm, taking these distances into account, the function movel() was
used [36]. These movements of the robotic arm between points are performed at a speed of
0.2 m/s and an acceleration of 0.2 m/s?.

When the robot reaches an auscultation point, it moves towards the person’s back (at
a speed of 0.2 m/s and acceleration of 0.2 m/s?), while the force it applies to the tip of the
gripper is monitored along the x axis represented in Figure 13. Whenever this force exceeds
the force initially received (when the robotic arm reached the auscultation point) by 3 N, it
stops for 10 s (simulates auscultation). Next, the robotic arm moves away from the person’s
back and continues to the next point.

Figure 13. Robotic arm referential.

To obtain the force applied to the tip of the gripper, the real-time data exchange (RTDE)
interface is used. This interface provides a way to collect information from the robotic
arm, allowing synchronizing variables that can be chosen by the client to be written and



Appl. Sci. 2023,13, 1604

13 of 21

read, which must be contained in the actual synchronization’s instruction packet. Each
instruction has a unique ID. The RTDE control package setup outputs returns the values of
the variables, in the same order in which they were requested. The RTDE was initialized
on port 30004 (the host was the IP of the robotic arm) and with a frequency of 125 Hz.
Figure 14 presents the flowchart of this algorithm.

[ Put robot in standard position ]
[ Calculate distance between points ]

Move the robot to the desired point, using the
distance calculated above

[ Receiving the force that the robot is exerting ]

[
Move the robot 0.005 m towards the person's No
back
Yes

:

Receiving the force that the robot is exerting ]

Is this force greater 3 N
than that received at the beginning of
the process?

Yes

v

away from the person's back

Are there any other places to go

o
¥
[ Place robot in standard position ]

v

End

[ Stop 10 sec in position and move the robot ]

Figure 14. Control algorithm for the robotic arm.

3. Results

To test the platform developed for autonomous auscultation, a simulation of pul-
monary auscultation was performed. The patient, during the whole process, was standing
against the back of a chair for better stability. These simulations were performed on six
patients. This section will be divided into the vision subsystem (responsible for training
the prediction model and identifying the auscultation points) and positioning subsystem
(responsible for taking the stethoscope surface into contact with the patient’s skin surface
at the various auscultation points).

3.1. Vision Subsystem

Through Figure 15 it is possible to see the evolution of the model learning over the
9 epochs, and that it obtained the best results in epoch 2, since then the model started
over-fitting.
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Figure 15. Training evolution over 9 epochs.

From Table 1, it is possible to verify that the model from epoch 2 has achieved good
training results, with values of 0.9973 for accuracy, 0.805 for precision, and a loss function
value of 0.162 in training. Although the value of the loss function in the validation is
0.338, the model only fails to predict a key point in 2 of the 24 images used for validation,
and these 24 images were of different people. These results are very acceptable, since the
keypoints do not need to be predicted with high precision and Jaccard index, it is only
necessary to know the approximate location of these.

Table 1. Performance metrics resulting from model training.

Val_loss Loss Accuracy F1-Score Jaccard Recall Precision
0.338 0.162 0.9973 0.713 0.557 0.654 0.805

To perform the real-time auscultation, first, the calculation of the camera alignment
offset with the robotic arm, shown in Figure 6, was performed. This calculation was
successfully performed, and the 2D values of the offset and the 3D spatial coordinates
shown in the figure on the right side were obtained. This offset is a matter of a few
millimeters, but it makes a difference in placing the gripper on the person’s back in the
correct place.

Next, the frames of the six patients’ backs used in this test were obtained (see Figure 16),
as well as their respective extractions from the image background (see Figure 17) and the
key points were predicted using the trained prediction model, as illustrated in Figure 17
(white points).

With this information, the auscultation points” 2D coordinates were successfully
calculated (as shown in green in Figure 17) using the key points, also successfully predicted.
The model successfully predicted 35 out of 36 desired key points (as shown in Figure 17),
leading to an accuracy of 97.2%. This missed key point did not influence the performance of
the algorithm, since it is built to handle these issues. The respective 3D spatial coordinates
of the auscultation points were also calculated, and are presented in Figure 18.
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Figure 16. Photographic back images for six distinct patients, prepared for auscultation
keypoints prediction.

Figure 17. Auscultation points (represented by green circles) calculated from morpho-anatomical
clues (represented by white circles, estimated), for six distinct patients. (After processing subfigures
from Figure 16).
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Figure 18. Depth image showing the torso plane and background plane for six distinct patients.
Auscultation points are represented by squares with the related 3D spatial coordinates on the pa-
tients” back.

3.2. Positioning Subsystem

Finally, the gripper of the robotic arm was placed at the calculated auscultation points
of four patients, as shown, for example, in Figure 19.

The robotic arm successfully positioned the gripper on the desired auscultation points
in patients 1, 3, 5, and 6, except for points L1 and R1. These were not entered into the
distance calculation because the UR3e robot does not have enough reach to get there.

As can be seen from Figure 20, the points auscultated by the robotic arm are similar to
the 2D points calculated earlier by the algorithm, leading to the conclusion that the robotic
arm has a good accuracy when placing the stethoscope. These may have some divergences
due to the individual not being able to be 100% still during the entire auscultation process.
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Figure 19. Robotic arm at the auscultation points of individuals 1 (left images) and 3 (right images).

Figure 20. Points auscultated (red and green) in patients 1, 3, 5, 6 by the developed platform.

4. Discussion

The developed platform was tested on six individuals, with distinct height, weight,
and skin color. Through these tests, it was possible to conclude that the model trained
through the dataset was robust enough to predict the key points in different individuals.
The model also did not prove to be sensitive to variations in light, since during the tests there
was no control of the lighting conditions. Thus, it is possible to say that the results obtained
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in terms of localization were quite good, being sufficient to perform the auscultation task,
which does not require precise positioning.

The robotic arm was able to reach the desired auscultation points (6 of 8, due to the
limited reach of the arm) successfully, depending on the individual’s physical structure,
namely his back length. The reason for this is that in patients 2 and 4 the robotic arm was
unable to go to points L4 and R4, because when descending from point L3 to point L4, the
elbow joint hit the robotic arm’s support table, as can be seen in Figure 21.

Figure 21. Collision of the robotic arm elbow joint with the bench where it is installed, when trying
to reach the point L4 of patients 2 and 4.

This was due to these patients being shorter, because by the calculation of the 3D
spatial coordinates, as shown in Figure 18, these patients have the lowest y coordinate
value at points L4 and R4 among all. From the depth image (Figure 18) it can be assumed
that the robotic arm can successfully reach all desired auscultation points in all patients that
have a y coordinate, at points L4 and R4, above —114.0 mm. The remaining auscultation
points in patients 2 and 4 were successfully reached and are shown in Figure 22. The results
are very similar to the previous four patients, in the first four auscultation points.

Figure 22. Points auscultated (red) in patients 2 and 4.

On the other hand, there is the possibility of the person moving; the system is not
designed to reorient itself whenever the person moves, but this can be minimized if the
person becomes seated and as stable as possible, as is also required in other medical
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examinations. The results so far are preliminary, and all the individuals tested were pleased
with the robot’s operation and did not feel any discomfort.

When compared with the work by Zhu et al. [24], the system presented on this paper
uses a RGB-D camera to capture an image of the patients back, while the system from Zhu
et al. uses a RGB-D camera to capture a 3D point cloud scan of the patient, and processes
this point cloud to determine the auscultation points. Regarding practical experiments,
Zhu et al. only performed experiments with four subjects, and no information is presented
regarding the percentage of detected auscultation points [24]. Regarding the work by
Tsumura et al. [23], its goal was to develop a robotic auscultation platform for estimation of
the landing positions to hear the sounds of four cardiac valves, but there is no information
of tests having been conducted on live subjects (it has only been tested on a mannequin).
Furthermore, this work uses a LIDAR camera to acquire the 3D contour of the body surface
as point cloud data.

5. Conclusions

Auscultation is an essential process in clinical activity, but its practice has been recently
targeted by some challenges. First, the safety of both participants, doctor and patient, is
at risk in the presence of airborne diseases (e.g., COVID-19, but also the common cold,
chickenpox, and measles, among many others). On the other hand, the auscultation task,
which requires the direct contact of the stethoscope with the patient’s body, may involve
some preparation time, especially in people with physical limitations, such as the elderly.
This may represent a barrier for the healthcare professional. In addition, computer systems
already exist to automatically classify heart and breath sound abnormalities with a very
small error rate [38,39], paving the way to assisted diagnosis. Hence, the health professional
can be released for more differentiated tasks. Finally, there are privacy concerns, as the
patient is not always comfortable with the physical exposure that the procedure requires.
This article describes a new system that can automatically perform the auscultation process.
A state-of-the-art review in the field was first presented, covering both vision systems and
robotics, in the medical context or for auscultation. The automation of the auscultation
process is still a relatively unexplored area. After providing an overview of the system,
all details were thoroughly described. Preliminary results have shown that the robotic
platform allows the estimation of auscultation positions for listening to the sounds of four
heart valves, based on reference information from the body anatomy, and simulates the
placement of a stethoscope while maintaining contact force. The developed robotic platform
has the potential to address the critical issue of an increasing demand for healthcare services
while offering total safety for the users. This technology can further increase the efficiency
of screening for abnormal clinical signs with similar resources, making it also useful as a
telemedicine tool.

As future work, this platform should undergo some changes. For better accuracy in
placing the stethoscope at the auscultation points, the patient should be more stable, in
other words, the patient should be in a sitting position, as this is also the best position
to obtain a precise estimation of points and better auscultation results. The robotic arm
will also have to be replaced by another one with a larger reach (since the one used had a
limited reach for our purposes, hindering its movements), and to have a larger work area, it
should not be mounted on a table, but on a specific platform that maximizes its functioning.
The camera should also be placed in a fixed position where it cannot be moved with the
slightest touch. To complete the purpose of this platform, a digital wireless stethoscope
should be integrated with the gripper.
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