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Abstract:

In contemporary medical conditions, we can see medical
robots in many medical places. For example, in modern
surgery, it is not difficult to learn that the cutting-edge
robot-assisted minimally invasive technology has more and
more applications to replace the traditional open surgery.
For example, cardiac luminal intervention, colonoscopy,
vascular intervention and so on. The existence of these
assisted robots greatly improves the success rate of surgery.
Since a medical robot can perform minimally invasive
surgery, it can also be competent for sampling viruses in
daily life. In this paper, we will summarize the control
mode of virus sampling robot in the past, and propose a
robot with flexible linear control, which can realize more
accurate positioning and sampling of virus sampling on
patients, so as to realize the accuracy and efficiency in the
sampling process.
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1. Introduction

pled with a multi-point force sensing system made
of carbon fiber and an active compliance control

The sudden outbreak of the COVID-19 pandemic has
brought significant changes to people’s lives, as well
as a tremendous impact on various fields, especially
healthcare services. The respiratory swab virus test-
ing technology is characterized by high accuracy and
simplicity in operation, making regular virus testing
a key measure in epidemic prevention and control ™.
Currently, there is relatively little research on virus
sampling robots both domestically and international-
ly, compounded by the uniqueness of their usage sce-
narios. This has slowed down the development and
research process of virus sampling robots. This study
focuses on the UR10e robotic arm equipped with a
six-dimensional force sensor and a passive compli-
ance structure composed of dual linear springs, cou-

1

system, forming a hybrid passive-active compliance
(APC) robot. The APC robot features finer and more
sensitive force feedback and control systems, and it
offers more controllable and precise spatial position-
ing of the swab tip, thereby enabling compliant and
safe sampling operations. This paper studies a robot
that uses the UR10e robotic arm as its motion struc-
ture, equipped with a passive compliance structure at
its front end formed by dual linear springs, creating a
hybrid passive-active compliance robot that includes
a multi-point force sensing system made from carbon
fiber and an active compliance control system. The
robot is designed to provide finer and more sensitive
force feedback and control, as well as easier control



and clearer spatial positioning of the swab tip, facilitating
compliant and secure sampling operations.

2. Literature Review

Passive compliance control relies on the physical compli-
ance of certain mechanical devices to adapt passively to
contact forces. Compliance devices composed of springs,
dampers, and similar components can absorb or dissipate
the energy generated during contact between the robot
and its environment through spring deformation or damp-
ing losses. Based on this compliance control concept,
researchers in various countries have designed multiple
compliance devices. For instance, an elastic component
can be applied in the joint transmission chain of a robot
to form a series elastic actuator **. However, this brings
about the consequence of reduced structural stiffness,
which in turn affects the precision of motion control. To
balance the compliance performance of collaborative
robots and positional accuracy, increasing the use of spe-
cially designed variable stiffness devices in drive joints
has emerged as a new research hotspot. Representative
works include the variable stiffness actuator developed
by Tonietti !, the variable stiffness joint developed by the
German Aerospace Center ™! and the variable stiffness
actuators developed by Professor Darwin G. Caldwell and
colleagues®™™ at the Polytechnic University of Milan. Al-
though these structures can alter joint stiffness to varying
degrees, they significantly increase the weight, structural
complexity, and control difficulty of the joints, and they
are still in the research and development phase with limit-
ed practical application in collaborative robots. Currently,
commonly used active compliance control generally falls
into two categories: force/position hybrid control and im-
pedance control.
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Force/position hybrid control for robotic arms was initial-
ly proposed by Raibert and Craig ', also known as RC
control. This system includes position and force feedback
loops, requiring real-time feedback of the robotic arm’s
current position and the environmental forces detected by
force sensors, enabling direct control of the interaction
forces between the robotic arm’s end effector and the en-
vironment ™. In stark contrast to force/position hybrid
control, impedance control considers force and position
control together within a control space. Nagata and others
M designed a contact surface-based position/force imped-
ance controller, which stabilizes force control by adjusting
the force control loop through the position control loop.
He and others™? proposed a force-tracking dual-variable
stiffness dual impedance control method for cooperative
robots interacting with objects in a shared environment,
allowing the control system to exhibit adaptive charac-
teristics in both external and internal forces, effectively
tracking both position and force. Professor Darwin G.
Caldwell and others ¥ explored an impedance control
method that replaces the force control loop with a velocity
PI control loop, which offers advantages of easy parameter
adjustment, good robustness, and effective friction force
compensation. Stefan and others ™ combined impedance
control, admittance control, and expectation-based force
control into a single architecture, ensuring that the robot’s
compliance control maintains good stability and control
performance even near singular points, where the imped-
ance parameters influence the changes in contact forces
between the robot and the environment, as well as the tra-
jectory tracking performance.

3.Simulation Experiments

3.1 Simulation Experiments

3.1.1 Technical Route
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Figure 1 Technical Route Diagram

First, we design and select components and materials
based on the force sensor to achieve the design of a
one-dimensional force sensor. Building on the one-dimen-
sional force sensor, we then design a multi-dimensional
force sensor, followed by testing and modifications to fi-
nalize the design scheme. Next, we will arrange the six-di-
mensional force sensor at the end position of the actuator.

3.1.2 Implementation of Compliant Control

(1) Use the L515 laser camera to capture images of the
detection position;

(2) Perform image recognition to obtain the spatial posi-
tion of the oral cavity’s center point;

(3) Drive the robot to move in free space, during which
Fd=0 and Fe=0 until reaching the target position at the

center of the oral cavity;

(4) Slowly advance the robot arm on the X-axis.When
Fe>0,the robot arm immediately stops moving to obtain
the equilibrium position Xe;

(5) Use Fd as the desired sampling force and Xe as the
equilibrium position to perform admittance control for
constant force adjustment, while conducting upward and
downward rotational sampling;

(6) After completing the sampling action, the APC robot
is retracted.

Combining passive compliant kinematics, force feedback,
and visual recognition of the target position, the system’s
admittance control transfer function is designed as shown
in Figure 2.
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3.1.3 Implementation of Communication and Machine
Recognition

The robotic arm communicates with the computer via a
local area network (LAN) through a switch, completing
bidirectional communication for robotic arm status acqui-
sition and control. The vision system transmits image data
and depth information to the computer through a USB3.2
interface. The force feedback system communicates with
the computer via a USB 2.0 interface. This completes the
system setup for subsequent research on compliant control
technology.

1) First Layer Recognition Processing: Search for image
features, match facial features, and segment the facial ROI
(Region of Interest).

Environment Dynamics

2) Second Layer Recognition Processing: Search for
mouth features within the facial ROI, typically character-
ized by brightness, with the sides darker and the center
brighter. Extract and segment the mouth ROI, and perform
morphological processing to obtain a binary image. Apply
Canny edge detection to the binary image to extract con-
tour corner points, perform quadrant filtering on the cor-
ner points, and search for the maximum inscribed circle to
obtain the pixel coordinates of the mouth center.

3.1.4 Camera Parameter Calibration

To avoid image recognition errors caused by environ-
mental factors such as lighting, a 3D point cloud visual
recognition system composed of LiDAR laser cameras is
used, providing a more accurate target position in the oral
cavity. The scene setup is shown in Figure 3.

Figure 3 Simulated Scene Effect Diagram
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Using Visual Studio 2019, the development environment
required for the Mask R-CNN neural network is set up.
The L515 monocular vision camera is employed to locate
the nostrils of the detected individuals and obtain planar
coordinates. After obtaining the target pixel coordinates,
we need to calibrate the camera to acquire its intrinsic
and extrinsic parameters. These parameters will be used
to convert the pixel coordinates into camera coordinates.
Subsequently, the hand-eye calibration method is applied
to calculate the transformation matrix from the camera
center to the tip of the swab, referred to as the hand-eye
matrix; the formulas are not presented here.

Using MATLAB, a chessboard image of size 15 mm x 15
mm is utilized as a calibration reference to obtain accu-
rate camera distortion parameters. By using 15 different
images of the calibration board placed at random angles,
corner points of the chesshoard images can be success-
fully identified, resulting in the camera’s intrinsic and ex-
trinsic parameters, the pose of the calibration images, and
the re-projection error. The local 3D view of the camera
module, calibration images from various angles, and the
camera’s intrinsic and extrinsic parameters are illustrated
in Figures 4 to 7.
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Finally, a 1:1 model of the human head is used for nucleic
acid sampling tests and validations. The analysis examines
the impact of the contact force between the robotic arm
and the human nasal cavity on the results of nucleic acid
sampling. Additionally, a staining method is employed to

Figure 6 Camera Intrinsic Parameters

Figure 7 Camera Extrinsic Parameters

Figure 4 (Left)LoaI 3D View of the Camera
Module for thelmplementation Plan

Figure 5 (Right)Calibration Images from
Different Angles
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verify the effectiveness of the sampling. Based on the re-
sults, adjustments and optimizations are made to the force/
position hybrid control of the robotic arm. The robotic
arm’s entry into the nasal cavity during the experiment is
illustrated in Figure 8.
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Figure 8 Experiment of the Robotic Arm Entering the Nasal Cavity

4. Conclusion

This study focuses on the UR10e robotic arm equipped
with a six-dimensional wrist force sensor, exploring a
Active-Passive Compliance (APC) robot. The robot fea-
tures a passive compliant structure composed of bi-linear
springs, combined with a multi-point force sensing system
made from carbon fiber wires and an active compliance
control system. The APC robot offers finer and more sen-
sitive force feedback and control capabilities, enabling
easier control and clearer spatial positioning of the swab
tip, resulting in compliant and safe sampling operations.
By utilizing the six-dimensional wrist force sensor for
force feedback, we designed and validated an impedance
controller based on force-position feedback, and investi-
gated the characteristics of impedance parameters. During
the nucleic acid sampling process, we leveraged both vi-
sual and tactile feedback, employing a compliant structure
to achieve adaptability in the sampling procedure. This
effectively addresses the issues of low positional accuracy
and poor controllability in passive compliant structures
under force. This research contributes significant practical
value and broad application scenarios for medical auxilia-
ry diagnosis, advancing the application of related technol-
ogies in the healthcare field.
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