
Abstract—The lasting difficulty imposed by the 
COVID-19 pandemic has made profound challenges to 
our daily lives. The prominent task to contend with the 
COVID-19 is the diagnosis of the SARS-CoV-2 virus. The 
timely diagnosis guides further anti-infection 
measurements such as effective quarantine and 
dedicated therapy. Existing diagnosis majorly relies on 
manual face-to-face Oropharyngeal (OP) and 
Nasopharyngeal (NP) sampling, which results in high 
infection risk and heavy working burden to medical staff. 
Robotic sampling is a promising solution for this 
challenge because robots are intrinsically immune to 
viruses and working without fatigue. Following this 
target, we demonstrate our novel teleoperated OP swab 
sampling system with excellent safety guarantees, quick 
deployability, and task efficacy. A bio-inspired soft hand 
integrated with a soft wrist is developed, which can pick 
and manipulate the disposable swab as dexterous as a 
human hand. Stereo imaging is provided to the operator 
by a terminal binocular camera. The design, working 
mechanism, and control of our sampling system are 
discussed. Results show that our proposed robotic 
sampling system promises safe and effective OP swab 
sampling to protect medical staff and convenient the 
sampling process.  

  Index Terms- COVOID-19 OP Sampling, Bio-
inspired Soft Hand, Teleoperation System. 

I. INTRODUCTION

COVID-19 has profoundly affected our daily lives around 
two years since its original breakout [1-6]. Although massive 
effort around the world has been made to contain COVID-19, 
the pandemic remains active, and the case number is still 
rising. The SARS-CoV-2 virus has demonstrated high 
contagiousness and infection fatality rate and can be carried 

by quite a few asymptomatic carriers [2, 3]. Even in regions 
where local infection cases have been eliminated by 
burdensome means such as lockdown and community testing, 
they are still susceptible to the return of the infection cases 
due to the versatile transmission routes of the virus [4, 5]. 
The struggle between the epidemic and humans may 
continue for years until herd immunity is achieved. 

The prominent task to counter COVID-19 is the initial 
diagnosis of the SARS-CoV-2 virus [2, 6]. Timely diagnosis 
guides further anti-infection measurements such as effective 
quarantine and dedicated therapy. Currently, most countries 
and WHO have recommended the nasopharyngeal (NP) and 
oropharyngeal (OP) swab sampling for COVID-19 specimen 
sampling and diagnosis [2, 7]. The existing realization of OP 
and NP swab sampling majorly relies on medical staff to 
swab patients face-to-face manually, as illustrated in Fig. 1. 
Face-to-face sampling in potential virus carriers requires a 
large number of quantified medical staff and unavoidably 
exposes the medical staff to potential infection danger. The 
doctors or nurses have to be armed with heavy protection 
suits from head to foot. This results in a heavy working 
burden and yet does not completely eliminate the risk of 
infection [2, 6]. 

Robotic sampling is a promising solution for this 
challenge because robots are intrinsically immune to viruses 
and can work without experiencing fatigue [1, 6]. The 
introduction of robots aims to improve the automation and 
efficiency of the COVID-19 swab sampling process [6-8]. 
With sampling force limited in the range from 10 to 60 g, a 
swab robot is developed with a preliminary test [9]. In terms 
of assisting human labor swab sampling, a low-cost 
miniature robot that can be deployed efficiently has been 
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reported [10]. A swab sampling robot based on remote 
collaborative control has been presented [11]. Besides, 
collaborative robot arms have been applied to mount 
versatile end-effectors dedicated to swab sampling [12, 13]. 

However, the current sampling robot solution has two 
challenges. One is how to ensure the safety of testee when 
sampling by a bulky and rigid robot and operating inside the 
marrow oral cavity with delicate soft tissue; the second is 
how to replicate human operation dexterity in a compact size 
and lightweight robotic system. For example, in a real OP 
sampling process, testee sometimes will cough due to 
discomfort. This results in a potential human-robot collision 
with operational risk. Besides, successful sampling requires 
dexterous manipulation of the swab in a confined space. 
Considering safety, comfort, and dexterity, current robots are 
significantly inferior compared to human operations. 

Recent advances in soft robotic technology demonstrate a 
solution for dexterous robotic hand design with intrinsic 
compliance for safe and effective grasping and manipulation 
[14-22]. These examples provide a promising potential for 
OP swab sampling with enhanced dexterity and intended 
safety. 

In this work, we present a bio-inspired soft (BIS) hand 
dedicated to safe and dexterous OP swab sampling. The BIS 
hand is designed based on human hand sampling observation, 
which well replicates the pinch function of human fingers 
and orientation adjustment of the human wrist. Two fingers 
of BIS hand are integrated with a stereo camera and LED 
light source for oral visual information collection. Besides, a 
force sensor is embedded in the wrist for sampling force 
measurement. By mounting BIS hand at the terminal of a 
collaborative arm, the complete robotic system provides a 
human comparable dexterity for OP swab sampling. A 
teleoperation-based controller is applied with a Geomagic 
master device for human manipulators. Dedicated 
experiments are presented to validate the effectiveness of our 
proposed sampling system. The results show our proposed 
BIS hand-enabled robotic system provides a promising 
solution for teleoperated OP swab sampling.  

II. Bio-inspired Soft (BIS) Hand and Tele-operated 
Sampling System Design 

This section introduces the novel BIS hand design and its 
working mechanism inspired by human sampling 
observation. Besides, the whole sampling system is also 
illustrated.  

A. Human Manual Sampling Observation 

Before our robot design, we paid attention to the well-
trained healthcare workers and studied the necessary factors 
for successful swab sampling. From the observation, there 
are three essential components [2, 6], as shown in Fig. 1. The 
first is the arm that allows the hand to approach the mouth of 
the testee. The second function is achieved by the wrist for 
swab orientation tuning. The third is the fingers (particularly 
the thumb, the index finger, and the middle finger) applied to 
pinch and operate the swab firmly. From the sensory 
perspective, there are two critical sensing components 

involved in the manual sampling process. They are visual 
feedback and tactile feedback.  

Thus, our goal is to build a robot system that achieves 
these two perceptions and certain physical functions with a 
human manual sampling comparable performance.  

B. Bio-inspired Soft (BIS) Hand Design 

How to achieve human hand pinch function with dexterous 
reorientation capability in a confined structure is challenging. 
A novel bio-inspired soft (BIS) hand is proposed as depicted 
in Fig. 2(a). The BIS hand is majorly composed of two parts. 
One is the soft-rigid hybrid gripper, and the second is the 
continuum dexterous wrist. For sensory information 
collection, two fingers are embedded with a binocular camera 
and a led respectively for oral visual information detection. 
Besides, a force sensor is embedded in the wrist for sampling 
force measurement.      

The soft-rigid hybrid gripper can achieve a human finger 
comparable pinch function as illustrated in Fig. 2(b1-b2) [15-
18]. The surface of the gripper is designed by soft adaptable 
material for the adaptable grasping of generally used 
disposable swabs. The phalange of the gripper (label in Fig. 
2) is rigid for grasping robustness. The joint of the gripper is 
a soft pneumatic actuator with excellent actuation and 
response efficiency, inherent compliance, and adjustable 
output force. The working mechanism of the soft-rigid hybrid 
gripper is depicted in Fig. 2(c). For each finger, a soft actuator 
is mounted within a pin joint. Positive pneumatic input will 
expand the soft actuator and close the fingers together; 
negative pneumatic input will shrink the soft actuator and 
open the fingers [15-18]. By adjusting the desired pneumatic 
input, the joint motion and pinch force can be well adjusted. 
The two phalanges of the gripper are designed in a hollow 
structure to embed a led (CRISPI-Q5) and a binocular camera 
(MSK-SM, 1/2.7 CMOS & 8500mmIR) inside. 

The dexterous reorientation of the gripper is achieved by a 
continuum dexterous wrist as shown in Fig. 2(b3-b5). The 
dexterous wrist is designed in the form of a multi-backbone 
continuum structure with a diameter at 42 mm, as shown in 
Fig. 2(d). The inner backbone is a pneumatic backbone with 
pre-charged pneumatic input while the outer backbone 
provides the actuation and sensor channels. The soft wrist 
stiffness can be adjusted by using the pre-charged pneumatic 
input of the inner backbone [23]. Three driving cables are 
used to bend the universal wrist joint through differential 
actuation [24]. It is capable of bending 81° in any direction. 
A compact control box, containing 3 minimized servo motors 
(MG996R-15kg), is used to actuate the dexterous wrist.  

A force sensor (DYZ-101) is mounted at the terminal of 
wrist. The sampling force of the soft gripper in the axial 
direction can be timely measured by the force sensor.  

Besides, the BIS hand is fully waterproof to allow 
disinfection and untethered for easy deployment. The gripper 
and wrist are conveniently detachable for quick components 
replacement and update. All the soft components are 
fabricated through soft material molding and 3D printing 
technology [18-21]. Major design parameters of BIS hand are 
illustrated in Table. I.  
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TABLE I. BIS HAND MAJOR DESIGN PARAMETERS 

Feature Parameter 
Soft gripper material 3D printed PLA 
Soft wrist material 3D printed TPU 

Height of the gripper 80 mm 
Length of the wrist 55 mm 

Diameter of the wrist 42 mm 
Weight of the hand 160 g 

Weight of the control box 260 g 
Waterproof Yes 

C. Teleoperated OP Swab Sampling System Design 

The overall sampling system is illustrated in Fig. 3, where 
Fig. 3(a) presents the slave system of the sampling robot 

interacting with the testee, and Fig. 3(b) illustrates the master 
system handled by the operator [25]. The master and slave 
systems can be placed remotely in two separate rooms or 
regions.  

In the slave system, a guiding rod with a disposable tongue 
depressor at its terminal is leveraged to provide a reference 
location for the robot to insert the swab into the oral cavity.  
The testee would be asked to bite the tongue depressor before 
the operator makes fine position and orientation adjustment 
of the collaborative robot arm through a dedicated control 
user interface (UI) on the master side. Then, the operator can 
teleoperate the system to insert the swab into mouth cavity 
and manipulate the BIS hand for dexterous sampling.   

On the master side, the operator can control the pinch 

Figure 3. The illustration of overall teleoperated sampling system. (a) The slave sampling system on the testee part. (a1) Front view of BIS hand swab 
manipulation. (b) The master sampling system on the operator’s part. 

Figure 2. Bio-inspired soft (BIS) hand design and working mechanism. (a) The construction of BIS hand. (b) Swab picking and reorientation dexterity 
enabled by a dexterous gripper (b1-b2) and a soft wrist (b3-b5). (c) The working mechanism of soft-rigid hybrid joint for soft gripper. (d) The working 
mechanism of multi-backbone soft continuum robot for soft wrist, which leverages the pre-charged pneumatic input for stiffness adjustment.   
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function of the gripper through a foot clutch. The BIS hand 
orientation is adjusted by Geomagic touch, while the insertion 
and extraction of the arm are controlled by two touch buttons 
on the Geomagic touch manipulator.  

To provide intuitive visual feedback with depth 
information, a stereo image generation system is utilized. The 
operator wearing 3D glasses can observe the stereo oral 
cavity visual feedback, which will be discussed in detail in 
Section IV B.   

III. Teleoperation Based on Visual and Force Cues 

This section introduces our teleoperation framework based 
on visual and haptic cues for OP swab sampling. Force 
virtual fixture for OP swab sampling safety guarantee is also 
discussed.  

A. Teleoperation Framework and Its Realization 

The overall teleoperation controller is constructed by three 
sub-controllers, the soft gripper controller, the soft wrist 
controller, and the robot arm controller.  

For the soft gripper controller, we applied a simple on/off 
control with the pre-calibrated grasping force for versatile 
swabs. In this work, we applied 60 kPa pneumatic input for 
swab pinch. The signal is generated by a foot clutch trodden 
by the operator. Treading the clutch provides the pinch 
command to the gripper and releasing the clutch provides the 
releasing command to the gripper.  

For the soft wrist controller, a point-to-point motion 
controller is applied from the Geomatic touch to the soft 
wrist. The master motion is obtained by Geomagic touch 
manipulated by the operator. A point-to-point mapping is 
applied as: ∆𝑥ௌ ൌ ଵ௞೘೚೟೔೚೙௦ 𝐽௠∆𝑥௠            (1) 

where the human hand motion ∆x୫ ∈ R3 is converted to the 
robot motion ∆𝑥ௌ ∈ R3 by the motion scaling factor k௠௢௧௜௢௡. 
With the help of this scale adjustment, the swab movement 
can be limited in the narrow throat space. For example, when 

the motion scale factor 𝑘௠௢௧௜௢௡  = 2, the converted motion 
target ∆𝑥ௌ is half of the operator’s motion ∆𝑥௠ . ௦𝐽௠ is the 
motion coordinate transformation matrix, which maps the 
motion between the master frame and the slave frame and 
pre-calibrated as: 

𝑠௃௠ ൌ ൥ 0 െ1 0െ1 0 00 0 െ1൩              (2) 

In terms of the arm controller, as the guiding rod has 
already provided a reference position for the oral cavity of the 
testee, the major duty of the arm is the insertion and extraction 
of the BIS hand to the desired position. The insertion and 
extraction command is provided by the touch buttons on the 
Geomagic handle. If the operator finds the oral cavity of 
testee is not in the center of BIS hand, spatial position and 
orientation adjustment of the arm can be achieved by our 
dedicated operation user interface.  

B. Force Virtual Fixture (VF) for Sampling Safety  

To ensure the testee’s safety during the sampling process, 
a force-based virtual fixture (VF) is applied [26]. In real 
sampling, due to the flexibility of the disposable swab, the 
axial sampling force is remarkably larger than the lateral 
sampling force. Constraining the axial sampling force in the 
desired range provides a safe and relatively comfortable 
sampling.  

As introduced in Section II.B, a one-dimensional 
minimized force sensor is embedded in the dexterous wrist. 𝑓௟  is denoted as the axial force measured in real-time. When 𝑓௟  exceeds the preset threshold 𝑓௧௛௥௘௦௛௢௟ௗ, the controller will 
shorten the length of soft wrist by using the admittance 
control: 𝑙 ሶ=𝑘௦௧௜௙௙௡௘௦௦(𝑓௧௛௥௘௦௛௢௟ௗ െ 𝑓௟ሻ,         (3) 

where 𝑘௦௧௜௙௙௡௘௦௦  is admittance gain. The specific shorten 
length was off-line calibrated to compensate the 

Figure 4. Teleoperation framework illustration for teleoperated OP swab sampling system.  
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force increment. Constrained by the force virtual fixture, 𝑓௟ 
can be guaranteed in a safe range. 

The force feedback is directly calculated by transfer axial 
sampling force 𝑓௟ to the task space: 

fs =J[0  0  fl]T,              (4) 

where J is the Jacobian matrix of BIS hand mapping the 
motion between the configuration space and the task space. 
Finally, the force is transferred to the Geomagic touch by the 
force feedback scale variable 𝑘௙௢௥௖௘: 

fm =kforce
mJsfs,               (5) 

where mJs is the inverse matrix of sJm. 

IV. Experimental Validation 

To evaluate the performance of the proposed OP swab 
sampling system and BIS hand, several experiments were 
carried out. Firstly, we evaluated the workspace of the BIS 
hand. Then, the trajectory tracking performance of the BIS 
hand is measured. Thirdly, the realization of stereo image 
visual feedback is presented. After that, the overall sampling 
success rate and sampling force were evaluated followed by 
the human user demonstration.  

A. BIS Hand Workspace and Trajectory Tracking  

The achievable workspace of BIS hand is important for 
sampling dexterity. The workspace of BIS hand was 
simulated as shown in Fig. 5. The BIS hand has a similar and 
comparable workspace compared to that of operations by 
human, which guarantees dexterous swab sampling [29]. The 
ability of the BIS hand to adjust its wrist length depending on 
the desired stiffness further provides functionality 
augmentation in terms of the workspace and stiffness 
variation, compared to the human hand.  

Trajectory tracking performance of the robot is important 
for effective teleoperation. We processed a trajectory tracking 
evaluation test on the BIS hand as depicted in Fig. 6 [30, 31]. 
Three optical tracking cameras were hung over the BIS hand, 
which pinched a tracking marker. Dedicated trajectories were 
generated and used as the reference command for the BIS 
hand. Real hand tracking trajectory was captured by the 
optical tracking camera. Results are shown in Fig. 7(a) and 
Fig. 7(b) demonstrate the rectangular and circular trajectories 
tracking performance respectively. The three-dimensional 
tracking error in Fig. 7(a) and Fig. 7(b) are depicted in Fig. 
7(c). The BIS hand was able to track the human hand’s 
motion smoothly with a control frequency at 25 Hz. The root-
mean-square tracking error was (1.5428, 3.0128, 1.2398) mm 
in X, Y, and Z axes respectively, which is an acceptable 
performance for teleoperation on a soft hand with inherent 
compliance.  

B. Stereo-image Feedback Generation  

As introduced in Section II C, to provide the doctors/nurses 
with an intuitive feeling, we used an anaglyph approach to 
generate 3D vision for visual feedback [27, 28]. The left 
image 𝐼௟௘௙௧  and right image 𝐼௥௜௚௛௧   were collected from the 
stereo camera. Secondly, the filters (red and blue or cyan) 
were applied to these two images, which were then combined 
to generate the anaglyph image 𝐼௔௡௔௚௟௬௣௛. The formulation 
can be expressed as:  𝐼௔௡௔௚௟௬௣௛ ൌ 𝛤௟௘௙௧𝐼௟௘௙௧ ൅ 𝛤௥௜௚௛௧𝐼௥௜௚௛௧ ,       (6)  

where 𝛤௟௘௙௧  and 𝛤௥௜௚௛௧  are the two filter matrices. The 
anaglyph image, 𝐼௔௡௔௚௟௬௣௛ , seen through the anaglyph 
glasses, provides the depth perception, which can help 
doctors operate more accurately. 

C. Teleoperated Sampling Success Rate and Safety 
Evaluation 

To evaluate the sampling success rate, our teleoperated 

Figure 6. Experimental setup for BIS hand trajectory tracking 
performance evaluation.  

Figure 7. Teleoperated trajectory tracking performance. (a) Master 
motion and robot command trajectory. (b) The robot command and 
captured robot trajectory. (c) Trajectory tracking error.   

Figure 5. Workspace of BIS hand. (a) Top view. (b) Lateral view.  
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sampling robot has experimented on an oral phantom model. 
The experiment setup is shown in Fig. 8(a) where an oral 
phantom model was put on the table facing the sampling robot. 
The tomato source was smeared on the throat surface as 
illustrated in Fig. 8(b), which was regarded as the potential 
virus attached to the surface of oral tissue. For the stiffness 
setup, the wrist stiffness was set to the maximum level with 
90 kPa input pressure [19, 21, 32].  

A successful sampling case was considered when the swab 
surface contains the tomato source, as depicted in Fig. 8(c). 
Twenty sampling tests were performed and all these cases 
were successful. 

To test the real-time sampling force and the effectiveness 
of the force VF constraint, a sampling force experiment was 
performed on a circular ring-sized oral cavity model of 40mm 
diameter as shown in Fig. 8(d). An ATI Nano-43 

(ATI Industrial Automation) force sensor, was installed in the 
model to record the sampling force in the task space. A period 
of measured data is shown in Fig. 8(e). The boundary of the 
sampling threshold is set to be 100 g, as displayed in Fig. 8(f), 
which ensures a 200 g sampling boundary with the dedicated 
VF controller introduced in Section III.B. When the measured 
axial sampling force, fl, exceeded the threshold, the controller 
would shrink the wrist length and generate high operation 
resistance for Geomagic touch to inform the operator. fnorm 
was the real-time calculated square root value of the quadratic 
sum of fx, fy, and fz. fnorm was also restricted within the fboundary, 
which proved the efficacy of the VF constraint of our 
sampling system and the sampling force can always be 
constrained within the desired threshold.  

The results proved that the high sampling success rate can 
be achieved by the dexterous BIS hand and sampling safety 
can be ensured by the BIS hand compliance accompanied 
with the force virtual fixture.  

D. Human User Demonstration 

After the sampling performance verification, we present a 
user demonstration to illustrate a general sampling pipeline. 
The system configuration is illustrated in Fig. 3, in which a 
testee was seated facing to the sampling robot. The entire 
sampling process is illustrated in Figs. 9(a)-9(d) and 
described as follows: 

Oropharyngeal sampling procedure: 
Step_i Sampling preparation and swab replacement: The 
testee sit facing the sampling robot and the sampling robot is 
turned on by the operator as illustrated in Fig. 9(a). The testee 
assisted the robot to pick a new swab for sampling and 
replace a tongue depressor to bite.  
Step_ii Sampling preparation and testee bites the tongue 
depressor:  The testee opens the mouth in front of the TSS 
hand waiting for sampling as illustrated in Fig. 9(b). The 
operator informs the testee to bite the tongue depressor to 
prepare for testing.  
Step_iii Swab insertion and sampling: After the testee 
firmly bit the tongue depressor, the operator moved the robot 
arm to insert the swab into the oral cavity of the testee and 
manipulated the wrist to perform teleoperated swab sampling 
as presented in Fig. 9(c).    

Figure 8. Teleoperated OP sampling success rate and sampling force 
safety evaluation. (a) Success rate of sampling test on an oral model. 
(b) Tomato sauce smeared on the throat for swab collection. (c) Swab 
collected tomato source. (d) Platform for sampling force collection. (e) 
Sampling force information measured from testing platform. (f) 
Calculated norm force for force virtual fixture restriction.  

Figure 9. Demonstration of teleoperated OP swab sampling for human 
user.  

85



 
Step_iv Swab extraction and storage: After sampling, the 
robot removed the swab as shown in Fig. 9(d) and the testee 
assisted the sampling robot to remove and store the swab.  

V. Conclusion and Future Work 

In this work, we demonstrate a novel bio-inspired soft (BIS) 
hand for safe and effective OP swab sampling. By observing 
medical staff sampling, two sensing modalities (i.e., visual 
and tactile feedback), and three interaction parts (i.e., arm, 
wrist, and hand) are critical. We achieved these functions by 
our soft robot hand mounted on a collaborative arm integrated 
with a force sensor and binocular camera. The robotics 
sampling system intends to achieve a human sampling 
comparable dexterity and maneuverability. Force virtual 
fixture is applied to give a safety sampling procedure. We 
carried out comprehensive experiments, which include BIS 
hand workspace, the teleoperated trajectory tracking 
accuracy, and safety of teleoperated OP sampling, to validate 
the proposed robotic sampling system. Results show a 
prominent sampling success rate enabled by the BIS hand 
dexterity. The experimental results prove the merits of our 
proposed soft robotics enabled OP sampling system ensuring 
both sampling dexterity and safety.  

In the future, we will seek ethical approvals for our OP 
sampling system to perform the in-vivo test, further improve 
the BIS hand, involve AI-based controller to provide a fully 
automatic sampling procedure, and transfer the sampling 
system to two collaborative arms with two BIS hands to get 
rid of human assistance for swab replacement and storage. 
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