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Abstract 

The most widely adopted method for diagnosing respiratory infectious diseases is to conduct polymerase chain reac-
tion (PCR) assays on patients’ respiratory specimens, which are collected through either nasal or oropharyngeal swabs. 
The manual swab sampling process poses a high risk to the examiner and may cause false-negative results owing 
to improper sampling. In this paper, we propose a pneumatically actuated soft end-effector specifically designed 
to achieve all of the tasks involved in swab sampling. The soft end-effector utilizes circumferential instability to ensure 
grasping stability, and exhibits several key properties, including high load-to-weight ratio, error tolerance, and variable 
swab-tip stiffness, leading to successful automatic robotic oropharyngeal swab sampling, from loosening and tight-
ening the transport medium tube cap, holding the swab, and conducting sampling, to snapping off the swab tail 
and sterilizing itself. Using an industrial collaborative robotic arm, we integrated the soft end-effector, force sensor, 
camera, lights, and remote-control stick, and developed a robotic oropharyngeal swab sampling system. Using this 
swab sampling system, we conducted oropharyngeal swab-sampling tests on 20 volunteers. Our Digital PCR assay 
results (RNase P RNA gene absolute copy numbers for the samples) revealed that our system successfully collected 
sufficient numbers of cells from the pharyngeal wall for respiratory disease diagnosis. In summary, we have developed 
a pharyngeal swab-sampling system based on an “enveloping” soft actuator, studied the sampling process, and imple-
mented whole-process robotic oropharyngeal swab-sampling.
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1  Introduction
Since the end of 2019, a severely infectious respiratory 
disease, Coronavirus Disease 2019 (COVID-19), has 
spread globally, infecting hundreds of millions of people 
and caused millions of deaths [1–3]. Respiratory infec-
tions are difficult to identify in the population, as the typ-
ical symptoms (e.g., fever, cough, sore throat, and fatigue) 
can be rather mild, appearing several days after exposure 
to the virus; nonetheless, patients with mild infections 
can still spread the virus [4, 5]. In addition, asymptomatic 
transmission can occur [6]. Therefore, an accurate, con-
venient, and easily implemented method for diagnosing 
infectious respiratory disease is essential to prevent its 
spread [7].

Currently, the most widely adopted method for diag-
nosing infectious respiratory diseases such as COVID-19 
and Influenza A is to conduct polymerase chain reaction 
(PCR) assays on patients’ respiratory specimens, which 
are collected through either nasal or oropharyngeal 
swabs [7–9]. Nasal or oropharyngeal swab sampling pro-
cedures are usually performed by experienced examiners 
who are fully protected by gear such as masks, gloves, 
gowns, and goggles, to prevent themselves from being 
infected by the virus during the process. However, even 
when well protected, examiners still face risks of infec-
tion from unexpected contact, droplets, and exhaled 
air from patients with suspected infectious respiratory 
disease. Due to the infectious respiratory disease out-
break, the need for nasal or oropharyngeal swab sam-
pling is increasing substantially, thereby also increasing 
examiners’ workload and mental stress and potentially 
increasing their risk [10]. This simultaneously causes 
lower sensitivity and accuracy of the PCR testing due to 
reduced amount of the cells being collected [11].

Robotic equipment has the potential to perform man-
ual sampling tasks and spatially isolate suspected infec-
tors from examiners [12–14]. Robotic implementation 
holds advantages over manual implementation. First, 
the examiner’s risk of viral exposure could be reduced to 
zero. Second, the robots perform sampling with repeat-
able contours, controllable forces, and stable speeds, 
potentially producing specimens with higher PCR test 
accuracy. Promising as it is, there are still challenges 
in robotic swab-sampling. In manual testing, examin-
ers perform the following tasks gently and effectively, 
and with dexterity: manipulating the swabs and viral 
transport medium (VTM) tubes and caps; screwing and 
unscrewing the caps; rotating the swabs and rubbing 
them along the back of the throat; and snapping off the 
end of the swab. These tasks involve exceptional human 
capabilities, including dexterous multi-finger manipu-
lation, accurate motor control, sensitivity to force- and 
visual-feedback, and intelligent hand–eye coordination.

In recent years, soft robots [15–18] have developed rap-
idly, owing to their safe interaction with humans [19–21], 
high environmental adaptability [22, 23], and satisfac-
tory performance in both manipulation [15–17, 24–26] 
and locomotion [27–30]. In terms of soft manipulation, 
many smart soft end-effectors have been proposed for 
grasping various objects [31, 32]. Soft end-effectors are 
usually lightweight, safe, and adaptive to object shape and 
softness [33–36]. Amend et al. developed a granular grip-
per that can quickly grasp and release irregular objects 
through positive and negative pressure adjustment [37]. 
Sinatra et  al. proposed an underwater gripper that can 
be used to grab fragile marine organisms such as jelly-
fish [38]. Li et  al. have developed a vacuum-driven ori-
gami gripper that is highly adaptive to daily objects [39]. 
Xie et  al. incorporated vacuum suckers into a tapered 
octopus-arm-inspired gripper to enhance its gripping 
ability [25]. Robotics Inc. has produced soft grippers 
that can sort goods on production lines and handle soft 
and delicate objects such as food [40]. OnRobot A/S has 
developed a cup-shaped, food-grade soft gripper that can 
easily handle irregular shapes and delicate objects [41]. 
Wang et  al. presented a pneumatic soft robotic gripper 
that consists of a cylindrical soft actuator and a detach-
able sucker, to achieve high load capacity and large grasp-
ing range [42]. Although the various soft end-effectors 
can handle a large variety of objects, swab manipulation 
and sampling remain challenging because they require 
the end-effectors to small as well as designed for high 
load and high safety procedures, high force controllabil-
ity, and precise positional alignment during automatic 
sampling. The question of how to collect specimens 
effectively and safely from humans using robots has not 
been well addressed [43].

In this work, we have adopted an “enveloping” grasp-
ing strategy [37–39, 44–47] and developed a pneumati-
cally actuated soft end-effector specifically designed 
for achieving all of the tasks involved in oropharyngeal 
swab sampling (Figure 1). Figure 1(a) shows the robotic 
swab-sampling system collecting a sample from a volun-
teer (inset: Diagram of the end-effector holding an oro-
pharyngeal swab). Figure 1(b) shows the soft end-effector 
loosening or tightening the VTM tube cap. Figure  1(c) 
shows the soft end-effector holding a swab and prepar-
ing for sample collection. Figure 1(d) shows the soft end-
effector snapping off the swab tail. The soft end effector 
utilizes circumferential instability to ensure grasping sta-
bility, and exhibits several key properties, including high 
load-to-weight ratio (up to 315 load-to-weight ratio, and 
24.52  N·m/kg torque-to-weight ratio), error tolerance 
(up to 6  mm misalignment), and variable stiffness (up 
to twice of the swab’s baseline stiffness). Based on these 
features, automatic robotic oropharyngeal swab sampling 



Page 3 of 13Cui et al. Chinese Journal of Mechanical Engineering           (2024) 37:29 	

can proceed successfully, from loosening and tightening 
the medium cap, holding the swab, and conducting sam-
pling, to snapping off the swab tail and sterilizing itself. 
Using an industrial collaborative robotic arm, we inte-
grated a soft end-effector, force sensor, camera, lights, 
and remote-control stick, and developed a robotic oro-
pharyngeal swab sampling system. We tested this sam-
pling system on 20 human volunteers. Digital PCR assay 
results for the collected specimens’ RNase P RNA gene 
absolute copy numbers show that our system successfully 
collected a sufficient number of cells from the pharyngeal 
wall for respiratory disease diagnosis.

This study makes two novel contributions. First, we 
propose a light-weight and compact “enveloping” fab-
ric-reinforced strain-limiting actuator, with features 
including stiffness variability and fault tolerance. These 
features have rarely been investigated for similar designs. 
This device can tightly and stably grasp the swab cap, 
screw and unscrew the VTM tube cap, and snap off 
the swab tail. Second, this device uses a soft gripper 
for sampling. Based on the manual sampling process, 

a specialized robotic sampling process was examined, 
and a corresponding control algorithm was designed to 
achieve operations such as grasping the swab and tight-
ening and loosening the VTM caps.

2 � Design and Characterization
2.1 � Design of a Soft Robotic End‑Effector
Various types of swabs are used in the market to test for 
respiratory infectious diseases (Figure  2(a)); some are 
packaged in a plastic tube with a cylindrical cap at the 
end while others are packaged in a plastic bag with no 
cap, and some come with separate VTM tubes while oth-
ers do not. Some swabs are tightly housed in tubes and 
require a large force to extract them (e.g., > 30 N). To fit 
the different types of swabs and VTM tubes, we designed 
several end-effectors (Figure  2(b) and (c)). Figure  2(b) 
shows a soft end-effector composed of two cylindrical 
actuators and two finger-actuators for handling swabs 
packaged in plastic tubes. Figure  2(c) shows a soft end-
effector composed of a cylindrical actuator, a cylindrical 

Figure 1  Proposed robotic oropharyngeal swab sampling system with soft end-effectors: (a) Robotic swab-sampling system collecting samples 
from a volunteer (inset: soft end-effector holding an oropharyngeal swab), (b) Soft-end effector loosening or tightening the VTM tube cap, 
(c) Soft-end effector holding a swab and preparing for sample collection, (d) Soft-end effector snapping off the swab tail
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actuator with a rigid inner structure, and a rectangular 
actuator for handling swabs packaged in plastic bags.

Figure  3 presents a fabric-reinforced elastomeric 
cylindrical actuator with a closed and circumferentially 
distributed cavity, providing a key design for grasping, 
holding, and manipulating a swab. The outer wall of the 
actuator has a continuous sheet of fabric embedded in it. 
The inner wall is embedded with a sheet of fabric with 
slits oriented along the cylinder. When the closed cavity 
is pneumatically pressurized, the outer wall undergoes 
negligible deformation owing to the continuously embed-
ded fabric, while the inner wall deforms inward. The slits 
in the cut fabric limit the axial strain, while allowing 
radial and circumferential strain. When an object is pre-
sent in the center of the cylindrical actuator, the pressure 
difference drives the inner wall to enclose it tightly and 
stably, with a distributed force (Figure 3).

This fabric-reinforced cylindrical actuator can be 
designed to have any form or dimension to fit the dif-
ferent objects being grasped. Figure  4 shows five types 

Figure 2  Soft end effector designs: (a) Different types of swab packages, (b) Soft end-effector composed of two cylindrical actuators and two 
finger actuators, (c) Soft end-effector composed of a cylindrical actuator, a cylindrical actuator with inner rigid structure, and a rectangular actuator

Figure 3  Soft end effector integrated with force sensor, camera, 
and lights (enlarged inset: cross-sectional diagram of the gripping 
mechanism of the cylindrical actuator)

Figure 4  Five types of cylindrical actuators in three states: no pressure, pressurized with no load, and pressurized with load
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of actuators. The first three have circular cavities with 
different opening dimensions, for grasping cylindrical 
objects of different diameters. They are designed to grasp 
a bald swab (one with no cap), a swab with an end cap, 
and a VTM tube cap, respectively.

An important feature of the cylindrical actuator is that 
as the pressure difference at the inner wall reaches a criti-
cal value, it buckles circumferentially into a noncircular 
shape, and the buckling pattern varies with the dimen-
sions of the actuator (Figures 3, 4, and Additional file 1). 
Buckling of thin-walled cylindrical shells under pressure 
has been extensively studied: the critical buckling pres-
sure Pc depends on the inner wall geometry and on the 
material’s Young’s modulus, E [48]:

where r, l, t are the radius, height, and thickness of the 
inner wall, respectively, and ap is a geometry-dependent 
constant ranging from 1 to 2. In our proposed design, 
the inner-wall thickness is much smaller than its radius 
(t << r), and the critical pressure Pc is low; as a result, the 
circumference buckles at a relatively low pressure.

The buckling form or wavenumber N also depends on 
the geometry:

where bp is a geometry-dependent constant ranging from 
0.6 to 1.1. From Eq. (2), we can see that wavenumber 
increases with the radius, consistent with what we found 
for our design. The small-radius actuator buckles into 
a two-segment strip, the medium one (inner diameter 
14 mm) into a triangle, and the large one (inner diameter 
23  mm) into a quadrilateral shape. This instability pat-
tern is important for achieving stable grasping. If a two-
segment strip is formed, the object is grasped from two 
opposing sides, leading to insufficient grasping force in 
the vertical direction. When triangular, quadrilateral, or 
even higher-order buckling occurs, forces are exerted on 
the object from more directions, so that grasping stiff-
ness and stability from all directions.

To overcome the insufficient stiffness resulting from 
the two-segment buckling of the small actuator (for 
grasping a bald swab), we designed a fourth type of end 
effector with a rigid skeleton inside the cylindrical col-
umn (Figure 4). The rigid skeleton comprises three parts 
that form a small triangle when squeezed by the inner 
wall, grasping the thin rod of the bald swab (Additional 
file  2). Finally, a fifth type of end-effector was designed 
to handle non-cylindrical objects such as swabs pack-
aged within a plastic bag. The rectangular end effector 
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holds the plastic bag tightly and removes it from the swab 
(Additional file 2).

For the different types of swab packages, we combined 
multiple actuators (Figure 2(b, c)) and bonded them onto 
a base structure to connect them with the rest of the 
system (Figure  3). Figure  2(b) shows a soft end-effector 
composed of a medium-radius cylindrical actuator, a 
large-radius cylindrical actuator, and two bellow-struc-
ture bending actuators (finger-actuators). This is used for 
handling swabs packaged in plastic tubes with separate 
VTM tubes, such as those widely used for diagnosing 
infectious respiratory diseases in hospitals in China. We 
use this end effector as an example to demonstrate how it 
accomplishes swab-sampling. However, it is worth noting 
that our design can fit many other swab packages as well.

2.2 � Specific Load and Stiffness Characterization
A complete oropharyngeal swab sampling process 
involves removing the swab from the packaging tube, 
loosening and tightening the VTM tube cap, sampling 
from the back of the throat, snapping off the swab tail, 
and discarding it. This procedure requires the end-effec-
tor, a soft and inherently highly pliable structure, to have 
sufficient grasping force (F), torque (T), and stiffness. The 
theoretical maximum grasping force and torque of the 
cylindrical actuators can be represented as:

where μ is the friction coefficient between the elasto-
mer and object material, P is difference between sealed-
cavity pressure and atmospheric pressure, and r and l 
are the cylinder radius and height, respectively. Based 
on Eqs. (3) and (4), at a certain pressure, the maxi-
mum force increases linearly with r, and the maximum 
torque increases with r2. The ideal maximum force and 
torque are attained when the inner and outer diam-
eters are equal. In practice, a small gap (1–2  mm) is 
retained between the object and the actuator to facilitate 
alignment.

We characterized the maximum axial force and torque 
of the cylindrical actuators for holding swabs or caps 
at different pressures (Figure  5(a) and (b)). Figure  5(a) 
shows the maximum gripping force, and Figure  5(b) 
shows the maximum gripping torque, as a function of 
pressure for the four types of cylindrical actuators. The 
results indicate that the maximum axial force and torque 
that the actuators can withstand increase with pres-
sure at an approximately linear rate. At 140  kPa, the 
large-, medium-, small-radius cylindrical actuators, and 
the rigid structure actuator, can withstand axial forces 

(3)Fmax = µ · P · 2πrl,

(4)Tmax = µ · P · 2πr2l,
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of 36.6  N, 34.7  N, 13.7  N, and 15.9  N, generating load-
to-weight ratios of 215, 315, 196, and 118, respectively, 
without slipping. The large- and medium-radius cylin-
drical actuators can withstand torque of 41.68 N·cm and 
21.76 N·cm, respectively, while the small cylindrical and 
rigid structure actuators can withstand 0.89  N·cm and 
1.26 N·cm, respectively, without rotational slippage. The 
large-radius actuator exhibited the best torque-to-weight 
ratio of 24.52  N·m/kg. The high load-to-weight ratios 
and high torques that our proposed cylindrical actuators 
can withstand are critical in achieving complete auto-
mation of robotic swab-sampling. Specifically, the large-
radius cylindrical actuator, with a maximum axial force of 
36.6 N and maximum torque of 41.68 N·cm, can loosen 
and tighten the VTM tube; the medium-radius cylindri-
cal actuator, with a maximum axial force of 34.7  N and 
maximum torque of 21.76 N·cm, can grasp and hold the 
swab end-cap and snap off the tail. In addition, the low 
weight of these elastomeric actuators means that they 
add negligible weight to the robotic arm that carries 
them. The key geometric parameters and mechanical 
performance parameters of the four types of cylindrical 
actuators are summarized in Table 1.

Swab-tip stiffness plays a key role in the sample col-
lection process. We therefore characterized how our 
end-effector causes swab-tip stiffness to vary. Swab-
tip stiffness (determined by applying a lateral force F 
and measuring tip displacement x; tip stiffness k = F/x) 

determines the pressure it applies when rubbing the back 
of the throat. Insufficient tip stiffness would cause the 
tip to collect too few cells, thus leading to low PCR-test 
sensitivity. Figure 5(c) illustrates the variation in swab-tip 
stiffness with changes in pressure caused by adjusting the 
pressure applied by the cylindrical and finger actuators. 
Because our actuator is composed of soft elastomers, 
swab-tip stiffness is lower when the swab is grasped by 
the actuator than when it is fixed on a rigid platform 
(baseline stiffness, 8.75  N/m, Figure  5(c), black line). 
Although increasing the actuator pressure significantly 
increases tip stiffness (Figure  5(c), magenta line), the 
actuator-gripped tip stiffness remains below the baseline 
even at a high pressure of 140 kPa, reaching 7.88 N/m. 
Thus, we used the two finger-actuators (Figure 2) to fur-
ther enhance tip stiffness. By pressurizing the finger-actu-
ators to 80 kPa, tip stiffness was increased to the baseline 
stiffness (Figure 5(c), blue line). By further increasing the 
finger-actuator pressure, an even higher stiffness (up to 
10.88 N/m) could be obtained (Figure 5(c), red line). By 
adjusting the cylindrical actuator and finger-actuator 
pressures, we achieved variable swab-tip stiffness, rang-
ing from 5.05 N/m to 10.88 N/m.

Next, we demonstrated that all of the cylindrical actua-
tors have sufficient response speeds (response times of 
approximately 1 s, Figure 5(d)) during both actuation and 
de-actuation, controlled via a small pump and a few small 
solenoid valves. Figure 5(d) shows the time responses of 

Figure 5  Gripping force, torque, swab-tip stiffness, and speed characterization of the soft end-effectors
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the three types of actuators obtained by measuring the 
internal contact force with the grasped objects. To date, 
we have demonstrated that our proposed soft end-effec-
tors can accomplish all of the tasks required for auto-
matic swab-sampling with sufficient load, stiffness, and 
speed.

Finally, we tested the lifecycle of the soft end-effector. 
Figure 5(e) shows the axial gripping forces at 100 kPa after 
0, 5000, 10000, 15000, and 20000 repeated actuations 
to 100 kPa and deflation to 0 kPa. The soft end-effector 
functioned normally for at least 20000 actuations.

2.3 � Fault Tolerance During Operation
During the swab sampling process, there are several tasks 
related to the precise control of robotic end-effector posi-
tion and orientation. For example, to successfully remove 
the swab from the packaging tube, or grab the VTM tube 
cap, the axis of the robotic arm flange must be precisely 
aligned with the axes of the swab tube or VTM tube. 
These tasks can be challenging without sensory feedback 
and control, as the tubes have manufacturing and assem-
bly errors. Soft end-effectors are capable of tolerating 
faults during this process. If the end flange of the robotic 
arm is misaligned (tilted or offset) in relation to the tube, 
the soft end-effector will adapt to the fault by deforming 
itself and will close around the end cap to complete the 
task. Figure 6(a) illustrates an example of axial-alignment 
error-tolerance, showing the axial forces during the pro-
cess of aligning the cylindrical actuator and the VTM 
tube. The results show that our soft end-effector can tol-
erate up to 6  mm of tip displacement without destroy-
ing any part of the system, and the force caused by the 
deformation is less than 20 N, within the load capability 

of most commercial robotic arms (Figure 6(a), Additional 
file 3).

Besides tolerating misalignment when screwing and 
unscrewing the cap, the soft end-effector exhibits fault 
tolerance that facilitates the control of the robotic arm. 
When a rigid end-effector is used to the screw and 
unscrew the cap, rotational motion and precise propor-
tional translational motion are required, whereas when 
using soft end-effectors, only rotation is required, and 

Table 1  Geometric parameters and mechanical properties of the four types of cylindrical actuators

I.D.: Inner diameter; O.D.: Outer diameter

Parameters (unit) Small-radius actuator Medium-radius 
actuator

Large-radius actuator Actuator with 
rigid inner 
structure

Inner shell I.D. (mm) 5 14 23 14

Inner shell O.D. mm) 7.5 18 27 18

Outer shell I.D. (mm) 14 21.5 30.5 21.5

Outer shell O.D. (mm) 19 25 34.5 25

Cavity height (mm) 18 18 18 18

Total height (mm) 27 27 27 27

Total weight (g) 7 11 17 13.5

Grasped object diameter (mm) 2.5 12 20.5 2.5

Max. axial load at 140 kPa (N) 13.7 34.7 36.6 15.9

Max. torque at 140 kPa (N·cm) 0.89 21.76 41.68 1.26

Axial load/weight ratio at 140 kPa 196 315 215 118

Torque/weight ratio at 140 kPa (N·m/kg) 1.27 19.78 24.52 0.93

Figure 6  Soft end-effector error-tolerance in handling VTM tubes
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translational displacement is achieved via soft end-effec-
tor deformation (insets in Figure 6(b)). Figure 6(b) shows 
the axial forces applied to the soft end effector due to 
axial deformation and slippage, illustrating tolerance of 
axial displacement when screwing and unscrewing the 
VTM tube caps. To loosen or tighten the cap, the end-
effector grips the cap tightly, while the tube body is fixed 
on the table; the end-effector simply rotates, and the cap 
is screwed onto or unscrewed from the tube body (Addi-
tional file 4). The error tolerance of the robotic actuator 
significantly reduces the complexity of the algorithm for 
controlling the robotic arm and the positional accuracy 
requirement of the robotic arm.

Finally, the soft end-effector can tolerate overtightening 
of caps. Excessive relative motion between the tube body 
and tube cap causes shear deformation of the soft mate-
rial and shear slippage (Figure 6(c) and Additional file 4).

3 � Results and Discussion
3.1 � Implementation of Oropharyngeal Swab Sampling
Our robotic swab-sampling system comprises several 
subsystems and is located in two separate rooms (Fig-
ure 7(a)). In room one, there is a desk, chair, computer, 

monitor, control stick, and foot pedal. In room two, there 
is a desk on which is placed a commercially available 
7-DOF robotic arm (LBR iiwa from Kuka Robotics), swab 
array, sterilization bath, and dryer; beneath the desk is 
the controller for the robotic arm and the controller for 
the soft end-effector.

The visual and force data were collected using a camera 
(RER-USB13M02, Ruierweishi Company) and force sen-
sor (KWR 75A, Kunwei Company), respectively, attached 
to the end of the robotic arm, and were remotely moni-
tored by the doctor in room one using a host computer 
and monitor. The doctor’s commands, entered using the 
computer, foot pedal (CFS-01, Neiluo Dianqi Company), 
or control stick (SMC35, Shenzhen Longfly Company), 
are transferred through data cables to the controllers at 
a sampling frequency of 5 Hz. The controllers control the 
robotic arm, the soft end-effector, and the other elements 
to complete the sampling process (Figure 7(b)). The block 
diagram in Figure 7(b) shows the data and action flows of 
the robotic swab-sampling system.

There are two controllers in the system (Figure  7(b)). 
One controls the KUKA robotic arm, and the other con-
trols the soft end-effector. The robotic arm is controlled 

Figure 7  Robotic oropharyngeal swab-sampling system
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by the commercial KUKA control box provided with the 
arm; based on the information in the LBR iiwa brochure, 
the positional accuracy of our end-effector is ± 0.1 mm. 
The end-effector controller consists of a pump, five sole-
noid valves, and a control board (Modbus RTU Proto-
col); the controller software was self-developed in C++ 
to send instructions to the control board (Figure 8). The 
five valves are two-position three-way valves. Valves 1 
and 2 are diverter valves (Figure  8(a)). The compressed 
air from the pump flows into valve 1. At low pressure, the 
air flowing out of valve 1 flows into valve 3. At high pres-
sure, the air flowing out of valve 1 flows into valve 2. The 
working principle of valve 2 is the same as that of valve 
1. At a high pressure, the air flows through valves 3, 4, 
and 5 to inflate the corresponding actuators, while at a 
low pressure, the air in the corresponding actuators flows 
to the atmosphere through valves 3, 4, and 5 (Figure 8(a)). 
This control system enables each actuator to be inde-
pendently controlled during both inflation and deflation, 
enabling the three actuators to be in various combina-
tions of states to complete the various tasks. Our imple-
mentation of the swab-sampling process includes many 
different combinations of states for the pump and valves. 
The five valves and the pump are connected to a Modbus 
RTU control board, which connects to the arm controller 
and foot pedal via an RS485 serial communication port 
(Figure 8(b)). The arm controller sends commands to the 

Modbus RTU control board to control the state of the 
pump and valves. The foot pedal sends commands to the 
arm controller via the control board to start and stop the 
movement of robotic arm. The control box is compact, 
and all of the elements are contained within a customized 
protective box (Figure 8(c)).

In our proposed system, the doctor and patient (or 
potential patient) are isolated in space, thereby reduc-
ing the doctor’s risk of becoming infected as a result of 
contact with someone carrying the virus. The sampling 
process is shown in Figure 9(a). When the contact force 
between the swab and the oropharynx reaches 0.5  N 
(trigger force), the robotic arm will stop moving forward 
and start sampling. The force-feedback-triggered sam-
pling process ensures that, regardless of far back from the 
mouth the pharyngeal wall is, the swab can always press 
and rub along the wall and sample at the correct location 
on the wall. The robotic arm has built-in overload protec-
tion throughout the process: If it encounters a collision 
force exceeding 20 N, it will immediately stop moving. In 
addition, the doctor can press the emergency stop but-
ton to prevent the robot from moving. These two safety 
features ensure that the robot will not harm the patient. 
To avoid injury in extreme situations in which both of 
these safety features fail, we have limited the speed of the 
robotic arm’s tool center point (TCP) to 2 m/s, which is 
associated with a head injury criterion (HIC) value of 25, 

Figure 8  Control system of the soft end-effector
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thereby satisfying the HIC < 650 safety rule [49]. The HIC 
is a standard index of injury severity [50].

3.2 � Human Testing of Manual and Robotic Swab‑Sampling
The human studies were reviewed and approved by 
the Institutional Review Board of Tsinghua Univer-
sity. Twenty-one volunteers ranging in age from 23 to 
36 years, height 158 cm to 183 cm, and weight 45 kg to 
95 kg, were recruited for these tests. All of the volunteers 
were physically and mentally healthy. The 21 volunteers 
were divided into two groups: 11 were swab-sampled by a 
doctor on day one and by our robotic system on day two; 
the other ten were swab-sampled by the robot on day one 
and by a doctor on day two. The two-day process ensured 
that the epithelial cells on the posterior pharyngeal wall 
were able to recover.

Before testing, the volunteers were informed about 
the potential hazards associated with the swab-sam-
pling process, such as throat reflex, vomiting, and for-
eign body sensation. For doctor-conducted sampling, 
each volunteer sat on a chair and opened his or her 
mouth. The doctor used a tongue depressor to assist 
in the sampling process. Using an oropharyngeal swab, 

the doctor swabbed the back wall of the throat by rub-
bing 3–5 times back and forth, and then rubbing along 
the sidewalls of the tonsils 1–2 times for each tonsil. 
The doctor then placed the swab into the VTM tube, 
snapped the tail off, and screwed the cap on.

For robotic sampling, each volunteer was provided 
with a disposable positioning bite block. The volunteer 
bit into the bite block in order to be sampled. The robot 
completed the remainder of the sampling process under 
remote-control by a doctor. Additional file  5 shows a 
typical video of a volunteer during testing. Figure 9(b) 
shows the typical contact-force evolution as the swab is 
being rubbed along the posterior pharyngeal wall and 
tonsils.

Of the 21 participants, 20 successfully completed both 
manual and robotic sampling, and one participant with-
drew after day 1 because of a sore throat after manual 
testing. On each day, we collected 10 doctor-sampled and 
10-robot-sampled oropharyngeal samples. Most of the 20 
participants who completed both tests felt normal when 
they were sampled using the robotic system. A few expe-
rienced slight discomfort or gagging reflex, which are 
normal reactions to successful sampling.

Figure 9  Swab sampling process
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3.3 � Digital PCR Testing Results and Analysis
Digital polymerase chain reaction (Digital PCR) is a 
quantitative analysis technique increasingly used in 
clinical diagnosis, especially for the study of human 
pathogenic viruses [51, 52]. Digital PCR allows precise 
detection and quantification of the number of nucleic 
acids [53]. It has good accuracy and reproducibility and 
can achieve absolute quantitative analysis. The RNase P 
gene occurs widely in human cells [54]. Here, we used a 
digital PCR assay to determine the absolute RNase P gene 
copy number in the oropharyngeal samples, and com-
pared the effectiveness of the two sampling methods. The 
absolute RNase P gene copy numbers for each partici-
pant, based on the 40 oropharyngeal samples collected, 
are shown in Figure 10(a).

We divided the 40 samples into four groups: Manual 
testing on day 1, robotic testing on day 1, manual test-
ing on day 2, and robotic testing on day 2. We calculated 
the mean and standard deviation of each group’s absolute 
RNase P gene copy number (Figure  10(b)); these find-
ings reveal that robotic sampling generated higher aver-
age absolute copy numbers than manual sampling, on 
both days. To further investigate the effects of robotic 
and manual sampling, as well as the effects of the testing 

sequence, we performed a repeated two-way ANOVA 
on the 40 absolute copy numbers. This revealed non-
significant effects of the sampling method (robot vs. doc-
tor) (F(1, 39) = 1.71, p = 0.1997) and sampling sequence 
(F(1, 39) = 2.27, p = 0.1402) on absolute copy number. The 
sampling method–sequence interaction was also non-
significant (F(1, 39) = 0.33, p = 0.5684). From these results, 
based on PCR assay of absolute RNase P gene copy num-
ber, we can conclude that the robotic system achieved 
oropharyngeal swab-sampling results that were not sig-
nificantly different from those obtained via manual test-
ing. This statistical analysis confirms the functionality 
and effectiveness of the proposed robotic oropharyngeal 
swab-sampling system using soft end-effectors.

The use of robots can greatly reduce a doctor’s work-
load and mental stress, by making it unnecessary for 
them to perform sampling and face the patient in person. 
Instead, the doctor can remain in a separate room, con-
trol the computer, and monitor the process of sampling. 
This substantially reduces the doctor’s risk of becoming 
infected during sampling, and effectively reduces their 
workload.

4 � Conclusions

(1)	 In this paper, we have presented a pharyngeal 
swab-sampling system based on an “enveloping” 
soft actuator, explored the sampling process, and 
applied the system for pharyngeal swab-sampling. 
We have implemented complete oropharyngeal 
robotic swab-sampling using a soft end-effector. 
To the best of our knowledge, this has not been 
achieved previously.

(2)	 We have automated the necessary processes, such 
as picking up the swabs and placing the samples 
into VTM tubes, as well as sterilization and dis-
posal. This automation enables the patient and doc-
tor to remain isolated while the sampling is accom-
plished effectively.

(3)	 The results of our comparative digital PCR assay of 
20 volunteers’ oropharyngeal samples, obtained via 
robotic and manual sampling, demonstrate that our 
implementation has promising application poten-
tial. We hope that this trial of automatic sampling 
(assisted by force and visual feedback) of both the 
posterior pharyngeal wall and the tonsils will lay the 
first step in answering the difficult question of how 
a robot should perform oropharyngeal swab sam-
pling. In this time of the infectious respiratory dis-
ease pandemic, we look forward to seeing the mass 
application of such systems worldwide, thereby pro-
tecting more people, especially nurses and doctors, 
from viral infections.Figure 10  Human testing results



Page 12 of 13Cui et al. Chinese Journal of Mechanical Engineering           (2024) 37:29 

(4)	 The soft end-effector exhibited excellent perfor-
mance. It has the flexibility to be designed with dif-
ferent forms to fit various types of swab packages. 
It has a large load-to-weight ratio and exhibits fault 
tolerance and variable swab stiffness during sam-
pling.

(5)	 The capability of the proposed soft end-effectors to 
handle tubes and caps demonstrates their potential 
for use in many other scenarios, such as in manu-
facturing and assembly lines. For robotic sampling, 
a specifically designed robotic arm (perhaps a soft 
or hybrid arm) might be a better option to replace 
the current commercial arm and reduce costs, 
save space, and increase time efficiency. A more 
advanced force-feedback algorithm for use during 
sampling could be developed to further increase 
sampling efficiency and mitigate the discomfort of 
the person being tested during sampling.
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