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ABSTRACT 
 

A quadrotor drone was equipped with an active solid phase microextraction (SPME) sampling device, known as a 
needle trap sampler (NTS), for extracting airborne volatile organic compounds (VOCs). The NTS, which has a 22-gauge 
stainless steel needle that is manually packed with 60–80-mesh adsorbent divinylbenzene (DVB) particles, was attached to 
a telescoping shaft to extend the sampling range beyond the strong downward stream that flows across the propellers of a 
hovering drone. The end of the NTS inlet was positioned below the head of the drone, which was the optimal location 
determined by using the flow simulation software SolidWorks. Our results confirm the feasibility of collecting toluene, 
ethylbenzene, and p-xylene matrix vapor with a telescoping SPME sampling device on a quadrotor drone using a pilot 
VOC exhaustion system. Therefore, we recommend this mobile system for sampling polluted air emitted by industrial 
factories. 
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INTRODUCTION 
 

Industrial air pollution greatly affects human lives and 
the environment. If pollutants are not detected in a timely 
manner, then follow-up treatments will not be effectively 
implemented. In Taiwan, which is a small and densely 
populated island, residential areas are close to industrial 
sources of air pollution, negatively affecting the quality of 
life. Technology for monitoring the atmospheric environment 
using remote sensors and drones has recently been 
developed (Lähde et al., 2014; Syu et al., 2016; Xu et al., 
2017; Cheng, 2018), and unmanned drones have been used 
in places that are difficult to access, such as volcanoes 
(McGonigle et al., 2008), high mountains (Chang et al., 
2016), sea coasts (Chang et al., 2018), and areas where 
open burning is occurring (Aurell et al., 2017). Using a 
high-mobility drone to sample immediately and continuously 
odorous and hazardous air emissions and then returning it to 
the ground to enable the collected samples to be examined 
in a laboratory can significantly reduce the emission of 
pollution. 
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Unmanned drones that carry atmospheric monitoring 
sensors with a data logger typically record sampling times, 
altitudes, GPS coordinates, relative humidity, and 
temperature, as well as PM1.0, PM2.5, PM10, carbon 
monoxide, nitric oxide, sulfur dioxide, and total volatile 
organic compound (TVOC) concentrations (Peng et al., 
2015; Villa et al., 2016; Schuyler and Guzman, 2017). 
Data are recorded and transmitted wirelessly at a rate up to 
3–6 data per minute, and organic pollutants are detected as 
the concentrations of TVOC. Users are therefore unable to 
identify contaminants and locate the source of the pollution. 

Many researchers have used drones, carrying either 
stainless steel canisters with various volumes (400–2,000 mL) 
and a remote-controlled on-off solenoid valve system 
(Chang et al., 2016; Chang et al., 2018; Vo et al., 2018), or 
a charcoal tube that is connected to a sampling pump 
(Aurell et al., 2017), to collect aerial samples. Collected 
gas samples can be qualitatively and quantitatively analyzed 
in a laboratory using a gas chromatograph (GC) that is 
connected to a mass spectrometric (MS) detector. However, 
the required Li battery, canister, sensors and other sampling 
and electrical accessories must be loaded on a multirotor 
drone, such as a 1,045-mm diagonal wheelbase octorotor 
multicopter (Spreading Wings S1000; DJI), which has a 
take-off mass of 11 kg (Chang et al., 2016, 2018). 

Solid-phase microextraction (SPME) sampling technology 
has been used to collect gaseous VOCs, which are 
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thermally desorbed when the sampling fiber is injected 
into the inlet of a gas chromatograph (GC). Cheng et al. 
(2011) sampled gaseous aromatic compounds using 
divinylbenzene (DVB) adsorbent that was packed in 
specially made needle-type SPME devices, called needle 
trap samplers (NTSs; Fig. 1). They successfully sampled 
various emissions from indoor sources (Cheng et al., 2013; 
Cheng and Lai, 2014; Cheng et al., 2014, 2015, 2016) and 
organic vapor emissions in workplaces (Cheng et al., 2017, 
2019). In this work, an NTS and an air-extracting pump were 
installed on a light and mini-sized quadrotor drone (Mavic 
Pro; DJI) (Fig. 2) to measure ambient organic emissions from 
stationary air exhaust sources. This quadrotor multicopter is 
very small, and it can travel faster and more safely than an 
octorotor drone between exhaust stacks in industrial factories. 
More importantly, the air turbulence that is generated by 
drone propellers has seldom been studied except by Zhou 
et al. (2018), who suggested that the sampling position 
should be less influenced by the air flow generated by the 
rotation of the rotors. In this investigation, the pattern of 
air flow when a quadrotor drone travels through sprayed 
dry ice was observed, and then SolidWorks (2018) was 
used to simulate the flow streams to optimize precisely the 

sampling locations around the drone. Based on the results 
of the model simulation, a specially designed telescoping 
NTS sampling device was used to collect non-disturbed 
samples exhausted from a stack. 

 
METHOD 
 
Specifications of Unmanned Drone 

The Mavic Pro quadrotor drone, manufactured by DJI 
(Fig. 2), was used as the atmospheric sampling vehicle. It 
is so small that it can be flown through factory chimneys. 
It has a 335-mm diagonal wheelbase (excluding propellers), 
a maximum horizontal voyage speed of 65 km h–1, and a 
21-min operating time with a minimum residual battery 
electric power of 15%. A telescoping sampling device, 
including an NTS, was connected to a Teflon sampling 
tube and a 6-V-DC air-extracting pump. All components 
are attached on the plastic frames, which are installed on 
the ventral part of the drone (Fig. 3). The air-extracting 
pump is operated using an on-off switch via the remote 
drone controller. This target drone is recommended by its 
manufacturer for performing flights except during rain and 
when the wind speed exceeds 10 m s–1. 

 

 
Fig. 1. Schematic needle trap sampler. 

 

 
Spread type 

 

 
Folding type 

 
 
 
 
 

Fig. 2. Outlines and dimensions of the quadrotor drone used in this work: spread type: 335-mm-diagonal wheelbase, 
excluding propellers; folding type: 83 mm (W) × 198 mm (L) × 83 mm (H). 

Remote control 
(without a cell 
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Fig. 3. Pilot experiment set-up for the VOC exhaustion system. 

 

Simulation of Air Stream Generated by Propellers of 
Drone 

The simulated air was assumed to be compressible, in a 
steady state, and a homogeneous laminar Newtonian fluid. 
Flows in the model with moving walls (without changes to 
the model geometry) were computed under specified 
corresponding boundary conditions. Flows in models with 
rotating parts were computed in the coordinate systems, so 
the models’ stationary parts were axisymmetric with respect 
to the axis of rotation. 

The conservation of mass, angular momentum, and 
energy in the Cartesian coordinate system, rotating with 
angular velocity Ω about an axis that passes through the 
coordinate system’s origin can be expressed as follows 
(SolidWorks, 2018). 

Mass Equation: 
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where u is the fluid velocity; ρ is the fluid density; Si is a 
mass-distributed external force per unit mass due to a 
buoyancy; h is the thermal enthalpy, and H = h + u2/2. τik is 
the viscous shear stress tensor. The subscripts are used to 
denote summation over the three coordinate directions. 

The velocity and turbulence intensity of the flow 
streams around the drone were analyzed using the flow 
simulation software SolidWorks (2018). Original size (1:1) 
modeling was performed, and the boundary condition 
corresponded to a Quad X configuration of the rotating 
propellers of the drone. The adjacent propellers rotated 
oppositely, as shown in Fig. 4. Four rotating regions were 
identified in the model, and the angular velocity of the  
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Fig. 4. Schematic diagram of original-size model. 

 

propeller was set to 5,700 rpm, as measured for the drone. 
The initial unit mesh used in the simulation model was set 
by default to 3, and the total number of cells was 9,963.  
 
Gaseous Sampling System 

An NTS extracts organic compounds from the air 
through a needle by diffusion or by drawing via a pump. 
Therefore, a linear gaseous concentration profile (C(Z) in 
Fig. 1) is obtained along the diffusion path (Z), and the 
extraction is characterized by the area (A) of the opening 
and the diffusion path length. The total amount (n) of 
analyte that is extracted in a time interval (t) is estimated 
using the following formula (Lord et al., 2010): 
 

 m

A
n D C t dt

Z
   (4) 

 
where Dm is the diffusion coefficient of a compound that is 
sampled by the sorbent in the needle. The amount (n) of 
the extracted analyte is assumed to be proportional to the 
total sample concentration over a time interval (C(t)) given 
a constant Dm, a uniform needle opening (A), and a fixed 
diffusion path distance (Z). The detailed calculation 
procedures for concentrations of VOCs and the calibration 
method are presented in the “Supplement” section. 

The NTS comprised 22-G stainless steel needles (OD = 
0.71 mm), which were purchased from a local company 
(Herling Co. Ltd., Pingtung, Taiwan), and 60–80-mesh 
DVB particles (Supelco, Bellefonte, PA, USA). The DVB-
NTS was prepared and tested as described elsewhere 
(Cheng et al., 2013; Cheng and Lai, 2014; Cheng et al., 
2014, 2015, 2016, 2017, 2019). 
 
Analysis and Instruments 

Gaseous samples were analyzed using a GC (6890N; 
Agilent, Wilmington, DE, USA), which was equipped with 
a flame ionization detector (FID). The capillary column 
was an HP-1 PDMS (30 m × 320 µm × 0.25 µm, part no. 
HP19091Z‒413; Agilent Technologies, Inc., Wilmington, 
DE, USA). All gases (Jing-De Gas Co., Ltd., Kaohsiung, 
Taiwan) that were used in the chromatographic analysis 

were of ultra-high purity. The VOC analysis of both the 
calibrations and air samplings of the NTS and sampling 
bags were also performed using the same GC-FID. The 
NTS calibration procedures for VOCs are displayed in 
“Supplement,” and the calibration procedures for sampling 
bags also followed the same method. After VOC sampling, 
NTS were injected into the injection ports of GC used for 
VOC desorption and further analysis. The desorption time 
at the injection port of GC was 30 s. The temperature of 
the GC increased from 50°C at increments of 15°C min–1. 
The final temperature was held at 180°C for 2 min. The 
FID detector was heated to 300°C. The carrying gas flow 
rate was 1.2 mL min–1 for nitrogen, and the split off 
operation mode was selected. Notably, after the operation 
and subsequent analysis, no carryovers were available for 
sample extraction by NTS. Analysis procedures for the air 
samples, which were taken using a syringe from Teflon 
sampling bags, were all the same as NTS analysis 
procedures by GC-FID. 
 
Pilot test for Sampling and Analysis 

The pilot sampling experiment was carried out using an 
industrial solvent that is commonly used in the local 
electronic processing industry. The liquid compounds of 
toluene, ethylbenzene, and p-xylene were mixed together 
around 1,500 mL with the volume ratio as 1:1:1. A 0.75-Hp 
exhaust fan of 3,500 rpm (Teco Electric & Machinery, 
Taiwan) connected to a hose pipe was used to ventilate the 
air that was emitted from the industrial solvent (Fig. 3). For 
15 min, the drone, carrying the telescoping SPME sampling 
device, was used to collect samples of air that had been 
exhausted from the PVC chimney. When the NTS was used 
to collect the air samples, a VOC monitor (MultiRAE; RAE 
Systems Inc., CA, USA) was simultaneously used to measure 
the emission concentrations of VOCs from the chimney. 
Additional air samples were obtained using Teflon sampling 
bags and an air collection pump for a comparison of the 
sampling performance of the NTS on the unmanned drone. 
 
RESULTS AND DISCUSSION 
 
Flow Simulation and Analysis of Target Drone 

Based on the flow patterns of the hovering quadrotor 
drone that were observed using dry ice spray, as presented 
in Fig. 5, the dry ice vapor initially gathered above the 
drone and then accelerated rapidly downwards. To quantify 
exactly the intensity of turbulence and its distance-
distribution as a result of the rotating propellers of the 
hovering drone, flow simulation software was used. 

The velocity and intensity of the turbulence of the flow 
field around the hovering quadrotor drone were analyzed 
at the propellers’ angular velocity of 5,700 rpm. Fig. 6 
shows the turbulence intensity generated by the drone. The 
turbulence intensity in the drone tail area reached 36.7%, 
as indicated by the light green stream lines, while that 
around the head of drone was less than 0.3%, as indicated 
by the deep blue stream lines. Based on the results of the 
flow simulation, the area at the head of the drone was the 
best for installing air samplers. 
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Fig. 5. Photograph of dry-ice spray streams around the hovering quadrotor drone. 

 

 
Fig. 6. Diagram of the turbulence intensity of the quadrotor drone using the flow simulation software. 

 

Optimization of Sampler Location on a Hovering Drone 
Fig. 7 plots the velocity contours of the hovering drone. 

To confirm the reliability of the simulated velocity, the 
actual air velocity around the drone was measured. 
According to Fig. 7, the velocity at 300 mm (6 times the 
50-mm scale bar in Fig. 7) from the bottom center of the 
drone was 1.778 m s–1, which falls within the range of the 
measured values of 1.6–2.0 m s–1. 

Fig. 8 plots the distributions of velocity and intensity of 
turbulence for various vertical distances of the center (V1) 
and the edge (V2) of a propeller of the target drone from 
the bottom of it (see Fig. 7 for the exact locations). Typically, 
the area G, in which the vertical distance from 50 to 100 mm 
in Fig. 8, below the four dashed lines is optimal for sampling 
air, as the velocity and turbulent intensity therein are as 
low as 0.5 m s–1 and 2%. Fig. 9 plots the variations of 
velocity and turbulence intensity with horizontal distance 
from the center of the propeller (see Fig. 7 for exact location 
within the drone). As shown in Fig. 9, both velocity and 
turbulence intensity gradually decreased as the horizontal 
distance increased. For keeping the balance of the drone 

when it is hovering, the sampling location was determined 
at a vertical distance of 75 (50–100) mm and a horizontal 
distance of 173 mm from the center of the propeller. Fig. 9 
shows that the velocity is 0.98 m s–1 and turbulence intensity 
is 1.75%. Fig. 3 displays the telescoping NTS sampling 
device on a drone that was used for collecting gas samples 
exhausted from a chimney. 
 
Pilot test of VOC Sampling and Analysis 

A VOC exhaust system (Fig. 3) was constructed to verify 
experimentally the effectiveness of the optimized telescoping 
NTS sampling device on the drone. The telescoping 
sampling device was designed to be installed in the area of 
low turbulence in front of the bottom of the head of the 
drone. Other samplings via NTS were performed beneath 
the drone around 5 cm from the center of its underside to 
compare the samples that were collected from the telescoping 
sampling device. Fig. 10 presents the performance of the 
NTS at the clearly optimal location on the drone, as the 
downward air flow drawn from rotating propellers resulted 
in an unsuccessful extraction of VOCs and only very small  
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Fig. 7. Velocity contours of the boundary flow field around the quadrotor drone. 

 

 
Fig. 8. Variations of velocity and turbulence intensity for the vertical boundary flow field with the vertical distance from 
the bottom of the drone. 

 

peaks were analyzed by GC-FID when the NTS was 
equipped on the bottom of the drone. The downwardly 
flowing streams of air from the rotating propellers must be 
carefully considered to prevent the disturbance of airborne 
compounds. 

Table 1 shows the VOC exhaust concentrations from the 
chimney that were obtained using different 
sampling/monitoring methods. The concentrations, sampled 
with an NTS and Teflon air bags and examined with a 
GC-FID, were very close to each other, so an NTS on a 

quadrotor drone can provide representative air samples like 
those collected using Teflon air bags. In practice, a drone 
with an NTS can sample air pollution at a high altitude, 
such as emissions from the pressure relief valves (PSVs) of 
a big reserve tank in a petrochemical factory. 
 
CONCLUSIONS 
 

This investigation shows that an NTS on a quadrotor 
drone can be used as a mobile device for sampling  
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Fig. 9. Variations of velocity and turbulence intensity for the horizontal boundary flow field with the distance from the 
front propellers’ center of the drone. 

 

 

 
Fig. 10. (a) Chromatographic analysis diagram of VOCs extracted via the telescoping NTS on the drone. The main VOCs 
(and their residence times) are toluene (2.7 min), ethylbenzene (3.2 min), and p-xylene (3.4 min). (b) Very small peaks 
were analyzed when the NTS was equipped on the bottom of the drone. 

 

Table 1. Comparison of VOC concentrations by using different sampling/monitoring methods. 

VOC concentration ranges (ppm) Ambient weather 
conditions Collected via a NTS on a drone Sampling by Teflon bags Detecting by a monitor 

Toluene 142 ± 20(a) Toluene 140 ± 15(b) TVOCs 1,287 ± 202(c) See Notes(d) 
Ethylbenzene 359 ± 23(a) Ethylbenzene 327 ± 20(b)    
p-Xylene 176 ± 19(a) p-Xylene 160 ± 8.5(b)    

Notes: 
(a) Mean values are for 8 NTS samplings; and the extraction duration time is 15 min per NTS sample. 
(b) Mean values are for 8 Teflon bag samplings; and the collecting time is 1 min per bag sample. 
(c) Continuously monitoring period is 120 min; the reading values are the equivalent concentrations when the monitor is 
calibrated by isobutylene, and if the values are multiplied to the mixed correction factor 0.487, provided by RAE Systems 
Inc. (2016), the corrected TEX combined concentrations are 627 ± 98.4 ppm. 
Wind speed and temperature monitoring period is 120 min. Wind speed and temperature ranked 0.58 ± 0.34 m s–1 and 27.3 
± 0.4°C, respectively. 
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atmospheric pollution at a high altitude. However, the fast 
downward air flow resulting from the rotation of the 
drone’s propellers must be prevented from disturbing the 
distribution of ambient contaminants. We modeled the 
flow streams to identify the optimal position for an NTS 
on a drone and experimentally proved the feasibility of 
operating a telescoping sampling shaft. 

The NTS, being a mini-sampler, is the critical apparatus 
in this mobile system and can be attached to the target 
drone along with a ventilation pump and a small circuit 
board for operating the pump. These accessories only total 
approximately 200 g in mass; thus, the proposed NTS 
system outperforms Teflon sampling bags or stainless steel 
canisters for drone sampling. 
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