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Abstract
Multicopters are used for a wide range of applications that often involve approaching buildings or navigating enclosed
spaces. Opposed to the open spaces in obstacle-free environments commonly flown by fixed-wing unmanned aerial vehicles,
multicopters frequently fly close to surfaces and must take into account the airflow variations caused by airflow rebound. Such
disturbances must be identified in order to design algorithms capable of compensating them. The evaluation of ground, ceiling
and wall effects using two different test stands is proposed in this work. Different propellers and sensors have been considered
for testing. The first test setup used was placed inside terraXcube’s large climatic chamber allowing a precise control of
temperature and pressure of around 20°C and 1000 hPa, respectively. The second test setup is located at the University of
Denver (DU) Unmanned Systems Research Institute (DU2SRI) laboratory with a stable pressure of around 800 hPa. Two
different fixed 6 degrees of freedom force-torque sensors have been used for the experiments, allowing to sample forces and
moments in three orthogonal axes. The tests simulate a hovering situation of a quadcopter at different distances to either the
ground, the ceiling or a wall. The influence of the propeller size, rotation speed, pressure and temperature have also been
considered and used for later dimensionless coefficient comparison. A thorough analysis of the measurement uncertainty is
also included based on experimental evaluations and manufacturer information. Experimental data collected in these tests can
be used for the definition of a mathematical model in which the effect of the proximity to the different surfaces is evaluated.

Keywords Unmanned aerial vehicle · Wall effect · Ground effect · Ceiling effect · Quadrotor · Autonomous vehicles ·
Disturbance modelling

1 Introduction

The use of multicopters in indoor environments is becoming
more common due to the automation of simple tasks such
as surveillance [1] or warehouse activities [2, 3]. Particularly
for indoor environmentswhereGPS signal is frequentlyweak
or absent, unmanned aerial vehicles (UAVs) must be able to
navigate in a robust safe way, flying close to walls, the ceiling
or the ground.

The analysis of the airflow rebound effects caused by
nearby surfaces has been a subject of study for helicopters
since the 1950s. Initially, the influence of the ground and its
effect during low flights was studied. Also known as ground
effect, it is a well-known phenomenon with frequent men-
tions in literature, while ceiling and wall effects are not as
common. Ground effect was initially studied from a the-

Extended author information available on the last page of the article

oretical point of view based on the method of images by
Cheeseman & Bennett [4]. This aerodynamic model rep-
resented the rotor of the helicopter and the ground as two
sources of equal strength, causing the induced velocity at the
rotor to be reduced in close vicinity to the ground. Themodel
was later on compared to real single-rotor helicopter flights,
stating that the theoretical approximation is acceptable for
values of distance to the ground greater than 0.6 times the
radius of the rotor and low values of aircraft speed. Since
then, many experimental tests have been performed for both
single-rotors [5, 6] and complete multi-copters [7–9], com-
paring real data to the theoretical model for helicopters. In
[8] and [9], a test bench capable of measuring the thrust of
the complete vehicle is used. In both cases, quadcopters are
fixed to a force sensor and the ground surface is movable.

Ceiling effect is often studied as an analogous case to
that of ground effect. Such is the case of [10], where the
same setup as in [9] is used and the results are compared to
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the ground effect model proposed by Cheeseman & Bennett.
Also in [11], ceiling and ground effects are evaluated exper-
imentally for both a single rotor and a quadrotor having as
a reference the same Cheeseman & Bennett model. In [12]
ground and ceiling effect experiments are conducted using
a load cell and a static test bed. The results are validated
with indoor flights and a VICON motion capture system.
The results are applied to a surface-based optimal path plan-
ning algorithm that aims to reduce the thrust command when
flying close to grounds and ceilings. Ceiling effect alone is
frequently studied for bridge inspection [13–15], in which
the experimental validation of the proposed models is also
included. In [13], single-rotor and full quadcopter tests of
ceiling effect are performed using the same test stand as
in [8]. A mathematical model similar to the Cheeseman &
Bennett’s ground effect model is proposed. A custom UAV
platform is later on designed to fly in contact with the ceil-
ing and prove the advantages of this effect in terms of flight
autonomy. In [14], the modelling and control design of a
quadcopter are implemented for full contact bridge inspec-
tion missions. Authors in [15] address ceiling effect from
a momentum theory point of view performing a later com-
parison to experimental results for a single rotor. In [16], an
analysis on battery life is performed comparing UAVs flying
close and away from the ceiling in time-fixed missions. Tak-
ing advantage of the thrust caused by the ceiling proximity,
the use of the battery is reduced, extending the lifespan of
the battery by 15.77%.

In [17–19] ground, ceiling and wall effects are experi-
mentally evaluated. Conyers et al. [17] describe wall effect
as a combination of a force and a pitching moment both
towards thewall and independent fromeach other.Wall effect
is evaluated using a fixed load cell and a quadcopter UAV in
which the wall is positioned at different distances. Forces
and torques are measured while simulating a hovering situ-
ation. In [20], a similar study is performed inside a climatic
chamber in which the effect of pressure is considered in wall
effect tests. In [18], the single-rotor and tandem rotor aircraft
are studied for wall effect evaluation, taking into account
only the total force measured in the perpendicular direction
to the rotor plane. A single axis force sensor was used for this
scope and the effect of the wall was considered negligible.
Tests combining ground andwall effect were also performed.
In [19],MEMS sensors are used for themeasurement of pres-
sure changes when flying near walls, ground and ceiling in
order to characterize the differential pressure profiles when
no distance measurement is available. Even if some research
on the experimental evaluation of wall effect can be found in
literature, most results are obtained from computational fluid
dynamics (CFD) simulations [21–24].

This work is an extension of [25], in which additional
experimental results are included. In the previous work, only
results for wall effect were presented, considering three dif-

ferent levels of pressure and 8”x4.5” and 10”x4.7” propeller
diameters. As a novelty in the present work, the analysis of
ground and ceiling effects is included.Additional tests ofwall
effect are also performed while comparing two test setups at
two independent facilities: terraXcube at EURAC Research
and University of Denver.

The structure of this study is organized as follows. In
Section 2, the setup and facilities are presented, the materials
used to build the multicopter and the wall used for the exper-
iments are described for each one of the facilities. The test
methodology is assessed in Section 3, remarking the differ-
ences in the data collection processes and testing procedures.
A description of the nondimensionalization process of forces
and torques necessary to compare results obtained in differ-
ent environmental conditions is provided in Section 4.A brief
description of the measurement uncertainty evaluation pro-
cess is given in Section 5. In Section 6, the most significant
results are shown and commented, including comparisons
amongst all the variations introduced in the tests and their
uncertainty ranges. Eventually, in Section 7 the results are
summarized and possible future development of the work is
indicated.

2 Experimental Setup and Facilities

The test sessions take place at two different facilities: terraX-
cube, EURACResearch in Bolzano, in a large environmental
chamber (LEC) and at the University of Denver (DU). The
terraXcube LEC has a usable volume of 360 m3 (12 m x 6
m x 5 m) that can simulate the most extreme environmental
conditions on Earth’s surface, allowing the synchronous con-
trol of multiple complex environmental parameters for long
duration analyses.

In the University of Denver Unmanned Systems Research
Institute (DU2SRI) laboratory at the University of Denver,
pressure and temperature have been logged at every test
instance for later post-processing. The experiments con-
ducted in this lab are subject to low pressure values due to
the elevation of the city of Denver (1609 m above mean sea
level).

In the field of multicopters, variations of climatic condi-
tions are often employed to test harsh operation environments
such as the ones encountered during search and rescue mis-
sions or exploration of deserted areas that could be hazardous
for humans to explore. In [26, 27] and [28], experimental
tests were conducted at terraXcube making use of the same
force-torque sensor used in this work. The authors emphasize
the lack of data points involving multicopter performance
in extreme climatic conditions. For this reason, single-rotor
tests were performed at different pressure and temperature
levels to evaluate thrust and power amongst other parame-
ters. In [27], a more complete study is presented including
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full vehicle tests using a custom quadcopter. In [28] battery
performance at different temperatures (from 25°C to -20°C)
and altitudes (from 0 m to 5000 m) is analysed. The combi-
nations of pressure and temperature parameters are chosen
specifically to simulate a standard Alpine environment. In
[29], higher altitudes (up to 9000 m) and different payloads
(0-4 kg) are tested during free flight of a quadrotor inside the
climatic chamber to asses the difficulties of planning a safe
flight in a high altitude setting.

The evaluation of ground [9], ceiling [10] and wall effects
[17] has been studied in previous works at the University
of Denver. Tests were conducted for single propellers and
a full vehicle for ground and ceiling effects using 9”x4.5”
nylon propellers. A model for ground effect was obtained
based on experimental data in [17], while the modelling of
the remaining two effects was left as a future work.

In this work, the experimental assessment of wall effect
was conducted in two different locations using part of the
equipment used in previous publications by Conyers et al.
[17] and Scanavino et al. [30]. In Section 2.1, a more detailed
description of the material used in each facility is provided.

2.1 Equipment and Infrastructure

The first test sessions took place at terraXcube, a research
facility, while the second test sessions were conducted at the
University of Denver. In both cases, a quadcopter structure
was fixed to a force-torque sensor attached to a heavy unmov-
able structure. Then, the various surfaces are placed nearby
the test stand to evaluate the different phenomena. At Univer-
sity of Denver, only wall effect experiments were conducted.
A description of the different testing equipment is provided
hereafter.

2.1.1 Equipment at TerraXcube

The tests were conducted inside a climatic chamber with the
possibility of controlling the pressure and temperature of the
environment. For the experiments, these values have been
kept constant at 20°C and 1000 hPa, respectively. The force-
torque sensor used for these experiments is the JR3 30E15A4
[31], a 6 degrees of freedom (DOF) sensor with a capacity
of ±200 N (Fx , Fy), ±400 N (Fz), ±16 N·m (Tx , Ty , Tz)
and a resolution of 0.025 N (Fx , Fy), 0.05 N (Fz) and 0.002
N·m (Tx , Ty , Tz) with a stated accuracy of ±0.25% of all
measurement ranges. All the measurements are acquired in
digital mode using an Ethernet cable to connect the sensor
to a board installed in the data collection computer. The test
stand to which the sensor is attached consists on a tripod base
structure with a hollow central cylinder that is filled with
25 kg of sand as in [27] to reduce mechanical vibrations.
The cap on top of the cylinder is designed to fix the force-
torque sensor. The propeller sizes tested in this facility were

10”x4.7” and12”x5”.TwoUNI-TUT371digital tachometers
are placed at the base structure of the tripod that supports the
sensor. This way, the rotation speed of two motors is logged
directly into a PC thanks to their USB connector and software
interface. The pulse-width modulation (PWM) signal sent to
the Electronic Speed Controllers (ESCs) is generated by an
Arduino UNO.

The quadcopter is constituted by four square aluminum
arms that are fixed at the center of the structure. Indi-
vidual motor supports are built and attached to each arm
using pressure screws so that the positions of the motors
can be changed if required. The distance between two non-
consecutive motors is 500 mm, placing all motors at equal
distances from each other forming an ‘x’ configuration.
Additionally, all motors lay at the same height. The UAV
is powered using an APM SP-1U/2U Series power supply
to avoid inconsistencies in voltage level encountered when
using battery power sources. The APM power supply is
capable of providing an adjustable level of voltage with a
maximum of 800 V and a limit of 60 A.

The movable structure used to simulate the different sur-
faces can be seen in Fig. 1a and is composed by two main
panels: 1) the ground or ceiling panel placed above the UAV
and 2) the wall, found next to the tripod under the upper
panel. Those two planes can be moved independently to be
fixed at different distances with respect to the test stand. The
upper surface acts as ground or as ceilingwhen the propellers
are inverted or not, respectively. This surface has a reflective
panel attached to it for the use of the tachometers.

2.1.2 Equipment at DU

The setup used for this experiments is constituted by a part
of the setup used in [17], specifically the force-torque sensor,
the quadcopter structure and the test stand tripod. The sensor
is the ATI Mini40 [32] with the standard calibration US-20-
40, which states a capacity of ±88.9 N (Fx , Fy), ±266.9 N
(Fz), ±4.5 N·m (Tx , Ty , Tz) and a resolution of 0.022 N
(Fx , Fy), 0.045 N (Fz) and 0.0006 N·m (Tx , Ty , Tz). The
sensor is connected in a single-ended configuration to the
National Instruments USB-6008 Digital Acquisition (DAQ)
board that is connected to a PC. The tripod that holds the
sensor has a hollow central cylinder filled with 20 kg of sand
to reduce mechanical vibrations. The quadcopter frame is
analogous to the one used previously at terraXcube but with
a larger arm length of 44.5 cm. In this work, the speed of
the motors is recorded using four SICKWLA16P photoelec-
tric sensors [33] coupled with their own reflective surfaces
placed over the test stand. These sensors are connected to an
Arduino Mega 2560 Rev3 that is connected to the data col-
lection computer. Also, an Arduino UNO is part of the setup
as it controls the PWM signal sent to the ESCs.
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Fig. 1 Experimental setups
found at the two testing facilities

The quadcopter is constituted by four square aluminum
arms fixed at the center of the structure. Individual motor
supports are built and attached to the extremes of the arms
such that the distance between two non-consecutive motors
is 890 mm. All motors are placed at equal distances from
each other forming an ‘x’ configuration. All motors lay at
the same height.

The movable structure in this case is constituted by a ply-
wood wall that is fixed to a wheeled base that facilitates the
distance changes (Fig. 1b). A plywood square is positioned
above the test stand with four identical reflectors for the pho-
toelectric sensors. This square remains fixed as well as the
test stand during all the experiments. The only movable part
of the setup is the wall, that can be fixed by applying the
brakes of the base wheels.

The quadcopter components and instrumentation can be
found in Table 1 for both testing facilities.

3 Test Methodology

In this work, the experimental procedures used in the lab-
oratories described above are very similar to each other. In
both experimental sessions, fixed UAV tests are conducted,
simulating an ideal hovering situation in which the surfaces
are approached to the vehicle. An automatic PWM cycle is
loaded and the data from the force-torque sensor is logged
together with the tachometer and environmental data.

Each test has been conducted using a microcontroller that
changes the PWM signal. This signal is sent to all ESCs
in such a way that all motors receive the same input. Tests
have been commanded with an ascending stair-shaped PWM
signal whose complete cycle is repeated twice. Each step of
the stair-shaped signal is kept constant for a sufficient amount
of time to ensure that all signals reach a steady state.

Table 1 Setup characteristics
Parameter Setup 1a Setup 2b

Arm length 25 cm 44.5 cm

Tachometers UNI-T UT371 SICK WLA16P

Power supply APM SP-1U/2U Series ARTESYN DS550-3

ESC 20 A 50 A

Motors T-Motor 2212-18MN 920Kv Leopard 2835-12T 690kv

Propeller 1 10”x4.7” 10”x4.5”

Propeller 2 12”x5” 12”x6”

Propeller 3 13”x6.5”

a Test setup used at terraXcube, EURAC Research Bolzano, Italy
bTest setup used at University of Denver, USA
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SIDE VIEW
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Fig. 2 Ground and ceiling effect axis and distance referencing

In this section as well as in Section 6, the symbols Fz∞
and n∞ are used to refer to the levels of total thrust and
rotor speed placing the UAV far from any surface to avoid
perturbations. The PWM values obtained for those force and
speed levels are later on used for testing ground, ceiling and
wall effects. Through this method, the authors intend to start
from a known operation point from which the command is
kept constant. This way, the changes in forces, torques and
rotor speeds are due solely to the presence of disturbances.

3.1 Ground and Ceiling Effect TestingMethodology

For the evaluation of ground and ceiling effects all tests have
been performed at terraXcube. The distances used for these
experiments are: 5 cm, 15 cm, 25 cm, 35 cm and 100 cm
and remain unchanged for both propeller sizes: 10”x4.7” and
12”x5”. They are measured as depicted in Fig. 2. Ground
effect tests require the change of polarity of the ESCs and

the inversion of the propellers. The surface used to emulate
the ground is placed above the setup allowing it to remain
almost unchanged and it is the same surface used for ceiling
effect experiments.

PWM command values and duration can be seen in Fig. 3.
For all experiments conducted at terraXcube, the panel place
above the setup can be placed as far as 1 m distance. It is
required for the placement of a reflective surface in order to
obtain a reliable tachometer signal and cannot be placed any
further.

The tests consist in ascending PWM levels that are
repeated two times as it can be seen in Fig. 3. Each PWM
level is maintained for 50 seconds and then switched to the
next. In Table 2 each PWM value tested corresponds to a
level of total thrust Fz∞ and a level of average rotation speed
of the rotors (n∞).

The levels of Fz∞ (total thrust) and n∞ (average rotor
speeds) used for comparison were chosen based on the lim-
itations of each propeller. The maximum rotation speed
achieved with 12”x6” propellers is 4000 RPM (revolutions
per minute) and it will be lower than the one obtained with a
propeller of a smaller size. The exact opposite is observed for
thrust values, were the smaller propeller will reach a lower
value (12.8 N). Once the maximum values and the respective
halves are found and tested for forces and rotation speeds,
the PWM mapping is complete.

3.2 Wall Effect TestingMethodology

To evaluate wall effect, different distances between the UAV
and awallmust be tested. The distance to thewall ismeasured
as a function of the radius of the propeller being used at each
test. Such distance is often replaced by the relationship D/R,
with D being the real distance to the wall and R the radius
of the propeller. Distance is measured from the axis of the
motors closest to the wall. This way, when we are aiming at a
distance of one radius of the propeller (1R),we are placing the
UAV as close to the wall as possible, preventing propellers
from touching the wall by a distance of 1 mm ± 0.14 mm.
It must be noted that even if the D/R ratio is equal, the real
distance tested is not identical when using different propeller

PWM [μs]

800 μs

0 N

4000 RPM

12.8 N

2000 RPM

6.4 N

1109 μs

1524 μs

1641 μs

2000 μs

Time [s]

10"x4.7"

PWM [μs]

Time [s]

12"x5"0 N

4000 RPM

12.8 N

2000

6.4 N

800 μs

1219 μs

1387 μs

1719 μs

2000 μs

50 s 50 s

Fig. 3 PWM mapping for tests conducted at terraXcube
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Table 2 PWM-Fz∞-n∞
mapping and testing parameters
at terraXcube

Value 10”x4.7” 12”x5”

PWM [μs] 1109 1524 1641 2000 1219 1387 1719 2000

Fz∞ [N] 1.8 6.4 8.4 12.8 3.5 6.4 12.8 15.5

n∞ [rev/min] 2000 3386 4000 4800 2000 2600 3700 4000

Ground/ceiling effect distances [cm] 5, 15, 25, 35, 100

Wall effect distances [D/R] 1, 1.5, 2, 2.5, 3, ∼10

F/T sensor JR3 30E15A4

Sampling rate [Hz] 10

Duration of PWM level [s] 50

Number of levels 4

sizes. In this work, R∞ is used to indicate a distance to the
wall that is greater than ten times the radius of the propeller
(D � 10 · R). At such distance, the effect of the wall can be
considered negligible [17].

The orientation of the UAVwith respect to the wall can be
seen for both cases in Fig. 4c. The axes disposition for each
the JR3 and the ATI Mini40 sensors is also shown in Fig. 4a
and b, respectively. The distance to the wall D is measured
from the axes of the motors closest to it.

The orientation in which a one rotor is the closest to the
wall has been overlooked in this work due to the small scale
of the forces and torques to be measured. In such case, forces

and torques would be smaller due to the action of only one
rotor in proximity of the wall. The differences between the
testing procedures at the two testing locations are described
hereafter.

3.2.1 Test Methodology at TerraXcube

The tests conducted at terraXcube use the same F/T sensor as
in [34]. The JR3 F/T sensor has a maximum sampling rate of
10 Hz using the digital data collection mode. The sixth filter
available in the interface has been used for the reduction of
noise in the logged data. Fourth order Butterworth filters are

Fig. 4 Axes and orientation for
wall effect experiments at the
two testing facilities
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Fig. 5 Different testing orientations for wall effect evaluation at DU

implemented in the Analog to Digital converter (ADC) and
can be selected from the interface. The data is directly used
for post-processing without any further filtering. The tests
have been conducted considering only one orientation of the
setup (see Fig. 4a) and repeating each test twice. The first test
is commonly discarded as it is usually performed with cold
motors. The second test is considered for post-processing.
The parameters for these test are the same as in the case
of ground and ceiling effect evaluation and are reported in
Table 2. Considering the orientation of the F/T sensor with
respect to the wall, the forces and torques recorded by the
load cell must be rotated during post-processing to obtain a
single value for FWall and MWall . The results of the wall
effect experiments conducted in this facility presented in this
work comprise only 10”x4.7” and 12”x5” propellers. The use
of smaller propellers has been discarded in the present work.

It was established in [20] and [25] that smaller propellers
produce low values of forces and torques in wall effect tests
that are challenging to capture with the available setup. The
distances tested for wall effect evaluation in this facility are
the following: 1 R, 1.5 R, 2 R, 2.5 R, 3 R and R∞.

3.2.2 Test Methodology at DU

An ad-hoc software has been created for the data logging
of the ATI Mini40 F/T sensor. The use of the NI-USB-6008
DAQ to transform the analog data coming out of the sensor
allows the user to achieve a faster sample rate than in the case
of the JR3 sensor. A sample rate of 150 Hz was used and the
raw data is filtered during post-processing, not during testing.
A fifth order Butterworth filter is used for this purpose.

Only wall effect tests were conducted in this facility, also
using different distances from the ones in previous tests. The
tests consist in two cycles of ascending PWMvalues that stay
constant for 15 seconds each. As in [17], the wall is placed
on the four orientations with respect to the UAV as reported
in Fig. 5. Then, each distance and orientation is tested five
times. The average between all four orientations is obtained
to eliminate possible setup imbalances or sensor coupling
effects.

The thrust and rotation speed levels that have been tested in
this facility are the following: 8 N, 10N, 12N, 14N and 3000
RPM. The propeller dimensions tested are 10”x4.5”, 12”x6”
and 13”x6.5”. In Table 3, the PWM mapping for these tests
can be seen. As stated before, each PWM value tested cor-
responds to a level of total thrust Fz∞ and a level of average
rotation speed of the rotors. These values are obtained previ-
ously to actual tests, placing the UAV far from any surface.
Then, the PWM commands found through this process are
used for all tests.

A schematic of the test structure is presented in Fig. 6.

Table 3 PWM-Fz∞-n∞ mapping and testing parameters at DU

Value 10”x4.5” 12”x6” 13”x6.5”

PWM [μs] 1371 1500 1570 1632 1676 1430 1529 1586 1636 1681 1441 1478 1513 1520 1544

Fz∞ [N] 4.3 8 10 12 14 5.5 8 10 12 14 8 10 12 12.5 14

n∞ [rev/min] 3000 4000 4400 4800 5200 3000 3600 4000 4400 4700 2500 2800 3000 3100 3250

Wall effect 1, 1.25, 1.5, 1.75, 2, 2.5, 3, ∼ 10

distances [D/R]

F/T sensor ATI Mini40

Sampling rate [Hz] 150

Duration of 15

PWM level [s]

Number of levels 5
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PWM [μs]

800 μs

0 N

10 N

12 N

4.3 N
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Time [s]

10"x4.5"

15 s

1676 μs

14 N

PWM [μs]

800 μs

0 N

10 N

4000 RPM
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3000 N

8 N

1430 μs

1529 μs

1586 μs

1636 μs

Time [s]
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15 s
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0 N

10 N
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Time [s]
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Fig. 6 PWM mapping for tests conducted at DU

4 Data Reduction

For the comparison of test data collected at different facilities
and environmental conditions, the reduction or nondimen-
sionalization of the data is required. For this purpose, the
following expressions are used [27]:

cT = Fz
0.5ρn2d4

(1)

cF = FWall

0.5ρn2d4
(2)

cQ = MWall

0.5ρn2d5
(3)

where cF , cT and cQ are the force, thrust and torque coeffi-
cients, respectively. FWall andMWall are the force and torque
values in the direction of the wall, Fz is the thrust force of the
complete UAV, ρ is the air density computed using the ideal
gas lawEq. 5, n is the average of the rotor speeds [rev/s] and d
is the propeller diameter. Data reduction is considered for all
tests for an easier comparison between propeller diameters
and pressure differences.

5 Measurement Uncertainty

In this section, the evaluation of the uncertainty of the mea-
surements present in this work is introduced. The analysis
is based on the Guide to the expression of uncertainty in
measurement (GUM) [35] and all uncertainty ranges in this
manuscript are indicated for a 95%confidence interval (k=2).
In the text, numerical values reference the relative expanded

uncertainty (REU), computed as in Eq. 4, where U (xi ) is
the combined expanded uncertainty and |xi | is the absolute
value of the measurement. First, an analysis of each F/T sen-
sor together with their available uncertainty information is
provided. Then, the formulation to obtain uncertainty values
for forces and torques is explained. Finally, the dimensionless
coefficient uncertainty is addressed. Refer to the supplemen-
tary information (SI) material [36] for a detailed description
of the measurement uncertainty evaluation.

REU = U (xi )

|xi | � |xi | �= 0 (4)

For values of |xi | very close to 0, instead of the REU the
expanded uncertainty is reported.

6 Results

In this section, the results obtained during the experimen-
tal tests are summarized and presented. Initially, the results
from each one of the effects are presented individually in
the following order: ground effect, ceiling effect, wall effect.

Fig. 7 Ground effect setup layout
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Fig. 8 Ground effect results for 10”x4.7” and 12”x5” propellers. Circles refer to the total thrust obtained when giving the PWM command obtained
for Fz∞. Crosses indicate the thrust achieved for the PWM command obtained for n∞

The results are also shown considering the temperature and
pressure variations of the environment by the computation
of the corresponding force and torque coefficients including
the corresponding uncertainty ranges. Then, the effect of the
air density on the total thrust of the quadcopter is analyzed
comparing the data collected in the various facilities for wall
effect experiments. Also, the distance to the wall is compared
to the thrust of the full quadcopter.

Constant values of total vehicle thrust Fz∞ and n∞ for all
the motors are set throughout the tests in order to facilitate
the comparison between them. Such levels are described in
Tables 2 and 3 for the tests conducted at terraXcube and DU,
respectively.

The data obtained for the evaluation of ground, ceiling and
wall effects is available at the SI repository.

Fig. 9 Ground effect thrust coefficients at different levels of PWM
for Fz∞ and n∞. Hollow circles refer to the coefficient values obtained
when giving the PWM command obtained for Fz∞. Full circles indicate
the coefficients achieved for the PWM command obtained for n∞

6.1 Ground Effect

The horizontal surface is placed above themulticopter, which
propellers have been inverted together with the motor polar-
ity. Each propeller is flipped and two cables connecting each
ESC to each motor are swapped, changing the direction of
rotation of the motors. This ensures that the rotation of the
motors is in accordance with the propeller direction of rota-
tion. The airflow is consequently directed upwards, causing
the surface to act as ground. The thrust component is mea-
sured as a negative force by the F/T sensor. All values of
forces have been converted to positive values during post-
processing for convenience. In Fig. 7, the test layout for
ground effect experiments is shown.

The distances tested are the following: 5 cm, 15 cm, 25
cm, 35 cm and 100 cm. No variations in temperature and

Fig. 10 Relationship between total thrust OGE and rotational speed of
the motors
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Fig. 11 Ceiling effect setup layout

pressure were defined during these tests, remaining constant
around 20°C and 1000 hPa.

In Fig. 8, the result of the tests for 10”x4.7” and 12”x5”
propellers are shown. A UAV is considered out-of-ground
effect (OGE) when the distance from the rotor plane to the
ground has no effect on the total thrust of the vehicle. In these
experiments a value of D > 6R has been considered OGE
due to setup constraints.

In Fig. 8a, points obtained with the PWM corresponding
to n∞=2000RPMand Fz∞ = 6.4N are shown.As expected at
equal values of n∞, the two propeller sizes produce different
levels of total thrust OGE. At equal thrust levels (Fz∞), both
propellers increase the total thrust of the vehicle by a value
close to 2Nwhen placed at 5 cm to the ground. On the case of
command based on n∞, a lower gain is obtained. Uncertainty
error bars are not significantly visible due to the wide range
of forces displayed. Uncertainty values range from 1.25% up
to 3.9% depending on the operation point.

The cases with a command corresponding to n∞ = 4000
RPM and Fz∞ = 12.8 N are shown in Fig. 8b. The n∞ = 4000
RPM results indicate and increase in thrust of 2.3 N in the
case of the 10”x4.7” propellers and an increase of near 5 N in
the 12”x5” case. The Fz∞ = 12.8 N tests produce a increase
of 2.3 N for the 10”x4.7” propellers and 3.8 N for the 12”x5”
propellers.As expected, a bigger propeller diameter produces

a greater increase in thrust as a higher volume of airflow is
being pushed against the ground. Uncertainty values remain
in the range of 0.5% and 0.9%.

In [9], ground effect on full quadcopters is different from
the single propeller effect by a detrimental thrust perfor-
mance in the area 1.5R < D < 2R. After this zone, an
increase in thrust is produced that lasts until D ≈ 9R. In
the present work, such tendency is not clearly observed due
to the lack of datapoints in the zone 3R < D < 6R. More
tests must be conducted to completely characterize this phe-
nomenon.

In Fig. 9, the force and torque coefficients corresponding
to the datapoints in Fig. 8 are presented considering the real
distances to the ground and the uncertainty ranges based on
each operation point. As it was expected, the value of cT
characterizes the behavior of each propeller regardless of the
different values of PWM. This result can be explained by
analyzing the relationship between Fz and n, since the rest of
the parameters in Eq. 1 remain close to constant during these
experiments. The uncertainty ranges are strongly dependant
on the coefficient formula and variables. Uncertainty values
range from 0.4% to 4.6%.

The relationship between total thrust and rotor speed can
be seen in Fig. 10, where a parabolic tendency is observed
(Fz ∼ n2). Two points are found at each RPM value which
correspond to the two measurements of the F/T sensor at
that propeller speed that are obtained by repeating the PWM
stair command twice per test (see Fig. 3). The results in
Fig. 9 are in accordance with this relationship since the ratio
Fz/n2 remains nearly constant for each propeller type. No
uncertainty ranges have been included in Fig. 10 as they are
considered negligible in the ranges depicted.

6.2 Ceiling Effect

A ceiling is simulated by placing a 1 m2 surface above the
test bed. The propellers are installed in the regular position,

Fig. 12 Ceiling effect results for
10”x4.7” and 12”x5” propellers.
Circles refer to the total thrust
obtained when giving the PWM
command obtained for Fz∞.
Crosses indicate the thrust
achieved for the PWM
command obtained for n∞
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Fig. 13 Ceiling thrust coefficients at different levels of PWM for Fz∞
and n∞. Hollow circles refer to the coefficient values obtained when
giving the PWM command obtained for Fz∞. Full circles indicate the
coefficients achieved for the PWM command obtained for n∞

directing the airflow downwards. In Fig. 11, the setup for
these experiments can be seen.

Testing the same levels of thrust and RPM as in the ground
effect case, the results obtained are displayed in Fig. 12.

The increase of thrust in the case of ceiling effect is less
significant than in the case of ground effect. In Fig. 12a,
the greatest increase in thrust is obtained for the 10”x4.7”
propellers in the fixed thrust case with an extra 1.85 N. For
Fz∞=12.8 N, the smaller propellers obtain a difference of 2.7
N and the bigger propellers 2.5 N. At n∞=4000 RPM, small
and big propellers obtain a gain of 2.2 N and 2.7 N, respec-
tively. A value of D > 6R is considered out-of-wall effect
(OWE) in this work. As for ground effect force results, uncer-
tainty error bars are not significantly visible due to the wide
range of forces displayed. Uncertainty values range from a
0.5% up to a 3.9% depending on the operation point for both
Fig. 12a and b.

The dimensionless coefficients corresponding to the results
in Fig. 12 are shown in Fig. 13.

A similar behavior as for ground effect is presented for
ceiling effect thrust coefficients, where uncertainty values
range from a 0.4% to a 4.6%.

As expected, coefficients from ground and ceiling effect
tests are found in the same range, with 12”x5” coefficients
being lower in the ceiling effect case due to the lower thrust
gain obtained in this case. As it can be seen in Fig. 14, as
the UAV gets closer to a horizontal surface, the total thrust
increases. This can be confirmed by the results obtained for
both ground and ceiling effect tests. The curve that describes
the relationship between rotor speed and total thrust becomes
steeper as the UAV approaches the ground or ceiling. No
direct conclusion can be obtained about the variations in rotor
speed as distance to both surfaces is reduced.

6.3 Wall Effect

Wall effect has been tested in the two experimental facilities
presented in Section 2.1. The results are first analyzed sepa-
rately, then a comparison is made in terms of total thrust of
the vehicle to assess the effect of air density, propeller type
and influence of the wall in the total thrust of the quadcopter.
Uncertainties are reported as expanded uncertainty values
instead of relative expanded uncertainties due to the values
of the coefficients having values very close to 0, causing the
relative uncertainty to lose its purpose.

6.3.1 Wall Effect Tests at TerraXcube

Preceded by the results from [20] and [25], bigger propellers
have been tested as a consequence of the scarce information
obtained with propellers with d ≤ 9”. In this case, the two
propeller sizes used are: 10”x4.7” and 12”x5”. The setup
used can be seen in Fig. 1a.

In Fig. 15, the torque and force coefficients for 12”x5”
propellers can be seen. Figure 15a, the comparison in terms

Fig. 14 Relationship between
motor speed and total thrust of
the UAV in and out of ground
and ceiling effects for 12”x5”
propellers
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Fig. 15 Wall effect results for
12”x5” propellers. Crosses refer
to the coefficient values
obtained when giving the PWM
command obtained for Fz∞.
Circles indicate the coefficients
achieved for the PWM
command obtained for n∞

of RPM levels is made. In Fig. 15b, the comparison in terms
of total thrust is displayed.

The coefficients at D = 10 R are non zero due to the fact
that only one orientation has been tested in terraXcube. The
values of force and torque are therefore non zero and can be
affected by the uncertainty of the sensor and additional noise
components.

Nevertheless, an increasing pattern is detected when the
distance to the wall is reduced. The force coefficients remain
in the range between 0 and 0.01, while the torque coefficients
reach a value of 0.018 in the n∞=4000 RPM case.

The uncertainty value in Fig. 15a are around ±0.002 for
cQ whereas for cF , theminimumuncertainty value is±0.002
and themaximum reaches±0.007. For Fig. 15b uncertainties
have a minimum of ± 0.001 and a maximum of ± 0.002 for
cQ values whereas for cF , the minimum is ± 0.002 and the
maximum reaches ± 0.004.

In Fig. 16, the results for 10”x4.7” propellers are shown.
The uncertainty ranges for the lower rotation speed coef-
ficients for both propeller sizes are wider than for the other
cases. This is due to the definition of the coefficients, inwhich
the value of the n or rotation speed has a great weight, which
becomes amplified in the expression of the uncertainties. In

Fig. 16a, the cQ has a maximum uncertainty of ± 0.01 and
a minimum uncertainty of ± 0.004. For cF , those values
increase reaching a maximum of ± 0.02 and minimum of ±
0.005. In Fig. 16b, cQ goes from ± 0.003 to ± 0.005 and cF
from ± 0.003 to ± 0.006.

In future experiments, all orientations will be tested and
the averaging of the data will provide clearer results with
lower uncertainty levels.

6.3.2 Wall Effect Tests at DU

Three different propeller diameters are tested in a robotics
laboratory, where the pressure and temperature remain at lev-
els around 23°C and 800 hPa.

In [17], the wall structure was placed on the four sides of
the setup and the average between such tests was conducted
in order to eliminate imbalances and other bias factors. In the
tests conducted at DU in the presentwork the same procedure
has been followed, in which all four orientations have been
tested. Additionally, each test is repeated five times. Four of
them are averaged to further increase steadiness and reduce
noise.

Fig. 16 Wall effect results for
10”x4.7” propellers. Crosses
refer to the coefficient values
obtained when giving the PWM
command obtained for Fz∞.
Circles indicate the coefficients
achieved for the PWM
command obtained for n∞
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In Fig. 17, the torques obtained for the three propeller sizes
tested are shown. As it can be appreciated for 10”x4.5” and
12”x6” propellers, the torque increases as the total thrust of
the vehicle is raised. When approaching the wall the torque
increases reaching values of around 0.05 N·m.

The resolution values for forces and torques for the ATI
Mini40 are 0.022 N and 0.0006 N·m, respectively. In this
case, the torques measured are two orders of magnitude
above the corresponding resolution limit. The uncertainty
bars remain at a value of ± 0.056 N·m, staying very close
to the manufacturer stated uncertainty. This indicates that
the most relevant uncertainty component for these measure-
ments is not the measure unsteadiness but the stated type B
uncertainty from the calibration certificate.

In Fig. 18, the force and torque coefficients for the
10”x4.5”, 12”x6” and 13”x6.5” propellers are shown. Such
coefficients have been obtained by averaging the force and
thrust coefficients of all levels presented in Fig. 17.

The coefficients obtained remain very close to each other,
suggesting a growing tendency when reducing the distance
to the wall. The uncertainty ranges of cQ are minimum for
12”x6” propellers with a value of ± 0.005. The maximum
value is found for 10”x4.5” at ± 0.01. For cF , the minimum
uncertainty is± 0.03 for 12”x6” and the maximum is± 0.06
for 10”x4.5” propellers. The uncertainty ranges for cF also
indicate that with such small coefficient values, any apparent

tendency is not reliable. The axes scaling is left constant for
all wall effect coefficients for an easier comparison.

The resolution of the JR3 sensor for the torques is 0.002
N·m, while the resolution for forces in the x and y axes is
0.025 N. The ATI Mini40 sensor has a resolution of 0.022 N
for Fx and Fy , while Mx and My have a resolution of 0.0006.
In [23], the CFD evaluation of wall effect for a 15”x5.5” pro-
peller quadcopter was performed obtainingmaximum values
of forces and torques of 0.098N and 0.075N·m, respectively,
at a distance of 1.2 R from the wall. Using these results as a
reference for experimental tests, wall effect forces for smaller
quadcopters would have values very close or under the res-
olution limit of both sensors. While both sensors should be
capable ofmeasuring the torques present in wall effect exper-
iments in terms of resolution, the stated uncertainty of the
ATI Mini40 has a value of ±0.06 N·m, which represents
a REU of 80% for a torque of 0.075 N·m. The computed
expanded uncertainty of the JR3 sensor for x and y values of
torques has a value of ±0.003, translating to a REU of 3.6%.
The choice of sensors must be made considering resolution
and uncertainty values of the force/torque sensors. Because
a complete uncertainty evaluation of the ATI Mini40 sensor
has not been performed, its suitability for wall effect exper-
iments has been proven to be poor based on the datasheet
information and comparison to CFD results. On the other
hand, thanks to the uncertainty evaluation performed for the

Fig. 17 Torque values for
10”x4.7”, 12”x6” and 13”x6.5”
propellers at different levels of
PWM obtained at Fz∞ obtained
at DU
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Fig. 18 Wall effect results for
10”x4.5” (black markers),
12”x6” (blue markers) and
13”x6.5” (red markers)
propellers at DU. Force and
torque coefficients average of all
levels of equal Fz∞

JR3 sensor, the JR3 sensor appears to be a more adequate
option for such tests.

6.4 Total Thrust inWall Effect Conditions

In this section, the impact on total thrust of the UAV during
near-wall flights is analysed. Using Eq. 1, the thrust coeffi-
cients can be obtained for the same test data gathered during
wall effect experiments.

The tests are conducted at ambient conditions in both facil-
ities, being 20°C and 1000 hPa for terraXcube and 23°C and
800 hPa for DU. The differences in temperature are almost
negligible, while the pressure has an important contribution
in the air density of each location. Following the Ideal Gas
Law in Eq. 5:

P = ρRT (5)

Where P is the pressure value, ρ is the air density, R is the
molar gas constant andT is the temperature. The approximate
densities obtained are 0.98 kg/m3 and 1.17 kg/m3 for DU and
terraXcube, respectively.

In Fig. 19 , thrust coefficients corresponding to all wall
effect tests are presented with respect to the air density and
distance to the wall. In Fig. 19a, the thrust coefficients cT
are shown with respect to the ratio ρ

ρDU
, where ρDU is the

density value at the University of Denver. Pink dots repre-
sent the average of the data points belonging to each point
cluster in Fig. 19a. Given the differences in pitch from the
propellers tested in the different locations, a direct compari-
son of the coefficient values cannot bemade. However, lower
pitch propellers obtain higher values of cT . In Fig. 19b, the
relationship between all thrust coefficients and the coeffi-
cients obtained away from the wall is shown with respect to
the distance of each test. All markers remain close to a ratio
value of 1, except for the 10”x4.7” propellers tested at ter-

Fig. 19 Total thrust coefficients
for all wall effect tests. Crosses
denote tests conducted at
terraXcube and circles are those
performed at DU
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raXcube that display a noisier behavior also noted in all the
results presented in the previous sections. The uncertainties
of the coefficient ratios obtained at terraXcube have a value
between a 0.9% and a 6.4% and are discrete compared to
the relative uncertainties for the DU data in which the values
go from a 33.5% up to a 108.5% relative to the ratio value.
The uncertainty levels for the ATI Mini40 sensor indicate
that no reliable conclusions can be obtained for DU tests.
On the other hand, the results obtained with the JR3 present
a lower uncertainty and therefore can be trusted on the fact
that no significant effect of the wall on the total trust of the
quadcopter is detected. This result is reached assuming that
the speed of the motors suffer no great variations during wall
effect tests, ensuring that Fz is the only parameter changing
in the cT expression. Then, one can conclude that the effect
of the wall has a negligible impact on the total thrust of the
UAV.

As predicted in [18], the effect of the wall on the total
thrust of the vehicle can be considered negligible.

7 Conclusions

An experimental evaluation of ground, ceiling and wall
effects for quadcopters has been performed taking into
account different testing parameters such as propeller size,
pressure levels and PWM commands. Ground and ceiling
effect experiments have confirmed the thrust gain caused by
the airflow rebound and suction, respectively. Ground effect
produces a greater increase in thrust than ceiling effect. In
both cases, a seemingly growing exponential tendency of
the total thrust of the vehicle is noticed when approaching
the respective surfaces. Thrust coefficients characterize each
propeller type tested, reaching the same values for different
levels of rotor speed and total thrust. Additionally, the rotor
speed is influenced by the presence of surfaces, decreasing in
the proximity of ceilings and increasing in the proximity of
the ground. In the case of wall effect, the distance to the wall
induces a pitching moment towards the wall with an appar-
ent exponential tendency. A similar situation is found for the
forces towards the wall, which grow when the distance is
reduced. The forces and torques measured in these experi-
ments have proven to be small and difficult to measure with
the sensors available. A thorough measurement uncertainty
analysis has been performed in order to provide a reliability
level to the data presented. The decrease of the air pressure
influences the vertical thrust and also the forces and torques
acting on aUAVwhen flying inwall, ground or ceiling effect,
making the experimental evaluation of these effects an even
greater challenge. This work aims to partially fill the experi-
mental gap existing in the literature regarding the evaluation
of ground, ceiling and wall effect in different pressure condi-
tions, approaching these phenomena from a more exhaustive

perspective including variations in propeller type and other
testing instrumentation. The novelty of the work is not only
the comparison of setups and instrumentation but also the
careful measurement of test parameters such as temperature,
pressure and rotation speed of the motors, which are com-
monly assumed constant or estimated, respectively. Also, the
availability of the data and the uncertainty evaluation give
additional weight to the results presented in this manuscript.

The data obtained can be used for the development of
simulationmodels and design of control and navigation algo-
rithms that involve near-wall flights. All datasets together
with the measurement uncertainty evaluation can be found
in the Supplementary information repository in [36].

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10846-024-02155-
7.
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