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Abstract: This work proposes an Internet-of-Things (IoT) device for remote elevator control. The
new contribution of this proposal to the state-of-the-art is that it can convert a manually operated
elevator into a remote controlled elevator without requiring any intrusive manipulation or wiring
connection in the elevator. This IoT device has been designed as an add-on non-contact tool which
is placed over the original elevator button panel, using servomotors to press the original buttons.
This design allows its fast deployment as a remote control tool that increases elevator accessibility
through the use of messages, a webpage or a QR code. Some application examples of this proposal
are non-contact use of elevators in pandemic conditions, and the unsupervised use of elevators by
autonomous cleaning or delivery mobile robots. The experimental evaluation of the IoT device in
real operational conditions has validated its non-contact control features.
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1. Introduction

An elevator or lift is a machine that vertically transports people or goods between
different floors. The elevator is an infrastructure commonly present in multistory buildings
that is designed to be used intensively by multiple users in quick succession. The most
common method used to control an elevator is via its button panel, which is prone to cause
some problems: the shared use of tactile buttons may contribute to the spread of infectious
diseases in pandemic conditions; the button panel can be hard to use by people with severe
physical disabilities; and the location and use of a button panel is a challenging perception
and control problem that also limits the unsupervised use of autonomous mobile robots in
multistory buildings. In general, the scientific literature has highlighted the accessibility
problems of built environments [1] and the need to enhance social equity by enabling the
access, inclusion, and participation of people [2] and children [3] with disabilities.

New Contribution

This paper tackles the aforementioned problems by proposing the design and im-
plementation of a non-contact and non-intrusive add-on wireless Internet-of-Things (IoT)
device for remote elevator control. This tool has been designed as an external button panel
attached above the original elevator car buttons. The physical action of pressing the buttons
of the panel is performed by a set of low-cost servomotors, and the device is remotely
accessed through the wireless network of the building. The IoT device has been designed
as a battery-operated non-intrusive equipment in order to avoid any manipulation or addi-
tional wiring connection that may compromise any security standard or regulation. The
design of the IoT device allows direct machine-to-machine (M2M) interaction through an
Internet-based communication protocol. The internal structure of this IoT device has been
designed to ensure its compatibility with the stock button panel, which must remain usable
in case the battery runs out. This was achieved by including pressure-sensitive buttons that
transfer the pressure to the original button panel of the elevator. The device specifically
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avoids the shared use of buttons by providing a smartphone-based web interface to control
the elevator. This web interface can be accessed from a visual quick response (QR) code
that simplifies access to the web interface of the elevator and reduces the number of actions
that need to be performed by the user to call the elevator, which is called automatically
after scanning the QR code.

This contribution was inspired by the proposals of Bo et al. [4] and Lai et al. [5],
who developed several devices with a similar objective, and by the conclusion of Pearson
et al. [6], who recommended the use of add-on devices for elevator control. However, until
now, the devices proposed for remote elevator control required intrusive manipulation of
the original infrastructure [4,5,7]. This is a strong limitation because intrusive intervention
in elevators may not be feasible in most cases because of its cost, the closed design of the
elevator, and the particularities of strict regulations regarding elevators.

The IoT device has been deployed in a real elevator and has been experimentally
tested by users accessing the elevator with their smartphones and by an autonomous
mobile robot.

2. Related Work

The Internet-of-Things (IoT) enables the inclusion of sensors, actuators and software
in physical objects such as lights, windows, doors and home appliances, which are able
to share data through the Internet. In the case of elevators, the application of IoT has
mostly focused on monitoring [8,9]. Currently, however, the IoT is being used in several
fields, such as garbage waste management [10], intrusion detection [11,12], parcel classifi-
cation [13], greenhouse monitoring [14,15], development of smart cities [16], and indoor
quality monitoring [17], among others. The IoT device proposed in this paper provides
elevator control from smartphones, as well as quick, non-contact access to the control
interface via QR codes. This control method can also be used by mobile robots in a direct,
machine-to-machine communication.

2.1. Elevator Implementation and Optimization

In order to guarantee the safety of their users, elevators must comply with a set
of strict regulations that are taken into consideration during their design, manufactur-
ing, installation, and maintenance process. The technological advances that elevators
represent in tall multistory buildings were summarized by Al-Kodmany [18]. The spe-
cific scientific literature regarding elevators is usually focused on power consumption
and energy-saving strategies [19-21]; traffic patterns analysis and optimization [22,23];
system performance analysis [24,25]; hardware and control system improvement [26,27];
operation analysis [28,29]; failure analysis [30,31]; analysis and reduction of noise and
vibrations [32,33]; inspection and maintenance tasks [34,35]; emergency evacuation proce-
dures [36,37]; and energy consumption evaluation and modelling [38].

2.2. Non-Contact Elevator Control

The use of non-contact technologies for elevator control has been analyzed in the
scientific literature. Pearson et al. [6] investigated the integration of touchless technology in
public infrastructures in order to remove the need of touching the buttons of control panels
located in public or shared spaces. One of their recommendations was the use of an add-on
console device equipped with a proximity sensor to allow people to call the elevator by
placing their hand in front of it. Similarly, Kane et al. [39] conducted an online survey with
40 adults with different physical disabilities about their experiences with sensing systems.
They presented the challenges they faced when interacting with motion sensors, biometric
sensors, speech input, and touch and gestures systems. Some of the problems reported
were the challenges that represent the visual or sensory identification of a button panel, the
reach of the console button panel, and the application of the correct amount of pressure
when interacting with its buttons.



Appl. Sci. 2023,13,3971

30f19

In this direction, the development of Internet-of-Things devices is an emerging field
with potential to improve the quality of life of people with disabilities [40]. Another com-
mon proposal to achieve non-contact control of elevators is the use of speech-recognition
based alternatives. For example, Yulianto et al. [41] presented a non-contact proposal
for elevator control based on speech recognition. Liu et al. [42] proposed a contactless,
voice-activated elevator-control panel combined with the use of electromagnetic switches
attached to the original elevator button panel. Similarly, Shinde et al. [43] proposed a
contactless CNN-based single-command speech recognition system to control elevators
using the voice with the aim of reducing the challenge that elevators represent for people
with disabilities. Meenatchi et al. [44] presented a voice recognizing system for people with
paraplegia and visual impairments. However, the use of an elevator by people with severe
physical disabilities may require the development of specialized interfaces. Chatziparasidis
et al. [45] presented a brain-computer interface (BCI) solution for elevator control. Their
prototype uses brain signals to provide means of communication between users and eleva-
tors. They demonstrated that elevators with BCI functionalities [46] can be affordable and
are feasible from a practical point of view. Extended information on BCI can be found in
the review presented by Nicolas-Alonso et al. [46].

One of the common limitations of the above-mentioned reference works is that their
implementation may require some degree of intrusive manipulation of the structure or
electrical wiring of the elevator. This limitation has been addressed in this work by propos-
ing an optimized, battery-operated IoT device for remote elevator control that does not
require any kind of structural or electrical manipulation of the original elevator. This
implementation has potential to allow the rapid deployment of specific functionalities to
assist people with disabilities in the use of elevators.

2.3. Elevator Panel Buttons and COVID-19 Pandemic

The coronavirus disease 2019 (COVID-19) pandemic highlighted the need to reevaluate
the way people interact with shared objects such as door handles, button panels, and
handprails in order to reduce the contagion risk of infectious diseases. During the outbreak
of the pandemic, people were aware of the risks of coming into contact with shared objects,
and the importance of maintaining adequate hand hygiene as prevention measures to avoid
infection. This may be one of the causes of the low COVID-19 infection rates attributed to
contact with fomites reported in the scientific literature [47,48]. However, Wu et al. [49]
measured the environmental contamination of SARS-CoV-2 in a hospital in order to assess
the role it may have in the transmission of the virus, reporting that the surface of the
elevator buttons were positively contaminated with SARS-CoV-2 in 42.86% of the case
samples analyzed. These findings confirm the need to consider the physical contact with
shared button panels as a path for pathogen transmission.

In the context of the COVID-19 pandemic, the concept of the Internet-of-Things
has fostered the development of new multi-sensor devices [50,51]. Some alternatives
designed to specifically mitigate the risk of infection in elevators are the deployment of
automatic disinfection systems using UV-C light [52] and the implementation of contact-free
buttons [53]. Alternatively, Bo et al. [4] designed an epidemic prevention and protection
plan to be followed when using an elevator, along with the proposal of a contact-free
elevator device that allows interacting with the elevator through hand gestures or by using
a mobile phone app. Once the user has entered the elevator car, the destination can be
selected using smart cards, QR codes, voice, infrared induction buttons, or face recognition.
Similarly, Lai et al. [5] explored the control mechanisms for developing a contact-free
elevator-ride system based on a combination of speech recognition, contact-free perceptual
buttons, gesture-recognition sensors, an app, and a web page browser.

The use of a web application and QR codes proposed by the cited works were the
inspiration for the implementation of the add-on IoT device proposed in this paper. In
this case, the development of a non-intrusive add-on device is proposed as a quick re-
sponse tool to fight against pathogen transmission in places were the modification of
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touch-based elevator-control panels has not been considered, either due to its cost or its
practical availability.

3. Materials and Methods

The main materials used in this paper are an ordinary elevator, in which the proposed
device is attached; the servomotors used to mechanically push the original buttons of the
elevator; an ESP-32 controller module that controls the servomotors and provides wireless
remote elevator control; and a lithium-ion battery. The main method used to develop the
proposal is additive manufacturing (3D printing).

3.1. Elevator

The elevator used in this paper to experimentally evaluate the performance of the
IoT device belongs to the Polytechnic School of the University of Lleida. This facility is
a five-story structure, including one basement, one ground floor and three upper floors.
The elevator system has two independent cars. Each one has call buttons outside and two
redundant button panels inside; one located at 1.1 m from the ground and the other at 0.7 m.
There is an additional emergency panel to establish communication with the concierge in
case of emergency, and two handrails, one at each side of the car.

Figure 1a shows the original button panels of the elevator and Figure 1b the detail of
the lower button panel. The proposed IoT device is designed to mechanically activate the
buttons on the lower panel of the elevator (Figure 1b). For this, a microcontroller circuit
operates a set of servomotors that directly press the buttons. In the case of this application,
the IoT device is non-invasively hung on the handrail in order to cover the lower button
panel of the elevator; a suction cup located below the casing ensures that the structure
is properly attached to the wall to provide additional leverage to the servomotors. The
proposal is defined as non-invasive because it does not require mechanical or electrical
manipulation of the elevator.

(a) (b)

Figure 1. Button panels of the elevator: (a) detail of the upper, lower and emergency panels; (b) detail
of the lower panel that will be covered by the IoT add-on device.

3.2. Servomotors as Actuators

The IoT add-on device includes 7 low-cost servomotors to push the 7 buttons of the
elevator panel (Figure 1b), one servomotor per button. The servomotors used are the
Futaba 53003 model, which have a rotation range of 180° and can be operated at 5 V. These
analog servomotors are able to provide up to 3.2 kg-cm of output torque, which is over ten
times the torque required to push the buttons of the elevator panel. The advantage of this
standard servomotor is its reduced size (39.9 x 20 x 36.1 mm), a feature that is required to
pack several servomotors together and create a compact device. The target position of the
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servomotor shaft is established by a digital Pulse-Width Modulation (PWM) signal with a
frequency of 50 Hz. The output angle of the shaft is proportional to the pulse width of the
PWM signal; changing linearly between 0° (pulse width of 0.5 ms) and 180° (pulse width
of 2 ms).

3.3. ESP32-S2-WROVER

The IoT device is based on an ESP32-52-WROVER module developed by Espressif
Systems (Shenzhen, China). This module has an ESP32-52 microcontroller that includes an
Xtensa LX7 32-bit microprocessor running at 240 MHz; 16 MB of usable flash memory for
storing software and data; 320 kB of internal SRAM; and 37 general purpose input/output
pins. The ESP32-S2 microcontroller also embeds an onboard antenna that supports a
2.4 GHz WiFi connection over the 802.11 b/g/n protocols. The WiFi connection is used to
link the device to a wireless network. Additionally, the microcontroller includes standard
peripheral modules, such as UART, SPI, 12C, and 125 communication modules, PWM and
pulse signal units, an ADC, a DAC and a temperature sensor. Finally, this control module
also supports a full-speed USB 2.0 on-the-go (OTG) connection.

3.4. Battery

The IoT device has been designed to be powered through a 5 V Li-ion battery pack
with a capacity of 20,000 mAh and a total of 100 Wh of stored energy, which is expected to
be enough to provide autonomy for up to seven days depending on the servomotor use.

4. Design and Implementation of the IoT Device

The following subsections describe the design and implementation of the IoT device
proposed for elevator control. The casing of the device is a parallelepiped that holds all the
elements of the system and covers the button panel. The casing does not include a back
panel to allow direct contact between the servomotors and the elevator buttons.

4.1. Mechanical Activation of the Buttons

The mechanical activation of the original buttons of the elevator’s control panel is
achieved with servomotors. Figure 2a shows a servomotor in inactive state, with the arm
parallel to the button panel. Figure 2b shows a servomotor in active state, in which the arm
rotates to press the original button of the control panel. The effective pressure performed
by the servomotor, the angle of the arm, and its relative height over the original button
panel, must be adapted to the button panel available in each application case.

(@) (b)

Figure 2. Push button activation with servomotors: (a) button (blue part) released; (b) button (blue

part) pressed.

4.2. Compatibility with the Original Button Panel

The IoT device has been designed to be compatible with manual operation of the
buttons that compose the original button panel, a feature that is especially required for an
add-on device in case the internal battery runs out of power. Figure 3 shows an illustrative
representation of the system proposed to replicate the behavior of the original buttons of the
elevator’s control panel. The front side of the casing (Figure 3a) includes an additional set
of buttons with a pressure sensitive area that transmits any pressure to the original buttons
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underneath. Figure 3a shows a front view of one of the additional buttons, which are
similar to a flexible cantilever. When pressed (Figure 3c), the area that joins the cantilever to
the casing is elastically deformed, transferring the pressure to the original buttons through
a column attached to the cantilever.

T )

(b) (c)

Figure 3. Design of the additional buttons in the casing compatible with the manual operation of the
original button panel: (a) front view of a cantilever-like button; (b) top view of the cantilever-like
button and of the original button (blue part); (c) top view representation of the effect of a finger
pressing one of the additional buttons.

4.3. IoT Device: Mechanical Design

Figure 4 shows a CAD representation of the planned disposition of the servomotors,
battery, and control module placed in front of the elevator button panel. The distribution of
the servomotors has been adapted specifically to match the original button panel. In this
case, there is enough space to allocate the battery and the control system in the middle of
the IoT device.

Figure 4. Distribution of the servomotors, battery, and control module.

The complete mechanical implementation of the IoT device is based on 3D printing.
Figure 5 shows a rear view of the IoT device. The servomotors and the battery are held
by belts screwed into the casing. A set of ribs provide strength to the case structure,
while two thin guiding walls are used to fit the casing relative to the protruding button
panel, fixing the casing in its correct position. The case was printed with PolyLactic Acid
(PLA) HR-870, which provides enhanced mechanical and thermic properties compared to
standard PLA. The printing procedure lasted 19 h 27 min and used approximately 11.75 g
of filament material.
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(a) (b)
Figure 5. Back view of the IoT device: (a) CAD representation; (b) real implementation.

Figure 6 shows the planned and real placement of the IoT device over the elevator
button panel. In this application case, the placement of the casing in front of the elevator
button panel is achieved by sliding the device between the elevator wall and the handrail
until the two top flaps of the case rest over it, fitting the guiding walls around the button
panel and then fixing its position with the suction cup located on its lower part. In cases
where the handrail cannot be used to fix the IoT device over the original button panel,
additional suction cups may be used in order to secure it in the right position.

(a) (b)

Figure 6. Application of the IoT device as an add-on module: (a) CAD representation; (b) real
implementation with labels over the cantilever-like buttons that replicate the original control panel.

Figure 7 shows a detail of the labels placed over the cantilever-like buttons that
replicate the original control panel. Each label or button cover includes a symbol (open
doors, emergency bell) or a printed number (from —1 to 3) representing one floor, each
with its corresponding Braille description. The size and position of the Braille text within
the sticker has been defined in accordance with standard recommendations [54,55]. The
Braille texts referring to the emergency bell and the door aperture are written in Catalan
language. The Braille abbreviation of the words that describe symbols are: “ala”, which
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stands for “alarma” (alarm, noun), and “obr”, which stands for “obrir” (open, verb). The
profile of the Braille dots was generated with a pressure tool.

aRCIRETE R o

Figure 7. Design of the plastic cover attached over the cantilever-like buttons of the IoT device.

4.4. 10T Device: Electronic Design

Figure 8 shows a schematic representation of the electronic design implemented in the
IoT device. The system is based on an ESP32-52 WROVER control module mounted on an
ESP32-52-Saola development board, which is a standard configuration for rapid electronic
prototyping. The ensemble is mounted on an adapter board (Figure 8, brown rectangle)
which provides connectivity with the battery and the analog servomotors.

BOOPOADDDH DB

Figure 8. Schematic representation of the electronic design.

4.5. IoT: Web Interface

The control module has been configured to provide a simple web interface. Figure 9
shows different views of the web interface that replicates the original buttons of the elevator.
Each button displayed is configured to send a command to the IoT device, which activates
the corresponding servomotor. Figure 9a depicts the layout of the interface shown to
the user and Figure 9b shows the feedback triggered by the action of pressing the “open
door button” (<1>), showing 2 s of remaining time until automatic door closure. Finally,
Figure 9c shows the appearance of the web interface displayed on a smartphone.
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Figure 9. Layout of the web interface of the IoT device: (a) user view with all buttons inactive;
(b) user view after pressing the “open door button”, showing 2 s of remaining time until automatic
door closure; (c) smartphone user view of the web interface.

4.6. IoT Device: Software Design

Figure 10 shows a simplified flowchart of the IoT software design. The software
running on the control module is based on the Arduino framework for ESP32 and is
written in C++; WiFi connection and network management were provided by the WiFi
library integrated in the Arduino package. This library handles the connection to the
building’s network and manages the transmission and reception of data packages. The
ESPAsyncWebServer library was used for the low-level web interface management. It
handles the http requests to the IoT device and sends back the web interface (described
previously) to control the elevator. The library also receives the web events submitted by
the web interface (which may include a control command), decodes the command, and
activates the servomotor in order to press the physical buttons of the elevator button panel.
The deactivation of the servomotor is handled by a dedicated timer for each of the buttons.
As a safety feature, the ESP32 watchdog timer (WDT) can also deactivate the button in case
of device malfunction in order to avoid blocking the elevator.

loT device [ Timer ID event ] [ Watchdog Timer ]
Web event
\ 4

Send elevator website Deactivate servomotor ID

A

Decode command End

A 4

Activate servomotor ID
Activate timer ID (0.5 s)

y

End

Figure 10. IoT device software flow chart.
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4.7. IoT Device: Control Protocol

The IoT device is controlled by sending http requests to the web server hosted in the
controller module. This web server is accessed using an internal IP address. Both the IoT
device and the user must be connected to the same network in order to interact with the
elevator. Requests can be submitted from a standard web browser or another device such
as a mobile robot navigating across multiple floors. Table 1 lists the commands defined.

Table 1. Elevator commands. Web addresses are only accessible in the building.

Web Address Command Description

http:/ /elevatorl.udl.cat/?id=F-1CALL F-1CALL Press Floor —1 button !
http:/ /elevatorl.udl.cat/?id=FOCALL FOCALL Press Floor 0 button !
http:/ /elevatorl.udl.cat/?id=F1CALL F1CALL Press Floor 1 button !
http:/ /elevatorl.udl.cat/?id=F2CALL F2CALL Press Floor 2 button !
http:/ /elevatorl.udl.cat/?id=F3CALL F3CALL Press Floor 3 button !
http:/ /elevatorl.udl.cat/?id=ALARM ALARM Press Alarm button !
http:/ /elevatorl.udl.cat/?id=OPENDOOR OPENDOOR Press Open Door button 1
http:/ /elevatorl.udl.cat/?id=KEEPDOOROPEN KEEPDOOROPEN Hold Open Door button
http:/ /elevatorl.udl.cat/?id=CLOSEDOOR CLOSEDOOR Release Open Door button

! Button is automatically released after 0.5 s without the need for a release command.

4.8. 10T Device: Direct QR Code Access

The implementation of a direct QR code access is proposed in order to avoid the need
to install proprietary APPs in smartphones or to remember the name or IP address of the
web interface of the elevator. In this proposal, reading the QR codes automatically calls the
elevator to further increase its accessibility.

Figure 11 shows the QR codes that represent some of the http commands described in
Table 1. Each QR code generates a request to send the elevator to the floor in which the
OR code is. The code is attached next to the elevator; to call the elevator, the user simply
needs to scan the QR code with a QR reader. This code calls the elevator and opens the web
interface of the IoT device for later destination selection.

(@) (b) (c) (d) (e)

Figure 11. QR codes for direct elevator call and web interface launching from: (a) basement;
(b) ground floor; (c) first floor; (d) second floor; (e) third floor. Web addresses are only accessi-
ble in the building.

5. Experimental Application Results

Figure 12 shows the IoT device installed in one elevator of the Polytechnic School of
the University of Lleida. The right-side elevator includes the add-on IoT device hung on
the handrail, covering the lower elevator button panel. The performance of the IoT device
was assessed under different real operation conditions by performing different experiments.
The tests conducted evaluated the power consumption, the control of the device through a
smartphone, the size of the QR code, and the machine-to-machine access to the IoT device.
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Figure 12. Front view of the right-side elevator (or elevator 1) with the IoT device placed over the
lower button panel of the car (yellow circle).

5.1. Evaluation of Power Consumption

Figure 13 shows the evolution of the current required by the IoT device during the
activation of one button of the elevator. This current is drawn from a 5V battery. In this case,
the IoT device never enters sleep mode thanks to the large capacity of the internal battery.
This implementation optimizes the latency (response time) of the IoT device because there
is no internal wake-up delay. The different internal states of the IoT device have been
illustrated. In (i), the device remains in an idle state, waiting for elevator commands. In this
state the base current consumption is 150 mA. In (ii), the device answers a “press button”
command, one servomotor starts rotating and the intensity reaches a peak of 600 mA. The
intensity value decreases to 200 mA when the servomotor reaches a constant velocity and
increases when the servomotor starts pushing the physical button of the elevator. In (iii), the
servomotor has reached the target angular orientation and the button of the elevator control
panel is being pressed. In this state the servomotor is kept stationary and its internal closed
loop control provides pulses (up to 600 mA) in order to maintain the angular orientation of
the servomotor. The average current drawn in the state (iii) is approximately 250 mA. The
servomotor is automatically released approximately 0.5 s after having received the “press
button” command. In (iv), the servomotor is accelerated to return to its resting position.
Figure 13 shows that the internal closed loop control of the servomotor provides current
pulses (up to 800 mA) to stop its free rotation. After that, the IoT device returns to the idle
state (i) and waits until the reception of the next command message.

1000 T T T T T T T T T T T
s w e,

Z ool O B (i) ) O |
0 Of1 Of2 0f3 0?4 0?5 0?6 0?7 0?8 0?9 r ‘: 1?1

Time [s]

Figure 13. Instantaneous current consumption by the IoT device during a button press. Servomotor
cyclic states: (i) idle, (ii) activation, (iii) button pressed, and (iv) deactivation.
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5.2. Evaluation of the Control through Smartphone

The evaluation of the control of the elevator through a smartphone was tested using the
web interface (Figure 9¢) and by defining two experiments: calling the elevator (accessing
the IoT device to control the elevator from one floor, outside the car) and using the elevator
(accessing the IoT device to control the elevator from inside the car). These experiments
required the smartphone and the IoT device controlling the elevator to be connected
to the wireless network of the building. In general, some connection problems can be
expected when the elevator doors are closed. These experiments analyze and quantify such
connection problems.

5.2.1. Calling the Elevator from Outside the Car

In the experiment designed to evaluate the IoT device controlling the elevator from
outside the car, the floor where the smartphone is and the floor where the elevator is
located are known. The experiment is proposed to experimentally evaluate all the possible
combinations in which a user carrying a smartphone is in front of the elevator door calling
it from outside the car. Table 2 shows the success rates of this experiment. In general,
the success rates were very high, but in some of the combinations the WiFi connection
experienced problems. In some cases, connection was lost for a few seconds and the web
interface took 2-3 s to appear or respond. In other cases, the connection was lost for more
than 10 s and the web interface had to be manually reloaded. These results are analyzed in
the discussion and conclusion section.

Table 2. Success rate when accessing to the IoT device controlling the elevator with a smartphone
from outside of the car.

Call from (Smartphone Outside the Elevator)

3 2 1 0 -1
3 100% 80% 2 70% ab 60% b 60% ab

2 100% 90% P 100% 100% 90% 2

Elevator at 1 100% 100% 100% 100% 90% 2
0 90% b 100% 100% 100% 90% 2

-1 70% 2 60% b 90% a 100% 90% a

2 Failure due to connection lost for more than 10 s. ? Failure due to connection lost for a few seconds.

5.2.2. Using the Elevator from Inside the Car

In this experiment designed to evaluate the IoT device controlling the elevator from
inside the car, the floor where the smartphone is and the floor where the elevator is located
are known. The experiment is proposed to evaluate all the possible calling combinations in
which a user carrying a smartphone is inside the elevator car. Table 3 shows the success
rates of this evaluation experiment. In general, the success rates were again very high but
in some of the combinations the WiFi connection experienced the same problems as in the
previous experiment.

Table 3. Success rate when accessing to the IoT device controlling the elevator with a smartphone
from inside the car.

Send to (Smartphone Inside the Elevator)

3 2 1 0 -1
3 90% 2 100% 100% 80% P 100%

2 90% b 100% 100% 90% b 100%

Elevator at 1 100% 100% 100% 100% 90% b
0 100% 100% 100% 90% 2 80% P

-1 60% P 90% 2 90% 2 80% ab 90% 2

a Failure due to connection lost more than 10 s. ? Failure due to connection lost for a few seconds.
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5.3. Evaluation of the Latency of the IoT Device

Figure 14 shows the evolution of the latency of the IoT device evaluated using the ping
software utility to test the reachability of the IoT device placed inside a car of the elevator
with the doors closed. This software utility is available for virtually all operating systems
that provide network access. Ping measures the round-trip time for messages sent from a
host to a destination device and echoed back to the host. Figure 14 shows the latency of the
IoT device evaluated at the different floors of the building. The results show the following
packet loss depending on the floor: 26% on Floor —1, 0% on Floor 0, 0% on Floor 1, 0% on
Floor 2, and 0% on Floor 3. These packet loss results agree with the results obtained in the
previous sections when accessing the IoT device of the elevator at the basement floor of
the building. Regarding the packets successfully received, the average latency of the IoT
device evaluated in the WiFi network of the building was 266 ms.

1000

800 @ Floor2

600 L Floor -1 —

Latency (ms)

Packet ID

Figure 14. Evolution of the latency of the IoT device.

5.4. Evaluation of the QR Code

Figure 15 shows a user calling the elevator by reading the QR code on the second floor
of the building. The QR code automatically calls the elevator and opens its web interface
to select the destination when entering the car. The QR codes displayed in Figure 11 were
printed and evaluated using different sizes between 1 x 1 cm and 7 X 7 cm increasing
in 1 cm steps. Figure 16 summarizes the sizes of the QR evaluated and the minimum,
maximum, and mean scanning distances at which each QR code was successfully read
with the front camera (16 Mpx) of a smartphone. The results show that a QR code of
7 x 7 cm (Figure 15) can be read with a 100% success at a distance range from 0.22 m to
2.5 m. Therefore, there is no need to get closer to the elevator to use the QR code feature to
call it through the IoT device.

Figure 15. User with a mobile phone reading the QR code (at 0.3 m) to call the elevator.
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Figure 16. Minimum, maximum, and average successful scanning distances for different QR sizes.

5.5. Evaluation of the Machine-to-Machine Access

The IoT device for remote elevator control can be accessed from any machine con-
nected to the same wireless network than the IoT device. This capability was tested by
implementing an experiment based on the use of a mobile robot calling the elevator. The
mobile robot used for this experiment is the APR-02 mobile robot [56] developed at the
Robotics Laboratory of the University of Lleida. This mobile robot is a human-sized (1.76 m,
30 Kg) omnidirectional platform with the capability to navigate autonomously through
tight spaces [57-59]. In the near future, the mobile robot is expected to use the IoT device
for elevator control to navigate across different floors within the building.

In this validation experiment, the mobile robot is located in front of the elevator
(Figure 17), calling it through the IoT device. The calls to the elevator were implemented by
using the transmission control protocol (TCP), that verifies the reception of the messages
and resends them in case of error. In this experiment the access to the elevator was
successful in 100% of the calls.

Figure 17. APR-02 mobile robot calling the elevator through the IoT device for elevator control.

6. Discussion and Conclusions

This work proposes a non-contact and non-intrusive add-on Internet-of-Things (IoT)
device for wireless remote control of an elevator. The IoT device has been designed as a non-
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intrusive add-on tool to be placed over the original elevator button panel. This proposal
has the advantage of not requiring any physical manipulation or wiring connection of
the original elevator infrastructure. Relative to comparable works [4,5,7], this specific
feature provides a rapid response tool in order to increase the accessibility to elevators. The
experimental evaluation of the IoT device in real operation conditions has validated its
non-contact control features.

The IoT device is based on the use of a battery, one ESP32-S2-WOVER board as a
control module, and several analog low-cost servomotors to press the original buttons
of the elevator control panel. The control module provides connectivity to the wireless
network used in the building and a simple web interface representing the buttons of the
elevator control panel. The IoT device described in this paper has been designed to fit
over the original lower button panel of the elevator located at the Polytechnic School of
the University of Lleida. In this case, the button panel comprises 7 buttons: 5 to access the
5 floors of the building and two additional buttons to keep the door open and to activate the
emergency alarm. The casing of the IoT device has been designed to replicate the original
buttons of the control panel with cantilever-like buttons that can be used to manually
interact with the original panel in case the IoT device runs out of battery. In this application
case, the elevator car has two control panels. The IoT device has been mounted over the
lower one, hanging from the handrail and firmly attached to the wall with a suction cup.
Other implementations may be fixed only with suction cups or magnets.

The IoT device for elevator control provides a communication protocol tailored to
receive http requests (messages) to press and automatically release the elevator buttons.
Two specific commands allow the (1) press and (2) release of the button that keeps the door
of the elevator open. The use of standard http request allows the use of QR codes to call
the elevator and directly access the web interface of the elevator. This approach has the
advantage of avoiding the need to install proprietary APPs or to remember the name or IP
address of the web interface of the elevator.

The IoT device was implemented and experimentally evaluated by users accessing the
elevator with their smartphone and by a mobile robot calling the elevator. The evaluation
of the access to the IoT device through a smartphone has been performed in two cases:
calling the elevator from outside the car and using the elevator from inside the car. The
overall success rate when calling the elevator from outside the car was 89.20% and the
communication problems detected were that connection was lost for a few seconds (2.80%)
and connection lost for more than 10 s (8.00%). Similarly, the overall success rate when using
the elevator from inside the car was 92.74% and the communication problems detected
were connection lost for a few seconds (3.63%) and connection lost for more than 10 s
(3.63%). These communication problems were solved by either pressing the button on the
web interface again or reloading it.

The communication problems registered during the experiments have been attributed
to wireless connectivity problems in the building. Figure 18 shows a schematic diagram of
the five plants of the building depicting the position of the access points (AP) (or antenna)
that provide wireless access. The label APXC means that there is an AP in the Corridor
(C) of the plant X, some meters away from the elevator, while the label APXL means that
there is an AP in the lobby (L) of the elevator of the plant X. An inspection of the building
infrastructure revealed that all the plants were designed to have one AP in the elevator
lobby and another in the nearby corridor. However, in practice, there are only two floors
with an AP in the elevator lobby area (AP2L and APOL), three floors with an AP in the
corridor (AP3C, AP2C and AP1C) and one floor without any nearby AP. This asymmetric
distribution (see Figure 18) was the cause of the wireless network problems experienced
depending on the floor where the smartphone and the elevator were. In practice, these
non-critical wireless communication problems observed during the experimentation with
the IoT device for elevator control could be avoided simply by revising the distribution of
the access points in the building.
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Figure 18. Representation of the connection of the IoT device and a mobile phone to the WiFi of
the building (green: successful connection, red: problematic connection): (a) successful connection;
(b) the elevator may lose connection in the basement; (c) the elevator may lose connection on the
third floor; (d) the smartphone may lose connection in the basement.

The possibility of using a QR code to automatically call the elevator and open its web
interface was evaluated. In the case of this application, the white background of the QR
code contrasts with the dark color of the walls and doors of the elevator, and the QR code
was detected successfully from different distances. The results show that a relatively small
QR code (7 x 7 cm, Figure 15) can be read with a 100% success from a distance ranging from
0.22 m to 2.5 m, so there is no need to get closer to the elevator to use the QR code feature.

In a last experiment, the machine-to-machine communication performance of the
IoT device was evaluated with a mobile robot calling the elevator using TCP to send
the control orders. In this case, the elevator was successfully accessed in 100% of the
calls, probably because of the superior performance of the wireless antenna of the mobile
robot and the automatic management of network communication errors performed by a
TCP communication.

As a summary, the advantages of the IoT device proposed for elevator control are:
(i) its relative low cost, because it is based on standard electronic devices and servomotors;
(ii) its non-contact remote control performances; and (iii) its non-intrusive application in
virtually any kind of elevator. These performances allow the device to be used as a rapid
response tool in order to increase the non-contact accessibility to elevators. Conversely, the
main drawback of the current implementation of the IoT device was its power consumption,
which required the use of a large battery to ensure a weekly operation. In general, the
strategy used to reduce the current on IoT devices is to make them enter sleep mode when
not accessed and wake up when receiving a message. The disadvantage of this strategy
is that it greatly increases the latency (response time) of the device, so it was discarded
because the device had no size or battery limitation.

Finally, the non-contact add-on wireless IoT device proposed in this paper for remote
elevator control has indirectly addressed the challenges identified by Kane et al. [39], as
it avoids the need to locate and identify the elevator button panel and the challenges of
interacting with its buttons.

6.1. Limitations

The IoT device for elevator control has some limitations. First, the current proposal is
case-optimized and a general implementation of the device requires individual adaptation
to each elevator button panel. Second, the battery of the device must be charged regularly
in order to keep it operational after approximately one week. Third, the device is not
optimized to operate in multi-elevator systems.
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6.2. Future Works

Future works should address practical features such as the improvement of the power
consumption of the servomotors and battery monitoring and managing. The current drawn
by the device can be reduced by limiting the starting current of the analog servomotors
and optimizing the profile of the horn pressing the original buttons of the control panel. A
future work should also analyze the use of the IoT device for elevator control as a rapid-
deployment tool to enable unsupervised multistory building navigation by service mobile
robots. In this specific application case, the use of this IoT device avoids the development
of a robotized arm and visual feedback procedures tailored to locate the button panels and
properly pushing the buttons of the button panels. Finally, another work we would be
interested in undertaking is the improvement of the device to assist people with disabilities
in the use of elevators.
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