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Abstract: In this paper, we present the design of a compact laser system for animation
projections both indoors and outdoors. Our focus is on the hardware and software
aspects of the electronic control of the system from the design phase to the
experimental tests and evaluations. The main purpose behind our development efforts
is the creation of an affordable laser system for research, entertainment and
marketing purposes using contemporary advances in electronics, software
development, semiconductor laser diodes and optics. The system is “smart” in the
sense that it connects to other devices and the Internet via a WiFi network, so that in
addition to doing standalone laser projections, it also has remote control and remote
debugging capabilities. Via its two embedded microcontrollers, the system offers an
easy integration into existing Internet of Things (loT) infrastructure. The
experimental results are very promising and bring us closer to creating a viable
product from both a technological and an economic standpoint.

Keywords: Laser system, Smart electronic control, Animation projection, Firmware,
Multimedia embedded system, Internet of Things.

1. Introduction

Laser systems for multimedia applications such as indoor and outdoor musical events,
opening ceremonies, celebrating public and private special events, etc., keep gaining
more and more popularity. Their progress has been made possible by advances in the
fields of semiconductor laser diodes, optics, electronics and the improvement of the
necessary software programs and tools.

A typical laser system for multimedia purposes (Fig. 1) contains one or more
semiconductor laser diodes that are mounted inside brass, copper or other heat-
conductive housings. The diodes and their housings are positioned on a metal plate
(sometimes in a separate enclosure) in such a way that the laser beams coming from
each laser diode can be combined by optical components such as dichroic prisms and
mirrors. As a result, the beams are combined in a single beam capable of representing
a good bright white color in the ideal case.
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Fig. 1. Components of a typical laser system for multimedia purposes

At the next stage, the beam passes through two moving mirrors, which deflect
it and project it onto a point on a surface in the distance. Each mirror is mounted on
an axis and this axis is rotated by a galvanometer device controlled by an electronic
board. The axes of the two mirrors are perpendicular to each other. In this way, a 2D
area can be covered by the beam depending on the rotation angle of each mirror and
an animation can be projected on the surface in the distance. The animation speed
depends on the quality of the galvanometer units (also called scanners) with typical
projection speeds ranging from 20 kilo-points per second (kpps) to 40 kpps. Usually,
the scanners are controlled by a dedicated electronic board.

Each laser diode group — red, green or blue — is controlled by a separate
electronic board called a Laser Diode (LD) driver. It contains a voltage-modulated
analog or digital signal input and translates this input into the current that drives the
corresponding laser diode group. The laser diode drivers and the scanner board are
connected to a central ILDA board capable of receiving and interpreting analog
signals according to the ILDA Standard Projector (ISP) specification [1] and/or
digital signals most often transmitted through an Ethernet LAN connection.

As laser diodes generate a significant amount of heat, sometimes further cooling
components are needed — Peltier elements (thermoelectric cooling) and fans. The
ThermoElectric Cooling (TEC) has the advantage of pumping the heat very fast from
the laser diodes and passing it to the large metal plates and the metal housing. The
fans create sufficient airflow for taking the heat outside of the laser system. The
cooling subsystem needs its own electronic control.

Such a laser system typically operates with a maximum optical output power
ranging from several watts up to tens of watts. This amount of output power
constitutes a significant danger to the human eye and special precautions are taken to
ensure safe operation. Usually, a special key is needed to activate the laser system
ensuring that only authorized personnel can turn it on. There is a safety switch to turn
the laser beam off in cases of emergency and a physical shutter is often used to block
the laser beam physically from exiting the laser system.

A typical laser system contains additional components such as power supplies,
a control panel, air-filters for dust, etc. The control panel is typically mounted on the
side of the system housing and it is connected to the central board. Besides the typical
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25-pin D-Sub input and output connectors for ILDA analog signals, the control panel
may also contain a digital signal connector (e.g., RJ-45). Additional items on the
panel may be potentiometers for setting the beam intensities of each color channel,
key-switches for flipping the animations in both directions, a display for showing
laser diode temperatures and other working parameters, an SD-card for storing laser
animations, etc.

Laser systems capable of projecting animations are powerful but they are
relatively big (e.g., a cubic shape with a side length between 50 and 75 cm), heavy
(usually above 10 kg), expensive (several thousand dollars), often not waterproof and
usually require expensive software support. For some applications — e.g., showing
outdoor advertisements, projecting technical information in production facilities,
displaying public information for citizens at train stations, etc., these systems are
inadequate. They are unnecessarily powerful and complex, inconvenient to install,
prohibitively expensive to purchase and operate, and they are prone to humidity
damage in outdoor conditions.

There is a need for a compact, lightweight, cheap and waterproof laser system
for undemanding applications targeting the public sector, marketing companies and
production industries. Target users usually have no experience running laser systems,
so the system should be robust and simple to run without the need for complicated
laser show software. It should be designed to operate in outdoor conditions with the
capability of both standalone laser animation projection and remote control inan loT-
fashion. This system will fill a market niche, which begins to form alongside the
progress of semiconductor laser diodes and the increasing popularity of laser light
sources for attracting human attention and constructing laser beam drawings even in
relatively bright environments.

In this paper, we propose the design of such a system with a focus on its
electronic control. The next section outlines some related work. Then, we illustrate
the requirements we have identified in more detail along with our main design
decisions. After that, we present a technical overview of the laser system along with
its main hardware components, construction and assembly. After the overview, we
discuss the creation of the firmware from a software point of view and elaborate on
some challenges that we encountered. Then, we present the initial experimental
results from our prototype system and conclude the paper with some ideas pertaining
to our future work.

2. Related works

There are a number of publications and patents in the field of laser image and
animation generation. In [2], authors research the use of new semiconductor laser
sources for the purpose of achieving better image quality during projection. The new
laser diodes offer high power with the possibility of achieving high speeds making
them perfect for projection applications. In [3], authors from Robert Bosch have been
granted a patent for a laser module containing several laser diodes with different
wavelengths. It is aimed at portable image projectors in interactive multimedia
applications. The authors of the US patent [4] propose a new design of an efficient
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laser diode driver. This design uses modern electronic components to reduce the
wasted energy from the power supply when the laser diodes emit light.

Author of [5] proposes an increase in the brightness and power output of laser
diodes by means of polarization. Two polarization states are used and for each
polarization state, the light emitted by multiple laser diodes is combined into a single
beam. Then, the two beams corresponding to the two polarization states are merged
together. In [6], authors propose using laser sources with multiple wavelengths for
imaging systems targeting and enabling image capturing with excellent resolution.
Authors of [7] propose another innovative application of laser light sources — the
concentrated energy transmission of several watts of power at distances of about ten
meters for the purposes of supplying portable devices with power in a wireless
manner. Such innovative use cases may bring additional value to a compact laser
system like the one that we propose in this paper.

In [8], authors propose an intelligent industrial fiber laser with high-power
output connected to a smart cloud. The industrial laser is operated as an “Internet-of-
Things” device using data gathered from other similar lasers connected to the same
cloud. Authors of [9] present a new approach for the development of a laser-based
lighting system. The main purpose is to achieve better efficiency and quality of the
light than in LED-based systems. Similar ideas about using laser diodes as light
sources in illumination systems are discussed in [10]. Among the advantages are the
absence of phosphor-based materials, the high power efficiency and the good color
rendering obtained by mixing red, green, blue and amber laser light sources.

The authors of [11] propose an image projection device consisting of a laser
light source, an optical fiber and a high-speed optical scanner that can project a laser-
generated image onto a surface near the end of the optical fiber. The small laser beam
diameter permits the generation of a high-resolution image. In [12], the authors
discuss the improvements in the lifetime and power efficiency of some blue and green
laser diodes. For blue diodes, the lifespan is estimated to be in the order of 40,000
working hours at operating temperatures of 40 °C. The authors of [13] discuss the
power efficiency of laser diodes for projection purposes, e.g., 50 mW per color
channel are enough to result in light with intensity corresponding to 20 Im. Authors
propose optimized blue and red laser diodes to increase the power conversion
efficiency.

3. Compact laser system — requirements and design

The design of the proposed multi-color laser system is based on requirements that we
identified after talking to potential users. In Fig. 2, we summarize these requirements
in the Goal-oriented Requirements Language (GRL) notation [14, 15]. The overall
requirements are represented as soft-goals that are not strictly independent of one
another.

One of the major topics that constantly comes up in our talks with potential
customers is related to the cost of our system, which should be as low as possible.
From an economic standpoint, achieving low cost is a decisive advantage that very
strongly influences the customer’s decision to use laser systems in his or her
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economic activities. This led us to the design decision to simplify the system and use
a standard video camera enclosure that is already available on the market. We also
reduced the number of laser diodes to one laser diode per channel, which directly
reduces the manufacturing costs. We have also made the conscious design decision
to use open-source design and programming tools whenever possible, which lowers
the investment expenditures significantly as commercial tools for the development of
embedded systems can be quite expensive. It also ensures the long-term availability
of our development environments and enables us to scale our development efforts

quickly.
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Fig. 2. Requirements in the Goal-oriented Requirements Language notation
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Two important soft-goals that contribute to the low cost are the small size and
the simplicity of the system. The small size is asked for by some of our customers,
who want to mount the system in tight — most often very narrow — spaces. The
simplicity of the system reduces our assembly and maintenance costs. We reduce the
size by using fewer diodes and diode housings and by reducing the number of
electronic boards in the system. The latter also contributes to the soft-goal of
simplicity, as fewer boards are easier to install and setup.

The small size and the standard camera enclosure help us reduce the weight of
the laser system. Customers, who transport the system often or mount it as part of a
laser farm, often ask for lightweight systems that facilitate the physical handling so
we have identified the reduction of weight as another soft-goal.

Customers also want a system that is easy to use. A simple and straightforward
design and a robust system that can be relied upon contribute to this soft-goal. The
premade camera enclosure contributes to the robustness and, in addition, makes our
system waterproof. The waterproofness together with the heating and fan control are
important prerequisites for the outdoor use — another one of our soft-goals. Some
customers have asked us for a system that can be used outdoors to project laser
animations to attract attention or for marketing purposes. Thus, the heating and fan
control has become an important design feature implemented by our smart electronic
control board.

141



We use the term “smart” to denote, on one hand, the capability of the board for
standalone operation and laser animation projection and, on the other hand, its
capability to connect to the Internet, which enables the integration of the laser system
into different kinds of 10T infrastructures. This kind of 10T connectivity is another
important soft-goal, which gives us the option to monitor and control the laser system
and its animation projections remotely. The number and range of clients that are
interested in this kind of control and integration keeps increasing steadily, e.g.,
factory managers, shop owners, laser show organizers, etc.

The requirements presented above lead to some changes in the physical form of
the system and its components, which we present from a technical point of view and
illustrate with the aid of Fig. 3. The structure of the smart compact laser system is
shown in Fig. 3 (right). It is adapted from the structure of a generic laser system (Fig.
3, left) to reflect our needs (represented as soft-goals in Fig. 2) for simplification,
compact dimensions, lower weight, lower cost, robustness, outdoor operation, ease
of use and IoT connectivity.
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Fig. 3 Components of a generic Iasér system (left) and the smart compact laser system (right)

Instead of laser diode strings, in our compact system, we use only one laser
diode per color channel. This generates less heat and makes possible the reduction of
the metal plate size and the removal of the TEC and its electronic control board. A
single fan is used to pump out the generated heat and balance the humidity.

We reduce the six boards to only two boards. The scanner board is bought
together with the scanner units and is used as a separate board. The three LD drivers
are simplified and housed together on the smart electronic control board. The ILDA
board is removed as we do not envision any wired connectivity for signal
transmissions to the system. The functions of the user panel (e.g., switches, display,
etc.) are not implemented in a physical form. Instead, remote control and monitoring
features are offered through the WiFi capability of the smart electronic control. For
this purpose, the system has an optional dedicated WiFi antenna.

Besides the optional antenna, the other new element in the system is the heating
element. As the system targets outdoor use-cases, it needs to consider some
environmental parameters, the most important of which are the temperature and the
humidity. If the operating temperature inside the enclosure is negative, the heating
element is switched on to raise it above 0 °C as laser diodes cannot operate otherwise.
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If the temperature is too high, the fan is activated. The humidity also needs to be
within an acceptable range to avoid condensation issues. The smart electronic control
is provisioned with two sensors for temperature and humidity measurement, and the
heating element and the fan are actively controlled according to their values.

4. Compact laser system — technical overview

In the technical development of the compact laser system, we made use of our
previous experience in the creation of laser diode drivers, e.g., [16], laser systems
[17] and our expertise in network communications employed in embedded systems
[18, 19]. After identifying the requirements for our system, in this section we describe
in more detail the mechanical, electrical and software aspects of our design. All
components of the compact laser system are mounted inside a professional security
camera enclosure that is already available on the market (Fig. 4, left). The camera
enclosure is waterproof and it has two nozzles at the lower back side for power supply
and communication cables. It is both cheaper and lighter than the usual cubic-shaped
enclosures of generic laser systems and it can be mounted in a standardized way to a
wall or a ceiling.

At the front of the enclosure, the scanners that deflect the laser beam are
mounted on a metal plate fixed to the enclosure. The mirrors are mounted on
galvanometer axes controlled by the green board mounted vertically at the back of
the enclosure. The ten blue trimmers visible on this green board are used to configure
scanner parameters such as the maximum animation scale in both directions. The
laser beams (blue and green sources are visible in Fig. 4, left) are combined by a
beam splitter and reflected by a stationary mirror (located at the bottom left corner of
the enclosure) before they reach the two deflecting mirrors. Near the middle of the
enclosure, the small cubic-shaped housings of the laser diodes can be seen. The red
printed circuit board (PCB) mounted horizontally is the smart electronic control. It is
designed and developed by us from scratch to conform to the requirements we
identified in the previous section. Besides the components inside the enclosure, the
compact laser system needs a power supply for the laser diodes and the smart
electronic control (9-24V DC) and a split power supply for the scanner units. Both
power supplies are mounted externally for the moment.

The PCB of the smart electronic control is shown in more detail in Fig. 4 (right).
The main microcontroller unit (MCU) is a 32-bit ARM Cortex-M4, model
STM32F303RDT6 of the F3 series, working at 72 MHz. It successfully processes
laser animations at 25 frames per 1 s and it has sufficient resources for performing
other tasks such as reading from the memory card, receiving remote control
commands, measuring the working temperature, etc. An additional module housing
an ESP8266 MCU is mounted on the right edge of the board in Fig. 6. It is responsible
for the connectivity to WiFi networks and the Internet. This second MCU takes care
of network-related communication tasks. It is connected to the main MCU via a
standard Serial Peripheral Interface (SPI).

The board also has a slot for a microSD memory card whose main purpose is to
store laser animations and configuration settings. The microSD card is connected to
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the MCU via another SPI interface. The SPI connection mode is license-free and
allows the simple and legally unproblematic use of the storage media.
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Fig. 4. The smart compact laser system (left) and the smart electronic control board (right)

The vertical socket for a CR2032 battery is used for real-time clock backup, so
that if the main power supply is removed, the real-time clock is preserved and keeps
updating. The programming and debugging is done via the Serial Wire Debug (SWD)
interface. There are also electronics for controlling the scanner units — a quad
operational amplifier, e.g., OPA1679IDR or OPA4171AIDR by Texas Instruments,
and the corresponding resistors and capacitors. Both power supplies go through on-
board fuses, ferrite filters and capacitors. There is a buck converter and a linear
regulator for supplying respectively 5 V and 3.3 V to both MCUs and the other low-
voltage components.

At the upper part of the board, three very compact laser diode drivers are located.
They are specialized buck converters designed to drive laser diodes (or diode strings)
for the red (~638 nm), green (~520 nm) and blue (~450 nm) color channels. For each
color channel, the maximum operating current is in the range of 60 mAto 2.4 A. The
magnitude of the current range — milliamperes or amperes — is selected at the time of
the board assembly by choosing suitable values for the nine current sensing resistors
(three resistors per color channel). The milliampere range needs 10Q-resistors while
the ampere range requires 1Q-resistors. The exact value of the current within the
selected current range is set via an onboard trimmer separately for each driver.
Depending on the forward voltage of the laser diodes, the operating current range
translates to an electrical power consumption that ranges from 100 mW to 10 W per
channel. The optical power is much less — ranging from 20 mW to 2 W. The color
intensity can be further controlled by the MCU while projecting the animation.

The PCB is fixed to the enclosure by means of five M3 screws. The antenna of
the WiFi module is situated close to the front aperture to achieve better signal
reception. There is also an option for mounting an external antenna if necessary.

The smart electronic control board has been devised and designed by us from
scratch using the open-source eCAD software KiCad. The two-layer design ensures
the unproblematic production and testing of the board on a hardware level. The board
has protection mechanisms against accidental voltage polarity reversal, overvoltage
and overcurrent conditions and overheating.
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5. Electronic control — firmware design and challenges

During the design and implementation phase, we identified several important
activities that the software part — the firmware — of our smart compact laser system
needs to take care of. These activities are performed concurrently in real-time and
each of them requires different hardware and software capabilities.

The most important and time sensitive activity is the control of the scanners and
the beam intensities of the laser diode drivers. Another real-time activity is the
loading of the animation frames from the microSD card into the STM32 MCU
memory. The electronic control also has to receive remote commands from the
Internet, send status updates and manage network connections — an activity that is
carried out in conjunction with the ESP8266 MCU. Last but not least, the temperature
and the humidity inside the housing have to be managed and kept at acceptable
values.

This multitude of activities necessitates the use of a Real-Time Operating
System (RTOS). The RTOS we chose to use in our firmware is the open source
FreeRTOS, which is a popular, reliable and efficient RTOS compatible with the
STM32 series. The RTOS gives us the possibility to program each activity mentioned
above as a separate program task. A program task is a piece of program code executed
for a certain time period before the RTOS stops its execution and starts the execution
of the next task. The length of the time slots allotted to the tasks can be configured
along with a priority value for each task.

Our electronic control has a high-priority task for running the animation and
three normal-priority tasks for reading data from the microSD card, communicating
with the outside world and controlling the environmental parameters. The tasks are
created statically after the initial setup of the laser system hardware and remain active
throughout the lifetime of the firmware execution. The FreeRTOS scheduler is
preemptive so that each task gets an execution time slot on a regular basis without
the need for a task to yield the execution control explicitly. This makes the
development easier and makes the program a little more robust against problems like
unresponsiveness, starvation or deadlock.

The high-priority task for running the animation constantly changes the analog
values controlling the scanners in each direction as well as the laser beam intensities
for the red, green and blue color channels in order to achieve smooth animation
projection. The values used in this process are read from a double buffer in the main
MCU memory. This double buffer consists of two equally large memory sections.
Each section holds the representation of an animation frame consisting of up to 1500
points. One frame is actively used by this task while the other one is updated by the
normal-priority task responsible for reading data from the microSD card. The
animation speed in frames/s can be set as a parameter, e.g., 25 frames per 1 s.

The scanners are controlled using the Digital-to-Analog Converter (DAC)
peripheral unit of the STM32 MCU. It has two channels with sufficient speed for our
application. The DAC voltage output level ranges from 0 V to 3.3 V. It has to be
shifted to the standard input bipolar value range of —10 V to +10 V defined by the
ILDA ISP standard [1]. This is done by means of the split power supply and the
dedicated operational amplifier. The laser beam intensities for each channel are
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controlled by Pulse-Width Modulation (PWM). This is a convenient solution because
no intermediate DAC units are needed and the intensity control can be done using a
pair of integrated peripheral timer units on the STM32 MCU. Each timer unit has two
PWM output channels that can be configured separately. After the configuration, the
timer unit does the PWM generation automatically depending on the value of the
capture/compare register for the specific output channel. In order to change the laser
beam intensity, the MCU needs to change the PWM duty cycle by writing a new
value into the corresponding capture/compare register. The timer unit does the actual
change of the PWM without the further involvement of the main MCU. The PWM
control also simplifies the laser diode driver units and paves the way to making them
very compact in size so that all three driver units fit on the smart electronic control
board.

The normal-priority task for reading data from the microSD card uses the open
source library FatFs to read animation and configuration files saved on the FAT32
file system of the card. The animation files are read into the double buffer mentioned
in the previous paragraph. The supported file format is the ILDA Image Data Transfer
Format, last updated in 2014 [20]. It is a simple file format created for the storage of
laser animations and it can be efficiently handled by embedded MCU units like the
STM32. Unfortunately, it does not contain all parameters needed to project laser
animations successfully on an arbitrary laser system because some projection
parameters depend on the system itself. In some cases, additional metadata, e.g., for
changing the blanking time of the laser beam may be necessary.

The ILDA file format consists of multiple sections ordered one after the other.
Each section represents either an animation frame or a color palette. Right now, we
support only frame sections and use for them the standard default ILDA color palette
[20]. Each frame section contains a small 32-byte header followed by the data records
that make up the animation frame. The header contains, among other information, the
total number of data records for the frame. Each data record represents a laser beam
point in the frame. It contains offsets in the X, the Y and optionally the Z directions
for the laser scanners, a color index and a status code byte, which denotes whether
the laser beam is on or off (laser beam blanking). This very simple structure of the
ILDA file results in low overhead and allows each frame to be read directly into the
buffer in the MCU memory with as little delay as possible. The reading procedure is
as follows:

1. Determine the inactive memory slot in the double buffer;

2. Read the next frame header from the file into the memory slot and determine

the total number of records;

3. Read all records for the next frame from the file.

Done in this style, the reading procedure is easily programmed to utilize the
Direct Memory Access (DMA) peripheral unit of the MCU. The communication with
the microSD card is implemented via an SPI port used as a source of data for the
DMA unit. The DMA data destination is the inactive memory slot in the double
buffer. Using the DMA unit frees up more MCU resources for processing the other
application tasks. As the MCU memory size is usually not sufficient to hold the whole
animation into the memory, the animation frames have to be constantly read from the
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microSD card into the buffer. The total number of frames per animation file is
practically limited only by the 2-byte “Total frames” header field in the ILDA image
format (65,535 animation frames per animation file) [20]. The total number of
animation files depends practically on the microSD card size.

The normal-priority task for communicating with the Internet relies on a second
MCU - ESP8266, which implements the WiFi connectivity. This MCU needs
separate firmware and communicates with the STM32 via an SPI port. The pin header
next to the ESP module provides direct access to the programming pins for fast
firmware flashing. At this stage, we experiment with the open-source firmware ESP-
Link [21]. It is equipped with several important communication features — it
implements a serial bridge, an MQTT client and it is capable of making REST
requests to an Internet server, which makes possible the integration of the laser
system in a wide range of newly built or existing communication infrastructures, e.g.,
[22]. The fast data transfer speed enables the use of the laser system in real-time
monitoring applications such as the creation of a laser-based information screen in
various industrial or public sectors using methods such as the one proposed in [23].

The serial bridge feature may be used if a fast low-level communication venue
is needed, e.g., for a live animation feed from a smartphone or a PC. The MQTT
client feature is well suited for receiving remote control commands, sending status
updates and integrating the laser system into a functioning IoT infrastructure. The
REST capabilities can be used for the direct communication with an Internet server
— to send status updates and receive responses in the absence of an MQTT
infrastructure. The advantage of using an open-source firmware for the ESP8266
MCU is that some important features for the WiFi-based communication are already
implemented and we can use them without developing them ourselves.

There is a limited web server running on the ESP8266, which provides a
browser-based Graphical User Interface (GUI). This GUI is used for parameter
setting and helps with the remote debugging if something goes wrong with the main
MCU. Some important parameters that are set through the GUI are the WiFi network
mode — client or server, the WiFi SSID, password and authentication mode, the IP
address and the communication port of the MQTT server, etc. The firmware supports
DHCP and SNTP, which facilitates the IP address configuration and makes the
current time available to the laser system.

The MQTT and REST functionalities allow us to focus only on the needed
messages and status updates while sending and receiving them over a mature and
well-tested low-level communication infrastructure. In the best case, a client will
already have some existing 10T systems communicating over MQTT and the laser
system will be integrated as one more 10T device for entertainment and marketing
purposes. The ESP8266 MCU takes care of the communication details leaving only
the creation and interpretation of the message contents to the main STM32 MCU. As
the network communication typically comes hand in hand with a significant amount
of development and execution overhead, having a secondary MCU running on an
open-source firmware saves but development and run-time resources.

Last but not least, the remote debugging console accessible from the ESP8266
MCU facilitates the identification of problems that may occur within the STM32
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MCU. It enables support staff to login from a distance, look into status messages and
issue service commands such as rebooting the main MCU. This feature may prove to
be very convenient because it may save a trip to the customer premises if problems
should happen. Even within a single building, it is often more convenient to monitor
the laser system from the comfort of the working desk and chair instead of going with
a notebook and connecting to it by wire.

We have dedicated a separate task in the STM32 MCU to communication. This
task may receive commands to start, stop or change the animation; it may get new
animation files over the WiFi connection and start a writing process to the microSD
card; it may update the MCU firmware, send status updates, etc. As an alternative
communication venue, it is also possible to establish a USB connection to a notebook
or a PC using an add-on board with a serial-to-USB communication chip such as the
FT232RL or the CP2102. The connection uses one of the five serial ports of the MCU.
Programming the communication with the Internet as a separate task ensures the
responsiveness of the system at any given point in time. Messages will be received
and commands will be executed irrespectively of the other laser system tasks. As the
MCU resources are shared, the execution may not be as fast as technologically
possible but it will commence and proceed in a timely manner. In addition, by using
separate tasks, we divide the firmware into relatively standalone and encapsulated
parts facilitating the debugging and increasing the reliability — provided that the
underlying FreeRTOS functions as intended.

Another normal-priority task controls the temperature and the humidity inside
the laser system. As the system is intended to operate both outdoors and indoors, it
has to monitor the temperature and the humidity values constantly because laser
diodes should not be used at negative temperatures or at temperatures above 50 °C.
The humidity is a problem because of the possibility for condensation inside the
camera. For this reason, the camera is equipped with a temperature sensor, a humidity
sensor, a heating element and a fan. They are managed by a separate task that first
measures the temperature and the humidity and then activates or deactivates the
heating element and the fan.

The temperature sensor is encased in a standard Integrated Circuit (IC) housing
mounted on the PCB. It is connected to one of the Analog-to-Digital Converter
(ADC) channels of the MCU and it has a 2 °C measurement error, which is enough
for our application. The humidity sensor is also an IC mounted on the PCB. It is
controlled by the MCU over an Inter-Integrated Circuit (I12C) two-wire connection.
The heating element consists of one or two aluminum resistors connected in series
and mounted inside the enclosure. It is controlled by an MCU digital output via an
N-MOS transistor, which is powerful enough to handle the necessary current. If the
temperature falls below 5 °C, the MCU turns the heating element on. The fan is
similarly controlled via an N-MQOS transistor. If the temperature rises above 40 °C or
the humidity inside the enclosure is too high, the fan is turned on to cause air
circulation and start normalizing the operating conditions. If for some reason this
does not happen, the animation projection is halted until the environmental conditions
are brought back to normal. In addition to the environmental parameters discussed
above, the STM32 MCU has enough free inputs and outputs to gather data from other
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types of sensors — e.g., luminance sensors, movement sensors, etc., and to control
actuators such as a Pan-Tilt-Zoom (PTZ) system or an alarm siren. This is considered
for a future improvement of the smart compact laser system.

All tasks are performed in parallel so that no task remains active for too long.
This guarantees the system responsiveness. Adding new tasks is relatively simple but
it has to be considered that each task needs its own share of MCU resources. If need
be, the MCU can be upgraded, e.g., to the STM32 F4 or F7 series, which are
commonly used in robotics, e.g., [24], as they have more resources — e.g., execution
speed of up to 216 MHz and memory capacity of 256 KB. This is possible because
there is very good intercompatibility between the MCUs of the different STM32
Cortex-M series.

6. Experimental results

The initial tests show very promising results. The laser system successfully reads and
projects laser animations with very good quality — Figs 5 and 6. At the moment, we
use only one color channel for test purposes as our color mix has to be tweaked by
changing laser diodes due to the large difference in the power output between green
diodes on one hand and red and blue diodes on the other hand. Larger laser systems
use a string of laser diodes for each color channel with different number of diodes in
each string for balancing the power output. In this system, due to size restrictions, we
incorporate only one diode per color channel.

The most important point for us was to test whether the embedded DAC
peripheral units of the MCU are fast enough to drive the laser scanners for an
animation projection. As seen in the figures, the DAC speed is sufficient and even
with cheap 20-kpps scanners the animation quality is very good.

Fig. 5. Stylized laser animations projected by our system: traffic lights (left) and fish (right)

The experimental results also confirm that the ILDA animation files do not
contain all parameters needed for a laser animation. For example, the laser beam
blanking time has to be tweaked for each laser animation. For even better results,
blanking time should be changeable for each animation frame transition. The
improper setting of the blanking time leads to the gap in the circle in Fig. 6. In
addition, the blanking time also depends on the scanners used in the laser system. In
practice, this means that for each animation file and each laser system, there should
be additional metadata containing information about the blanking time for all
animation frame transitions.
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Fig. 6. The compact laser system (left) projecting a circle (right)

Another important point was to see if the MCU resources of an F3 series MCU
are sufficient for the laser animation control, the real-time update of the memory
double buffer, the communication with the Internet and the observation and control
of the environmental parameters. The resources proved to be sufficient — for
animations up to about 1500 laser points — which should be more than enough for
most laser animations. The animations in Fig. 5 are relatively complex and contain
respectively around 850 points (traffic lights) and 700 points (fish). They are
projected fluently and without undue delays between the animation frames.

Should more resources be needed in the future, the MCU can be upgraded to the
F4 or F7 series, which will require some adaptations of the software libraries but the
hardware board and the main program code will remain unchanged. An MCU
upgrade will allow us to raise the limit of 1500 animation points to a higher value.
One should bear in mind though, that there is a practical limit of about 2000 points
per animation frame that is imposed by the physical characteristics of the laser
scanner units and cannot be alleviated so easily. A more powerful MCU may also
allow us to perform some more complex actions such as on-board animation
processing and special effects imposed over basic animation sequences.

The communication with the Internet could be setup successfully and with ease
thanks to the ESP-link firmware. Still, it would be better if we had included in the
design an on-board user panel with one or two navigation buttons and possibly a
small LCD screen for immediate configuration feedback. As an alternative, the role
of a status and configuration screen may also be played by the laser projection itself.
With regard to navigation buttons, in the current prototype design, there is one
general-purpose push-button mounted on the PCB inside the enclosure.

The environmental parameters are read successfully and the heating control
works very well. Still, we need further tests outdoors and at negative temperatures to
confirm the reliable animation projection in winter conditions.

7. Conclusion

In this paper, we propose and test a smart compact laser system for animation
projections. We gather and summarize the most important user requirements and
describe the design and implementation phases of the prototype development along
with a brief discussion of the test results with suggestions for improvement of the
created prototype.
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The proposed laser system has several advantages over existing laser systems.
From a user perspective, the system is simple to use and easy to install and maintain
due to its small dimensions and low weight. From a technical standpoint, our smart
electronic control board integrates all necessary electronics with the exception of the
scanner control and it enables the projection of laser animations in a standalone or a
remote-controlled fashion. From an economic standpoint, we achieve lower cost than
the purchase and maintenance cost of a typical multimedia laser system.

One limitation of the system is the absent ILDA interface for connection to
popular laser show software — due to the limited enclosure dimensions and the
specifics of the envisioned use cases. In the future, this limitation may be mitigated
by the design of an optional add-on module that will provide the required analog
support for processing ILDA input signals. Our future work will also include
performing laser animation projections on the fly — by using data streamed over the
network and animations that represent real physical objects or physical parameters.
Such use cases may encompass the projection of the outlines of construction details
for inspection or as assembly hints in factories or the real-time projection of
manufacturing process parameters such as temperature, humidity or pressure. If we
think of the laser system not only as an entertainment device but also as an innovative
display or a virtual drawing board, new use cases may emerge in application fields
such as industrial machinery, education and sports.
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