Developing a Soldering Robot for
High-mix Low-volume Electronics
Production
Lauri Lehtimäki

School of Electrical Engineering

Thesis submitted for examination for the degree of Master of
Science in Technology.
Espoo 26.11.2018

Supervisor

Prof. Ville Kyrki
Advisor

M.Sc. Keijo Uusimaa

c 2018 Lauri Lehtimäki
Copyright ⃝

Aalto University, P.O. BOX 11000, 00076 AALTO
www.aalto.fi
Abstract of the master’s thesis

Author Lauri Lehtimäki
Title Developing a Soldering Robot for High-mix Low-volume Electronics Production
Degree programme Automation and Electrical Engineering
Major Control, Robotics and Autonomous Systems

Code of major ELEC3025

Supervisor Prof. Ville Kyrki
Advisor M.Sc. Keijo Uusimaa
Date 26.11.2018

Number of pages 59

Language English

Abstract

High-mix, low-volume production in electronics is costly and difficult due to frequent
device setup changes and numerous product-specific fixtures. Adding to this, the
products involved often incorporate high complexity, and traditional machine soldering processes may not always be used for the entirety of a PCBA (Printed Circuit
Board Assembly). As a result, manual soldering is required, further increasing costs.
This thesis focuses on designing a flexible robot soldering system for use in replacing
manual soldering in complex products.
The soldering solution was built using an ABB IRB 14000 YuMi as the robot,
and soldering equipment mainly aimed for manual soldering. Requirements for a
full production-ready system were listed, but due to the limited scope of the thesis,
work focused on implementing the core soldering process and developing software for
teaching products for the robot system. The quality of the soldering was measured
based on inspecting soldering samples on a trial product, and the usability of the
software based on the speed of use and verbal feedback from technical staff testing
the software.
The soldering process did not yield satisfactory results due to positional problems
of the soldering iron. The cause was identified to be the low rigidity of the collaborative
robot, leading to the robot arm bending slightly upon soldering iron contact with
the PCBA. However, the software was deemed to be functional and simple to use.
In the future, further work will be undertaken to increase the precision and quality
of soldering, and to implement the missing requirements for a production-worthy
system.
Keywords Solder, robot
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Tiivistelmä

Piensarjatuotanto elektroniikassa on kallista ja vaikeaa johtuen toistuvista laiteasetusten säädöstä ja lukuisista tuotekohtaisista työkaluista. Lisäksi asiaankuuluvat
tuotteet ovat usein hyvin monimutkaisia, ja perinteiset konejuotosprosessit eivät ole
käyttökelpoisia koko piirilevylle. Tämän seurauksena tarvitaan käsijuotosta, mikä
lisää kuluja entisestään. Tässä diplomityössä pyritään suunnittelemaan joustava
juotosrobottijärjestelmä käsijuotoksen korvaamiseen monimutkaisissa tuotteissa.
Juotosratkaisu rakennettiin käyttäen ABB IRB 14000 YuMi -robottia ja pääosin käsijuotokseen tarkoitettua juotosvälineistöä. Vaatimukset tuotantovalmiille
järjestelmälle listattiin, mutta työlle varatun rajallisen ajan vuoksi keskityttiin keskeisen juotosprosessin toteutukseen ja järjestelmän tuotteiden opetukseen tarkoitetun
ohjelmiston kehittämiseen. Juotoslaatu mitattiin tarkastamalla koetuotteella tehtyjä juotoksia, ja ohjelmiston toimivuus ohjelmaa koeajaneen henkilöstön käytön
nopeudella ja sanallisen palautteen perusteella.
Juotosprosessissa ei saavutettu tyydyttäviä tuloksia kolvin paikoitusongelmien
vuoksi. Syyksi todettiin yhteistyörobotin heikko jäykkyys, jonka seurauksena robotin
käsivarsi taipui hieman kolvin osuessa piirilevyyn. Ohjelmisto sen sijaan todettiin toimivaksi ja helppokäyttöiseksi. Tulevaisuudessa lisätyötä tullaan tekemään juotoksen
tarkkuuden ja laadun parantamiseksi ja tuotantokelvollisen järjestemän puuttuvien
vaatimusten täyttämiseksi.
Avainsanat Juottaminen, robotti
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CAD
DOF
EMS
FPC
FTP
HMI
HTTP
IDE
I/O
MES
PCB
PCBA
PLC
RoHS
SAC
SCARA
SMA
SMD
SMT
THA
THD
THT
UI
XML

Automatic Guided Vehicle
Automatic Optical Inspection
Computer-Assisted Drawing
Degree(s) Of Freedom
Electronics Manufacturing Services
Flexible Printed Circuit
File Transfer Protocol
Human-Machine Interface
HyperText Transfer Protocol
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Input/Output
Manufacturing Execution System
Printed Circuit Board
Printed Circuit Board Assembly
Programmable Logic Controller
Regulation on Harmful Substances
SnAgCu (tin-silver-copper) solder
Selective Compliance Assembly/Articulated Robot Arm
Surface-Mount Assembly
Surface-Mounted Device
Surface-Mount Technology
Through-Hole Assembly
Through-Hole Device
Through-Hole Technology
User Interface
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Introduction

In the last decades, much of mass production of electronics has been outsourced
to Asia and other locations with low labour costs. Electronics manufacturers in
the West focus more on products with high complexity, high profits per unit, and
low production volumes. This high-mix low-volume production makes it difficult to
leverage developments in production efficiency through automation, as production
lines tailored for specific products are unlikely to provide reasonable return on
investment within the life cycle of a low-volume product. With the increasing labour
costs in countries of low-cost production, increased demands on supply chain speed and
flexibility, and more value being placed on company quality image, the profitability of
operating closer to the customer becomes more viable [1]. Furthermore, the increasing
public interest in environmental matters is likely to lead to consumers preferring
goods produced locally in order to reduce the environmental effects of long-distance
freight. For these reasons, there is an ongoing trend for Western companies to bring
back production from the Far East, especially in the high-technology industries [2],
using advances in robotics and manufacturing technologies to turn a profit.
While many aspects of soldering in electronics are already highly automated, the
need for manual soldering still exists. New PCBA (Printed Circuit Board Assembly)
designs with SMT (Surface Mount Technology) components in mind are likely to
be completely mass solderable, but in older designs still in production it may be
impossible to completely replace manual work with machine soldering. Even modern
designs may be ill-suited for mass soldering due to complicated soldering operations,
necessitated by final product shape and size considerations, or due to specialised
components highly sensitive to heat damage. This leads to the necessity of manual
soldering, even though this brings about additional costs in direct and indirect labour
costs, and causes fluctuations in soldering quality [3, pp. 2, 623]. Thus, there
is a continuing need to have a robotic soldering solution with the flexibility of a
human solderer to solve the requirements for reducing direct labour costs in complex,
low-volume production.
The aim of this thesis is to design and build a proof-of-concept, low-cost prototype
robot soldering solution to use as a base for further development, through which a
production-worthy soldering system would eventually be reached. The design should
provide a machine soldering solution capable of directly replacing a reasonable subset
of manual soldering in electronics production, being able to handle the flexibility
required in the PCBAs that are manually operated on, both in terms of physical
manoeuvrability and a large amount of different products. A customised design
developed in-house is requested in this case, in order to provide freedom in the
selection and re-use of the parts used in the soldering system, and to keep the cost
of further development and customisation low.
While the final system will have more features in material handling and safety,
the scope of this thesis is limited around the central soldering functionality. A
collaborative ABB IRB 14000 YuMi robot is used as the robot operating the soldering
equipment. Apart from building the robot application, software for teaching soldering
points is developed. The ultimate research questions this thesis attempts to answer
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are: Is the achieved soldering solution sufficient for reliable, high-quality soldering?
And are the functionality and usability of the developed software good?
The thesis is divided into five sections, of which this introduction is the first.
In Section 2, topics on electronics, soldering, and robotics are explored in order
to provide background for the theoretical concepts and practical matters relevant
for the thesis. In Section 3, the requirements for the solder robot design and its
parameters are laid out. Also, the tools used for developing the software and the
mechanical equipment incorporated in the design are explained. Finally, the methods
for evaluating the results of this thesis are defined. In Section 4, the iterative
development effort of the robot cell is detailed, and the obtained results are explained
and discussed. Furthermore, plans and suggestions for future work based on the
thesis results are explained. In Section 5, the contents of the thesis are summarised.
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2

Background

In this section, background relevant to the soldering system is explored. First,
basic electronics related to circuit boards and components is discussed in Section 2.1,
especially from the perspective of soldering. Then, the theoretical aspects of soldering
are explained in Section 2.2, soldering methods widely used in the industry in Section
2.3, and soldering inspection in Section 2.4. Finally, aspects of robot structure and
control are explored in Sections 2.5 and 2.6, especially those of industrial robots.

2.1

Electronics

Electronics is an engineering disciple concerning the study and design of electronics
circuitry and components. For a general view, aspects of circuit boards, components,
and electronic design are explored.
2.1.1

Circuit boards

Printed circuit boards (PCB) are the most common platform for electrical connections
and mechanical support in electronics manufacturing [4, p. 2]. While the somewhat
more correct terminology is printed wiring board (PWB), in current usage PCB is
more common [5, p. 28]. PCBs consist of one or multiple layers of copper, etched
to form the desired conductive paths, and supporting layers of non-conductive base
material [6, p. 147].
Depending on their number of copper layers, PCBs can be single-sided, dual-sided,
or multilayered [6, pp. 147-148]. Single-sided and dual-sided PCBs have copper
platings on one or both of their exposed surfaces, respectively, while multilayer boards
have several layers of copper inside them, separated by layers of substrate. Crosssectional diagrams of these types of PCBs are shown in Figure 1. The manufacturing
process of PCBs begins with laminating and pressing the substrate and copper layers
together. For multilayer PCBs, the traces of the inner copper layers are etched prior
to laminating. After the layers are combined, the holes specified in the particular
PCB design are punched or drilled through the board and then plated by electroless
plating. Following this is the image transfer process, in which human-readable text
and images are printed on the PCB surface. Then, the outer copper layers are
electroplated with an etch-resist metal plating matching the desired trace pattern,
and the rest of the copper layer is removed by chemical etching. Finally, the boards
are machined to mechanical specifications. [6, pp. 149-167]
The different electrical interconnects in PCBs are traces on a single copper layer,
vias between layers, and through-plated holes for component attachment. Traces
are etched on the copper layer to create the desired shapes for the connecting paths.
Vias and through-plated holes are holes drilled or punched through the layers of the
board and plated with conducting material. They coincide with the traces on several
layers, connecting them electrically. The differences between vias and through-plated
holes are that vias do not necessarily reach through all the layers of the board, and
that through-plated holes are used for insertion of THT (Through-Hole Technology)
component leads.
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Figure 1: Cross-sectional views of different types of PCBs, with through-plates holes
and vias shown.
Apart from the usage of copper in traces electrically connecting different points
on the layer, larger contiguous areas on a copper layer can be used as heat sinks
or ground planes. Heat sinks are used to increase the thermal mass of the board
in the presence of easily heating components, such as transistors and transformers.
Ground planes are connected to the power supply ground line. Often most of the
unused copper layers are used as ground planes to simplify the electrical design of
the PCBA by enabling easy access to the ground voltage from anywhere on the
board. In multilayer boards, some copper layers can be entirely dedicated to acting
as ground planes.
There are several different base material, or substrate, types for PCBs, with
the most commonly used ones being FR-2 and FR-4 [6, pp. 148-149]. FR-2 is the
least expensive, and least durable, material choice of laminated paper impregnated
with phenolic resin, used in low-cost consumer products. FR-4 is made of glass
fibre impregnated with epoxy resin, and is widely used due to its durability and
good electrical properties. Apart from the prevalent use of solid substrate materials,
PCBs are also made from flexible materials to adapt to irregular shapes of the end
product, or to allow movement of connected parts [7]. Various plastics are often used
as substrate materials for these FPCs (Flexible Printed Circuits).
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2.1.2

Components

Components are the elements performing some electronic function in a circuit.
Structurally a component consists of the internal functional elements, the component
casing protecting the internals, and leads or metallised pads for electrical and physical
connecting of the component. Components vary greatly in terms of size, from
large transformers weighting several kilograms, to minuscule SMT (Surface-Mount
Technology) resistors weighing in the scale of milligrams. Based on their functionality,
components can be separated to active and passive components. Active components,
such as transistors, are capable of controlling electrical current based on electrical
signals, while passive components, such as resistors and capacitors, are not capable
of power gain or generation.
Solderable electronics components can be divided into two distinct groups from the
perspective of soldering processes: through-hole technology (THT) and surface-mount
technology (SMT). THT components have conductive leads, protruding axially or
radially, which are inserted into holes drilled into the PCB. During soldering the
solder flows into the hole to create a solder joint between the component lead and the
conductive pad on the PCB surface. In the case of plated through-holes, the inner
surface of the hole is plated with the same material as the pad, causing the solder to
flow through the hole and create a stronger joint by increasing the shared surface
area between PCB plating and component lead. SMT components are attached on
the surface of a PCB by soldering the component contacts onto the PCB pads. SMT
component contacts can be either in the form or leads or just solderable surfaces. [3,
pp. 389-391] Examples of THT and SMT components are shown in Figure 2.

Figure 2: A selection of THT and SMT components, grouped by their connection
types. From left to right: a radial THD, axial THDs, leaded SMDs, leadless SMDs.
THT components were the first components to be developed, and as such have
been widely utilised. With the introduction of SMT components in the 1960s, their
subsequent development, and the wide increase in their usage in the 1980s, SMT
component usage has now surpassed that of THT components by a wide margin.
Compared to THT components, SMT components offer lower prices, much greater
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ease of automation, and smaller size [8, p. 1]. However, there are components that
currently are not available in SMT form, for instance large components such as
transformers. Heat-sensitive components are better suited for THT, as the longer
leads make it possible to use higher temperatures during the soldering process without
raising the component body temperature above allowed limits [9].
While soldering is the most used method for attaching components to PCBs, other
options exist, such as conductive tape, crimps, and connectors already otherwise
attached to the PCB [3, p. 33]. There are also isotropic and anisotropic conductive
adhesives often used in flexible board assemblies and LCD displays [10]. Additionally,
non-conductive adhesives may be used to hold the component in place before an
attachment method providing also electrical connectivity is used, most often for SMT
components during wave or reflow soldering [4, p. 113].
2.1.3

Electronic design

The aim of electronics design is to create circuits performing some specified function.
This entails selecting components of appropriate types with suitable values for fulfilling
the intended functionality of the PCBA, and designing the copper layer features of
the PCB to provide the required electrical connections between components [3, pp.
2-3].
Apart from designing the electronic function of the PCBA, the physical positioning elements of the design play an important role in many properties of the
PCBA, such as thermal characteristics, sufficient electrical insulation clearances, and
manufacturability [3, pp. 411-412]. PCB layers and components cause the assembled
PCBA to store and transfer heat at different rates in differing parts of the assembly.
The thermal characteristics affect soldering processes during manufacturing, as well
as safe operating conditions with regards to overheating, and the need for additional
ventilation or limits on prolonged use. For soldering, an even distribution of thermal
mass across the board is desirable [4, p. 291]. Insulation between elements at different
voltage levels is necessary for proper function of the assembly and for the prevention
of short-circuiting. Insulating distances can be measured as creepage, the distance
along an insulating surface, such as PCB substrate, or as aerial clearance between
components and leads raised from the board surface level. Manufacturability encompasses issues such as grouping similar components together for efficient component
placement by hand or by machine, designing solder joint locations to be reliability
soldered by the soldering processes intended, and making the assembly of the PCBA
into its final operating casing or other environment reasonable. [6, pp. 300-301]
The multiple, often conflicting, parameters involved in PCBA design are challenging to balance for a good final design. Methods such as optimisation algorithms
have been developed as assistance for fulfilling the necessary requirements [11].

2.2

Soldering principles

Soldering refers to a joining technique where two metal parts are connected using a
molten metal solder material. The solder material has a lower melting temperature

15

than the parts to be joined, and thus can flow around the solid parts in a liquid state
without deformation of the parts. The molten solder and heated base part material
react chemically, forming a thin intermetallic layer at their contact surface. As the
solder cools and solidifies, the two joined parts are connected by their mutual linkage
to the solder. [3, pp. 25-27]
Soldering was a known process in the Bronze Age, and historical mentions of
soldering date back to ancient Rome, where the main use of soldering was joining
water pipes made of lead [12, p. x]. The solder used was an alloy of tin and lead, in
very similar ratios to the ones used in soldering electronics. In medieval times a new
application for soldering was found in constructing stained-glass windows [12, p. x].
The heating elements in use were metallic rods, heated on the coals in a brazier.
With the emergence of electronics in the 19th century, soldering found a new
application. In modern times soldering sees most use in electronics by amount of
operated joints, although it is much used in the manufacture of food cans, jewellery,
and automobile radiators [3, p. 136]. While the old principles of soldering using
tin-lead alloys and a heated iron are still in use today, there have been many other
methods designed specifically for soldering electronics. These specialised methods
will be further discussed in section 2.3.
Apart from soldering, there are two joining techniques that rely on similar
operating principles: brazing and welding [12, pp. 3-4]. The difference between
soldering and brazing is mostly a matter of terminology, as they both refer to using
additional molten joining material to form a joint, with the only difference being the
temperature at which the joint formation occurs. Brazing is defined as using joining
materials with higher melting temperatures than soldering, with the breakpoint at
450 ◦ C [12, p. 4]. The differences between soldering and welding are clearer, as in
welding the joined base material itself melts, and no additional joining material is
used. Welding is also characterised by higher working temperatures and localised
heating [3, pp. 34-35].
There are many different alloys used as solder material. Historically, the solder
in general usage was mainly the eutectic tin-lead alloy with composition of 62-38
by mass-% [3, p. 136]. With the introduction of regulations restricting the use of
lead in electronics production, such as the EU RoHS directive, a large variety of
lead-free solder alloys have been developed to replace lead-containing solder [13]. A
generally well-regarded type of lead-free solders are alloys of tin, silver, and copper
[14]. The composition of these types of solders are denoted with abbreviations such
as SAC 305, where SAC stands for tin-silver-copper (Sn-Ag-Cu, from Latin StannumArgentum-Cuprum), and 305 gives the composition (3 mass-% silver, 0.5 mass-%
copper, the rest tin) [15]. Apart from general-use solders, there are solders with more
favourable characteristics for different conditions such as frequent thermal cycling,
extreme reliability requirements, and low-temperature soldering. Specialised solder
alloys can use tin, lead, copper, noble metals (silver, gold, palladium, etc.), bismuth,
indium, zirconium, and traces of other elements, such as lithium and beryllium [3,
pp. 167-174].
The melting temperature of the solder is an important quality for forming the
solder joint, but also for reliability of joints during PCBA operation. Depending on
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the solder alloy composition, there is a temperature range where the solder is not
fully solid or liquid called the pasty range [4, p. 36]. The temperature range where
solder is fully liquid is called liquidus, and the temperature range for full solidifying
is called solidus [3, p. 143]. A wide pasty range can cause cracks to form in the
joint, as the components may move when the solder is partially solid during cooling.
Thus, solders with a singular melting point, eutectic solders, are desirable to prevent
the issues with partial solidifying [4, p. 37]. While low melting temperatures are
desirable in that they allow lower soldering temperatures and thus lower the risk of
heat-induced damage in components, solders with low melting temperatures often
have undesirable qualities, such as poor wetting, lower mechanical strength, and
stronger tendencies for oxidation or intermetallic growth [16]. In addition, many
low-melting solders contain indium, which is the most expensive alloy material used
in soldering [5, p. 32]. Certain qualities of solders can be enhanced or compensated
for by alloying trace amounts of different elements [3, p. 174].
Based on the operating conditions of a particular PCBA, the joints may be subject
to frequent thermal cycling, static extreme temperatures, or physical vibration. For
joints in thermal cycling, it is necessary for the solder to have a similar thermal
expansion coefficient as the PCB and components to prevent cracking [3, p. 445].
In high temperatures the solder can soften or, in extreme cases, melt, allowing the
components to move or even fall off. Moving components can cause short-circuits
and thus break the PCBA.
The heating process of a solder joint must fulfil three requirements in order for it
to be successful. Firstly, the solder must be melted and must be able to freely flow in
the area of the joint. Secondly, the component terminations and substrates must be
heated to a temperature high enough to make wetting of the solder possible. Thirdly,
the components must remain at a temperature low enough to prevent damage. [3, p.
84] Based on these requirements, the amount of heat used for the soldering is limited
on both sides. The soldering range of a component is the range of temperature and
time values where favourable soldering conditions are met. Each component has its
own optimal soldering range, and so the selection of components used on a PCBA
must have overlapping ranges, especially if mass-soldering is to be used. [3, p. 84]
The temperature of soldering can be calculated using the main equation of heating
[3, p. 85]:
T − TO = (TS − TO )(1 − exp
where

−t
),
τ

(1)
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T
TO
TS
τ
ρ
c
V
α
A

=
=
=
=
=
=
=
=
=

the temperature at the time t;
starting temperature;
the temperature of the heat source;
response time of the process = ρcV
;
αA
density of the heated object;
specific heat of the heated object;
volume of the heated object;
coefficient of heat transfer;
surface area of heat transfer.

Two different heating strategies can be employed for soldering. In the excess
heating strategy, the heat source is kept at a much higher temperature than the
soldering temperature. Thus the desired soldering temperature is reached quickly,
but there is a high risk of heat damage to the components if the heat source is not
removed immediately after soldering. The asymptotic heating strategy has the heat
source at the soldering temperature or slightly above. As a result, there is no risk
of heat damage to the components, but the heating takes a longer time. The used
soldering process determines the suitable heating strategy for a process. [3, p. 86]
During soldering the solder and base material interact, forming alloys at the
threshold area, called the intermetallic layer. This process is shown in Figure 3.
The alloys are mostly formed between the tin of the solder and certain base metals
in the soldered parts, namely gold, silver, nickel, and copper [3, p. 149]. The
alloying changes the mechanical properties of the joint metals, which can manifest
as alterations in strength and brittleness, or reduced wettability, depending on the
formed alloys. The thickness of the intermetallic layer increases with time, and the
rate of growth increases with temperature. The layer is in the scale of micrometers
in thickness. In general, the properties of the intermetallic layer are unwanted in
the solder joint, and therefore the layer should be kept as thin as possible [4, p. 9].
This can be achieved by keeping the soldering time as short and the temperature as
low as possible, or by altering the material composition of the solder or the soldered
components. If no intermetallic layer is formed at all, however, the solder connection
is not satisfactorily formed [4, p. 9].
For soldering to be possible, wetting must occur between the liquid solder and the
solid surface of the soldered part. Wetting causes the atoms of the different materials
to come into close contact, allowing for the growth of the intermetallic layer [3, p.
36]. The presence of impurities can prevent the wetting effect between materials,
and therefore perfectly clean surfaces must be achieved for soldering [4, p. 13]. As it
is practically impossible to keep the surfaces sufficiently free of impurities before the
soldering operation, fluxes are used for cleaning the parts.
Surface tension is an important factor in wetting. According to thermodynamics,
a system tends toward a state of minimal free energy. One form of this is the tendency
for the smallest possible surface area. [3, p. 37] For a curved surface, the pressure

18

Figure 3: The stages in the formation of the intermetallic layer. First the solder
wets in (a), the base material melts into the solder in (b), and the intermetallic layer
forms due to reactions between solder and base metal in (c). [8, p. 19]
difference between its sides is determined by the Equation of Laplace [3, p. 37]:
∆P = γl (

1
1
+
),
R1 R2

(2)

where
∆P
γl
R1
R2

=
=
=
=

pressure difference;
surface tension;
the first radius of curvature;
the second radius of curvature.

For a sphere, the radii R1 and R2 are equal to each other.

A liquid solder droplet tends towards an equilibrium shape according to the
surface tensions working on it: those of the liquid, the solid, and the liquid-solid
interface. Gravity is negligible compared to the surface tension forces on the scale of
a solder droplet. From the surface tensions, the contact angle can be solved from
Young’s equation [3, p. 39]:
γls + γl cos Θ = γs ,
where

(3)
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γl
γs
γls

= surface tension of the liquid;
= surface tension of the solid;
= surface tension of the liquid-solid interface.

The level of wetting is given as the wetting angle Θ, the contact angle between
the solder droplet and the solid surface. Angles can range from 0◦ for complete
wetting, to 180◦ for no wetting [6, p. 172]. In practice, however, the angles normally
do not reach these extremes, even though for all practical purposes complete wetting
or non-wetting is observed [3, p. 40]. A diagram of wetting angle determination is
shown in Figure 4.

Figure 4: Comparison showing good and bad wetting angles. The solder ball showing
bad wetting is easily removed from the copper surface with no solder remaining on
the surface, while the blob showing good wetting is structurally bound to the copper.
Adapted from [4, p. 14].
The soldering environment in electronics soldering, especially, enables the liquid
solder to flow freely to cover the wettable surfaces in its vicinity, as the wettable
material of PCB pads and component leads is surrounded by non-wettable PCB
substrate and component casing [3, p. 29]. Therefore, in the case of good wettability
characteristics of the soldered materials, the solder fills holes, spreads evenly, and
does not connect leads or traces over non-wetting areas.
Fluxes have an important cleaning role in a successful soldering process. The flux
reacts with the oxides on the surfaces of the soldered metals, removing the oxide
layer and allowing the solder to reach the wettable, unoxidised base metal [4, p. 18].
Most metals used in component terminations and PCBs oxidise readily in contact
with air if they are not plated with noble metals. As such, the application of flux
is almost always necessary for good wetting and joint formation [4, p. 18]. Apart
from the chemical removal of oxide films, the flux improves solder joint formation
by improving heat transfer during soldering, and by physically transferring reaction
products away from the soldering surfaces [3, p. 204]. Flux can be found in liquid or
solid form. The application of flux may be done separately from solder material, as
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in wave soldering by fluxers or in manual soldering by hand, or it may be included
with the solder material, as with solder paste and flux-cored solder wire [4, p. 36].
Fluxes are classified based on their constituent materials as resin-based, organicbased, or inorganic-based [3, p. 205]. Different fluxes have different levels of activity
and corrosivity, suitable for different situations. The activity of a flux is the measure of
its ability to chemically clean the soldering surfaces. Activity rises with temperature
until a flux-dependent upper temperature is reached, where the active components
begin to degrade, burning the flux [3, p. 206]. Corrosivity is the unwanted behaviour
of flux residues remaining on the soldered surfaces dissolving the metals on the PCBA.
The more active a flux is, the more likely it is for it to also be more corrosive [4, p.
21]. Depending on the activity of the flux, cleaning the PCBA of flux residues after
soldering may be necessary. Flux washing is done using water or various cleaning
solvents, depending on the water solubility of the flux. There are also no-clean fluxes,
low-activity fluxes which use up most of their active components during the soldering
process to leave non-corrosive residues on the PCBA, requiring no washing [4, pp.
30-31].
Appropriate solder fillet formation and hole filling are important for ensuring the
mechanical durability of the joint. Solder fillets are formed as the solder flows up the
component leads, increasing the cross-section area of the joint [3, pp. 412-413]. A
diagram of a solder fillet cross-section is shown in Figure 5. While the solder should
rise along the lead in a joint, the lead should be discernible through the solder [17].
Good hole filling is achieved when the solder flows to evenly fill the hole around the
whole circumference of a component lead.

Figure 5: A solder fillet. With good wetting of base metals, the solder flows up the
lead and down the through-plated hole due to forces exerted by surface tension.
Several problems can occur during soldering, variably causing problems in joint
reliability or the electrical functions of the PCBA. Poor wetting, or cold solder joints,
can occur due to insufficient fluxing activity relative to the component material
wettability, caused by poor selection of flux or a too low soldering temperature.
Dewetting is a phenomenon where solder withdraws from already wetted areas to
flow elsewhere. Voids and holes are cavities in a joints. Voids are caused by trapped
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flux gases inside the solder joint, and cannot be seen on the surface of the joint.
Holes reach to the surface of the joint, caused by poor wettability or physical trauma
to the joint. Solder balls are small spatters of solder released during soldering with
solder paste, held in place on non-wetting areas of the board by sticky flux residue.
Solder bridges are areas of solder connecting separate component leads or PCB traces
together, causing problems if areas at different electric potential levels are connected.
[3, pp. 651-657]

2.3

Soldering technology

In electronics, various different soldering methods are used, based on the characteristics of the PCBA design and individual components. Generally used soldering
methods are manual soldering, robotic soldering, wave soldering, selective wave
soldering, reflow soldering, and laser soldering. Dip and drag soldering processes are
also sometimes used. Design features that affect the available soldering methods are
PCB thickness, component placement design, and whether the board is one-sided or
two-sided. Component properties relevant for soldering method selection are size,
heat-sensitivity, and whether the component is THT or SMT.
On the component side, the clearest consideration for soldering method selection
is whether the component is THT or SMT. Some methods are usable only for
THT components, some only for SMT components, and some for both. Additional
considerations may be necessary to allow some methods to be used for a certain kind
of component. For example, SMT components soldered in a wave soldering process
must be attached to their positions with glue prior to entry into the wave soldering
machine to prevent them from falling into the molten solder [4, p. 113].
Solder can be presented to the solder joint in various ways. In electronics, the
main forms of solder are solder wire, solder paste, and molten solder bath [4, p. 36].
Solder wire is, as its name implies, solder material in a wire form. Wire is fed to the
area to be soldered as the soldering is done. Often the wire is flux-cored, meaning
that the core is made of some flux material that will activate as the wire is melted,
and no additional flux is required in general cases. Solder wire can be used in manual,
robotic, and laser soldering, for both THT and SMT components. Solder paste is
a viscous mix of small solder pellets and flux. The paste is predeposited before
component placement and soldering, using either a dispenser or a paste printing
machine [8, pp. 57-59]. Dispensers output a precise amounts of paste at specified
locations. Paste printers use a squeegee to wipe a layer of paste on a stencil, through
whose apertures the paste reaches the correct positions on the PCB. Paste printers
offer faster paste allocation and are therefore preferred for mass-production. Solder
paste is used for SMT components in reflow and manual soldering. Molten solder
baths use an excess amount of molten solder compared to the amount required for a
solder joint [3, p. 28]. When the soldered location comes in contact with the surface
of the molten solder, a joint is formed as the molten solder wets, and the excess
solder flows off. Solder baths are used in wave and selective wave soldering.
Soldering pallets can be useful in soldering, depending on the soldering process
and the PCBA being worked on. They are most used in wave soldering, where pallets
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are used to control the angle of PCBA entry into the wave, eliminate the need to
adjust conveyor widths depending on product, and to mask certain areas on the
board. Pallets are also useful for any soldering process featuring a conveyor belt for
PCBAs with components placed near the board edge, making it possible to avoid
having components between the board and the belt. [4, pp. 126-130]
Soldering irons are used in manual and robotic soldering. They consist of a heating
element, bit, and handle, as shown in Figure 6. The heating element generates the
heat used in soldering. The bit is connected to the heating element, and is placed in
contact with the soldered parts to conduct the heat. The material of the bit must
have good heat conductance, with copper being the prevalent choice. To prevent
dissolution of the copper during soldering, the tip is plated with iron. [3, p. 626]
Even though the rate of dissolution of iron into the solder is slower than for copper,
the plating will still dissolve with use, especially with some lead-free solders [18]. The
handle covers the heating element and is made of heat-insulating material to prevent
burns when operating the iron. Modern soldering irons have a controller attached
for monitoring and controlling the iron temperature. The controller helps keep the
temperature stable as heat flows from the tip upon contact with the soldered parts.
[4, pp. 240-241]

Figure 6: Structure of a soldering iron. The end of the heating element is visible
outside the handle in this model, while often the handle completely covers it.
Soldering iron temperature, and the shape and size of the bit are central parameters
affecting the soldering process [4, p. 240]. As the excess heating strategy is employed,
the iron temperature is significantly higher than the desired soldering temperature
[3, p. 624]. As the tip touches the soldering area, the heat stored in the bit is
transferred, requiring for additional heat to be generated by the heating element.
The ability for a soldering iron to hold its nominal temperature through the soldering
process is often depicted in the form of a heating curve. The various dimensions of
the tip have an effect on different elements of heat transfer: the width of the tip
increases heat flow into the joint, the length of the bit slows the heat transfer from
the heating element to the tip, and the overall size of the bit increases the amount
of heat stored before contact with the soldered elements [4, p. 240]. Soldering iron
temperature curves are an oft-used method for representing the heat characteristics
of an iron, showing the changes in tip temperature during a soldering operation.
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From this can be inferred the response time of the heating element regarding the
drop in temperature in the tip, and the validity of the nominal iron temperature.
Proper care for the tips is crucial for extending their operational life expectancy.
When the tip is kept at high temperatures, oxides begin to form on the heated
surfaces. This can be reduced by tinning the tip by melting a small amount of solder
on it before starting and after finishing work with the iron. During soldering, flux
residues accumulate on the tip, reducing its wettability and heat transfer capabilities.
As such, the tip should be regularly cleaned during soldering with a wet sponge or
copper shavings. [4, p. 245]
No soldering method is universally effective for all components and PCB designs.
Therefore the consideration for the best possible soldering process for a specific
PCBA is always important for obtaining good quality with the lowest cost and effort.
The most widely-used soldering processes are described below.
Manual soldering
In terms of initial investment and machine complexity, manual soldering is the
simplest solution, as machinery is not involved. Manual soldering is performed by a
human using a hand-held soldering tool and manually applied solder. In the case
of THT components, the tools are a soldering iron and solder wire, while for SMT
components either the same process or a heat blower and soldering paste can be used.
It is natural to include component placement into the manual soldering process, and
as such it is especially useful for small-scale production, for example in prototyping.
Manual soldering is also necessarily performed in rework and repair soldering, where
it is often combined with desoldering and removing previously soldered components
[3, pp. 623, 631]. In normal mass production, manual work might be necessary in
the case of heat-sensitive components unsuitable for other soldering processes, or
in unoptimally-designed products whose component placements or PCB structures
make otherwise usable methods prone to high fault ratios [4, p. 292].
In manual soldering it is generally possible to solder only one joint at a time,
therefore making it in most cases slower than machine soldering processes designed
for mass-production. Most of the associated costs of manual work consist of employee
wages, as opposed to machine commissioning and operational costs in machine
soldering methods. Manual soldering is also prone to human error, and soldering
speed and fault ratio can change drastically depending on the day and worker. For
these reasons, it is desirable to keep the share of manual soldering to a minimum,
especially when operating in countries with high wages.
Robotic soldering
Robotic soldering is effectively manual soldering where the soldering operator is
replaced with a robot [3, p. 629]. Usually the soldering robot consists of an XYZ-table
where the PCBA is placed, and an arm with a solder wire feeder and soldering iron
attached. As in manual soldering, soldering is done one joint at a time. The removal
of the human from the soldering process places additional requirements on robot
repeatability to prevent fault formation. Inspection must also be considered, and
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optical inspection can either be added to the robot for real-time quality checking or
performed afterwards as with most other automatic soldering processes.
While robotic soldering can be seen as the machine soldering process directly
replacing manual soldering, the flexibility required for complete replacement is still far
away. In the meanwhile, robotic soldering is most used in single-product production
lines with sufficient volume for dedicated operation of the robot. This way, the effects
of the complexities of the huge variance in component and PCB designs can be kept
at a minimum in the soldering process.
Dip soldering and drag soldering
Dip soldering and drag soldering are mass-soldering methods that employ a static,
molten bath of solder [3, pp. 492-493]. In dip soldering, the solder side of the board
is lowered roughly horizontally into the solder bath. After some settling time for the
joints to form, the board is lifted from the bath. Dip soldering can be done either
manually, or partially or fully automated. Drag soldering is much like dip soldering,
but the board is moved on a conveyor into the solder bath. The horizontal movement
of the board improves the heat transfer when compared to dip soldering, and the
process is simple to automate. [3, pp. 493-494] Both of these soldering methods,
while historically used, have been practically completely replaced by wave soldering
in current production use, owing to the greater capabilities for precision, speed, and
more fine-grained parameters for realising quality joints [4, pp. 2-4].
Wave soldering
Wave soldering is a machine soldering method where the PCBA is moved over a
bath of molted solder on a conveyor belt, depicted in Figure 7. The molten solder is
mechanically excited to create waves that brush against the PCBA bottom surface,
forming solder joints at exposed pads and leads. PCBA-specific soldering palettes
must be used to cover some parts of the PCBA if they are not to be soldered in
the wave [4, p. 128]. Before entering the wave, PCBAs are sprayed with flux using
a fluxer, and then preheated to activate the flux for improved wettability, and to
prevent heat shock [3, pp. 484, 490]. Wave soldering is most often used with THT
components, but it can also be used to solder SMT components, provided they are
attached with glue prior to the process [4, p. 113].
The wave soldering process can be difficult to implement reliably due to the
abundance of parameters involved and the requirements it places on PCBA design
[19, p. 108]. Possible issues arising from unsuitable assembly design are shadowing
effects and solder bridging. The shadowing effect occurs when a tall SMT component
or a long THT component lead closely precedes another component in the wave,
causing the wave to not fully reach the latter component and preventing solder joint
formation [6, p. 189]. Solder bridging can happen if areas to be soldered are too
close to each other and the solder connects adjacent component leads or pads [3, p.
653]. Apart from these issues, heat-sensitive components can be damaged during
wave soldering due to the molten wave heating the entirety of the board [9].
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Figure 7: A wave soldering system. The PCB is fluxed, preheated to activate the
flux, and soldered in the solder wave. [8, p. 8]
Selective soldering
Selective wave soldering uses a modified principle of wave soldering, significantly
reducing the size of the wave into a much more precise font. PCBAs are moved over
the font, usually by a robotic arm, to direct the molten solder to where joints are
desired. Selective soldering allows the soldered areas to be more easily limited while
utilising the same idea of a bath of molten solder [20], making it possible to solder
single joints, or multiple adjacent joints in close succession. Compared to regular
wave soldering, selective soldering is slower, as the whole PCBA does not come into
contact the solder with a single pass. However, this allows selective soldering to be
used for PCBAs with heat-sensitive components which would be damaged in wave
soldering [20].
Reflow soldering
In reflow soldering, PCBAs are moved on a conveyor through one or several ovens at
different temperatures. Prior to entering reflow, the PCBAs have been populated
with solder paste and SMT components. Solder paste printing can be done in-line
or seperately, while SMT placement machines are most often in-line immediately
before the reflow oven. As the PCBA moves through the heating zones, the whole
assembly is heated according to a predefined, PCBA-specific heating profile [4, pp.
210-211]. The aim of the profile is to ensure that all components reach a temperature
high enough for a solder joint to form, while simultaneously avoiding damage to the
components with the lowest tolerance for heat. Heating can be arranged with several
means, such as infrared and resistance heaters, and from different sides of the board.
For uniform heating, different heating methods are often used together. [8, p. 77]
The most used heating method is convection heating, in which heated air is
blown into a heating chamber as the PCBAs move through it, as shown in Figure
8. This allows more uniform heating of the whole assembly, regardless of whether
components are far from the heating elements or if there are other components in
the way. [8, pp. 77-78] Another heating method, very much different in its approach
compared to the others, is vapour phase soldering, where the PCBA is placed in
an atmosphere of heated vapour with a suitable boiling point for soldering. As
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Figure 8: A convection reflow soldering oven. Solder paste dispensing and component
placement have been done prior to entry of the PCB into the oven. [8, p. 81]
the PCBA enters the vapour, condensation on the board surface causes the PCBA
to rapidly heat up to the temperature of the vapour [3, p. 596]. As the PCBA
temperature approaches the vapour temperature, the amount of condensation lowers
asymptotically, causing uniform heating throughout the whole assembly. No heating
profile needs to be specified dependent on PCBA characteristics, as similar heating
is observed if the heating time is long enough [8, p. 79]. The final temperature of
the PCBA is controlled by selecting a vapour with a suitable boiling temperature.
As a drawback of vapour phase heating, the fluids involved may be costly and toxic
upon breathing. Additionally, there is a tendency towards unwanted movements in
the components and solder when using vapour phase heating [3, p. 603].
Two-sided PCBAs can be soldered in reflow by running the PCBA through the
soldering process twice. The components soldered in the first round are kept in place
by either gluing them before soldering, or by using a solder alloy with a lower melting
temperature for the second round of soldering, allowing the already soldered joints
to pass through the process without fully remelting [8, p. 82].
Laser soldering
In laser soldering, the solder joint is heated using a laser beam. The solder can be
either in the form of predeposited paste, or solder wire fed during soldering. Laser
heating offers precision in terms of heating location and amount of heat transferred
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[3, p. 582]. Thus good process repeatability can be achieved with laser soldering, and
soldering can be performed in locations hard to reach with other soldering methods
due to large components already placed on the board. The possibility of tracking the
heat transferred into a specific joint can be used for automatic process parameter
improvements in order to provide optimal soldering conditions for each joint, even
with differing heat characteristics. [21]
Despite its accuracy in terms of temperature and positioning, unintentional
reflection of the laser beam can cause damage to the component bodies or the PCB
surface [21]. However, such issues can often be prevented by correct sizing of hole
and component lead diameters, and large enough PCB pads.
Overall comparison of soldering methods
Several characteristics of the soldering methods described above are shown summarised in Table 1. As can be seen, the selection of the soldering process depends
on several factors relating to the PCBA. The most excluding factors are the types
and heat sensitivities of the components. Apart from the aspects mentioned, each
process also has its own peculiarities, giving rise to unique strengths and weaknesses.
Table 1: Summary of soldering methods and several of their characteristics.
Component
types
Manual
THD, SMD
Robotic
THD
Dip / drag THD, SMD

Method

Wave

THD, SMD

Selective

THD

Reflow

SMD

Laser

THD

2.4

Mass solder- Prehandling
ing
no
none
no
placement
yes
placement,
fluxing
yes
placement,
fluxing
partially
placement,
fluxing
yes
paste dispensing, placement
no
placement

Risk of heat
damage
low
low
moderate
moderate
low
high
low

Soldering inspection

The main way used for inspecting the quality of soldered joints is visual checking.
While electric testing in the form of in-circuit test and functional tests are carried
out for PCBAs, poor quality solder joints can pass these tests. [3, p. 642] Sufficient
electrical contact for proper functionality can be achieved with joints not passing
any quality requirements, but the reliability of such joints is not acceptable. Visual
inspection can be done by human eyes with magnification from 1.5 to 40 times,
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depending on the width of the solder joint, or by automatic optical inspection (AOI)
[17]. The elements that can be checked visually are wetting, amount of solder, hole
filling, fillet formation, and solder surface quality. On average, the accuracy of
human visual inspection is 75-85%, and the throughput limit around 10 joints per
second, depending on the inspector [8, p. 84]. As increasing miniaturisation of
SMT components and the ensuing increases component density have taken place,
AOI solutions offer the throughput and optical resolution required for inspection,
as well as objectivity unattainable by humans [22]. With the current prevalence of
lead-free solders, the quality of the joint is harder to gauge based on surface quality,
when compared to leaded solders. Leaded solders exhibit a shiny, smooth surface,
while lead-free solders often have a cloudier surface quality, even with perfectly valid
heating conditions [17].
With only visual checking of the outer surface of the formed solder joint, some
important qualities, such as cavities inside the joint and the thickness of the intermetallic layer, are impossible to judge [3, pp. 644-645]. Most of the methods
for determining these qualities are destructive inspections and require breaking the
PCBAs at the inspected locations, making them unusable in routine inspections.
Hole filling and, to some extent, cavities inside the joint can be non-destructively
tested using an X-ray inspection machine [3, p. 643]. Apart from the specific qualities
of joints, X-ray inspection must be used for hidden joints in the assembly, where
ordinary vision inspection is impossible. Hidden joints are encountered in certain
SMT component package types, such as BGA (Ball Grid Array) components, where
most of the soldered joints are hidden between the PCB and the component [8, p.
85].
The general soldering quality standard used in the industry is IPC-A-610 [17]. The
standard defines acceptable quality limits for most elements concerning electronics
soldering, such as component placement and rotation tolerances, PCB cleanliness,
and solder amount and wetting in a joint. Three classes of strictness are included in
the standard, of which the most generally used is class 2. Class 3 has the strictest
tolerances, and it is mostly used for products with high requirements for reliability,
such as military, aerospace, and medical applications. The customer decides the
quality standard and the strictness class to use [17].
An important consideration for soldering inspections in production is sample
frequency. Depending on the complexity, volume, and predicted fault rate, it may
even be prudent to inspect every produced PCBA. By using AOI machines, the
increased workload can be minimised, especially if the inspection is done in-line after
soldering [22]. Where human-based visual inspections are done, the time required
for each PCBA can be greatly reduced by identifying beforehand the areas and
components on the board where soldering faults are most likely to appear [3, p. 681].
There is a concept of aiming for zero-defect soldering [4, p. 261]. This means
adjusting the soldering process to be such that no defects are generated. The
justification for this ambitious target is that all the parameters affecting soldering
are known, and mostly controllable when using machine soldering. This idea is
however challenged [3, pp. 677-678] due to the unavoidable variations in multiple
properties relevant to soldering. Such variant factors affecting soldering quality are for
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example wettability of components and PCBs, slight changes in solder composition,
differences due to relatively large tolerances in dimensions, and defective components.
Considering the wide variety of causes for slight changes in the process results, it is
not realistically feasible to design production processes with the assumption of no
defects being attainable [3, p. 676].
Defects detected during inspection can be reworked, or the PCBA can be scrapped,
if the defects are deemed beyond fixing or the costs of reworking relative to the
PCBA cost are not reasonable. Rework is done manually according to the nature
of the fault, and can include reheating the joint to allow the solder to flow and
wet better, adding solder to a joint with too little of it, and replacing defective or
incorrectly placed components. Reworked joints are always of poorer quality than
similar solder joints achieved without rework [4, p. 265]. This is due to the unwanted
thickening of the intermetallic layer as a result of additional heating, risk of additional
impurities appearing in the remelted solder, and further oxidation of the heated area.
As a result, it is always more favourable to improve the initial soldering process to
avoid the need for rework, both when considering the quality of the joints, and the
additional expenses and time lost on performing rework. [4, p. 265]

2.5

Robot manipulators

Robot manipulators are reprogrammable mechatronic devices capable of movement
relative to their bases. The basic elements of movement and positioning are explained
in the following, with focus on stationary industrial robots.
2.5.1

Movement and positioning principles

Structurally robot systems consist of joints and links. Joints represent points of
movement on the robot, while links are the structures connecting joints to each other.
Movement of a joint affects the position of joints and links further down the dynamic
chain relative to the robot base. A robot system is classified as a serial-chain robot if
all of its joints are in a series, each connected to the next by a link. The first point of
the chain is the robot base, and the last point is the end-effector. Most general-usage
robotic arms fulfil the definition of a serial chain. [23, pp. 21, 25]
Basic joints can be classified as prismatic, revolute, or helical. Prismatic joints
permit movement along an axis. Examples of prismatic joints are linear slides and
cylinders. Revolute joints rotate around an axis. Servo motors are an example. Helical
joints are joints where the rotational movement of its elements causes translational
movement of the joint. A combination of nut and screw is a clear example. [23, pp.
21-22]
Compound joints are joints that can be easily kinematically replaced with a
combination of several basic joints. These are cylindrical, spherical, and planar joints.
Cylindrical joints allow movement in two degrees of freedom: around the cylinder,
as well as up and down it. A cylindrical joint is equivalent to a prismatic and a
revolute joint along a shared axis. Spherical joints rotate along a sphere surface,
having three degrees of freedom. It can be replaced with three revolute joints with
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axes intersecting at the sphere center. Planar joints permit movement over a planar
surface and rotation perpendicular to the surface, and are replaced with two prismatic
joints and one revolute joint, all with axes orthogonal to each other. [23, pp. 22-24]
Models of kinematics and dynamics are used to calculate robot positions and
forces. Robot kinematics is the computation of robot position and motion, without
considering the forces and torques in the system. Kinematics problems can be
separated into forward, inverse, instantaneous forward, and instantaneous inverse
kinematics. In the forward kinematics problem the position of the end-effector is
calculated relative to the base is calculated, when the positions of joints and the
geometries of the links are known. Inverse kinematics finds the positions of the
joints based on a known end-effector position. The forward and inverse instantaneous
kinematics calculate the rate of motion for the end-effector and the joints, respectively.
[23, pp. 28-32] Robot dynamics is the computation of accelerations and torques in
the robot joints, taking into account the masses and forces affecting on the robot
joints and links [24, p. 75]. These computations are required to calculate the work
required of the joint actuators to move the robot to given positions.
2.5.2

Industrial robots

While robots come in a wide variety of kinematic configurations, in industrial use
the most common ones are cartesian, cylindrical, polar, articulated, and SCARA
(Selective Compliance Assembly Robot Arm) robots [6, p. 210], shown in Figure
9. Cartesian, or gantry, robots have three perpendicular prismatic joints, creating
a rectangular workspace for the robot. Cylindrical robots have a similar structure
to a cartesian robot, but replacing the first prismatic joint with a revolute joint.
Polar robots further replace another prismatic joint, having two prismatics and one
revolute. Articulated robots have only revolute joints perpendicularly in varying
quantities. An oft-used configuration for an articulated robot is six axes, leading
to the usage of the term six-axis robot. SCARA robots have several revolute joints
with parallel axes, enforcing rigidity along the direction of the axes, while allowing
movement relative to other axes. [6, p. 210]
To ensure the safety of robot systems, the possibilities for a human to enter the
working space of a moving robot must be restricted. This can be done using physical
barriers, such as fences, or by using sensors to determine human presence [25, pp.
79-81]. Sensor-based solutions can be used to slow down and stop the robot, based
on the distance as a human approaches. To enable robot operation in proximity to
humans, collaborative robots have been developed. Collaborative robots fulfil safety
regulations by various methods, including lower operating speeds, limited workload,
collision detection, and light-weight structures [26]. While collaborative robots have
great potential for flexible manufacturing solutions in direct human collaboration,
notably different robot cell design is required to fully leverage the possibilities of
human-robot interaction [27].
Industrial robots are available from a variety of manufacturers, largest among
them being Fanuc, Yaskawa, ABB, and Kawasaki [28]. Manufacturers provide robots
in different sizes and shapes for differing needs of robot application. In this thesis, a
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Figure 9: Examples of different types of robots [29].
robot from ABB is used.
For specialised soldering robots, there are many manufacturers providing tabletop gantry robots as stand-alone solutions [30, 31, 32], and some who also provide
articulated robots and in-line soldering solutions [33]. Most designs seem to feature
a relatively large soldering iron tip and a solder feeder, attached as the end-effector
of the robot. Custom fixtures and jigs are required for positioning a PCBA within
the robot workspace.

2.6

Robot controllers

Robot control software is used for computing the movements of the robot and the logic
used in robot programs [24, pp. 86]. There are many existing software solutions for
robot control, including manufacturer-specific solutions and more general frameworks
for custom-built robots. However the software is deployed, reprogrammability of
the robot behaviour must be possible to satisfy the most common definitions of a
robot [24, p. 8]. Behaviour programming can be accomplished using libraries for
general programming languages, proprietary languages, or various forms of IDEs and
teaching interfaces, depending on the control framework used.
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The control software uses defined physical dimensions of the robot to calculate the
position, speed, and acceleration values for achieving the programmed behaviour [24,
p. 35]. The models of kinematics and dynamics are used for these calculations. For
a general case of a multi-axis robot arm with revolute joints, the controller receives
data on the angle of each joint from the sensors and motors within them. Based
on the joint angle data and definitions of the robot link dimensions, the position
and orientation of the end-effector of the robot arm can be calculated using forward
kinematics. When moving the end-effector to a different position, forward dynamics
are used to calculate the torques required for each axis actuator to perform the
movement.
Apart from computing the movements of the robot through joint actuator control,
other tasks usually required of a robot controller are I/O operations, logging, error
handling, and safety functions. I/O can be with PCs, PLCs, or directly with actuators
and sensors. [24, pp. 91-94]
Asynchronous operation is often required in robot operation. Typical asynchronous events include communications with other devices in the work environment,
human user input, and safety measures, such as detection of collisions and entry of
humans or other object into the work space.
Specialised robots, such as soldering robots, are unlikely to feature full reprogrammability, instead focusing on tasks within their application domains. This
restricted programming is often referred to as teaching, featuring a simpler and more
easy-to-learn interface. Depending on the robot in question, teaching can be done
on-line with a teaching pendant, or using a software solution for on-line or off-line
teaching.
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3

Research material and methods

In this section, the design considerations and tools used in the implementation of the
soldering system are introduced. The requirements placed on the final, productionworthy design are shown in Section 3.1. The parameters available for changing during
run time in the system are listed in Section 3.2. Finally, the hardware and software
tools used in the designed solution are introduced in Section 3.3.

3.1

Design requirements

While there are existing soldering robot solutions commercially available, their main
limiting factor, as identified within the company, is the difficulty of adaptations for
filling the fluctuating needs of the business. The high-mix, low-volume environment
and tight profit margins force fast and secure return on investment for purchased
equipment, and so high rate of use for the equipment must be possible. If the system
cannot match the needs of production at a given time, it is unable to generate value
for the company, which could be avoided with additional flexibility not possible
in specialised, dedicated technology. Another consideration against the available
soldering robots is their high price.
Building the implementation in-house allows for tailoring the design precisely to
the specific requirements of the company and its employees. This also means that
there will be experience and knowledge on the solution built on site, reducing costs
related to service and further modifications in the long run.
Several requirements on the final soldering system have been placed, based
on specifications discussed with the managers and engineers at the factory. The
requirements define the aspects relevant for reaching the goal of a flexible, autonomous
soldering robot capable of handling a wide range of products and producing reliable
and repeatable quality.
Physical limits
The physical soldering area of the robot cell must be large enough for all PCBAs that
will be introduced to the cell. Based on the dimensions of the largest possible PCB
in the SMA lines used in the factory, the soldering work area of the robot solution
should be at least 400mm by 400mm. The robot must have enough excess reach to
also allow soldering to be done from an alterable angle, even at the edges of the work
area, if necessary due to components on the PCBA blocking the soldering equipment
at the standard angle of entry.
Safety
Safety is an important consideration for the soldering cell, as it is with all industrial
robot projects. The heated soldering iron presents an additional risk to be managed,
due to the iron remaining at its temperature for some time even after a safety stop of
the system. The soldering iron tip and solder feeder nozzle taper to relatively sharp
points, so the risk of punctures or cutting wounds in the case of collision is elevated.
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Colophony fumes released from the flux during the soldering process are harmful,
and can cause respiratory organ issues with prolonged exposure [34]. As such, these
must be handled, as well. Ventilation of the fumes can be done close to the soldering
iron to draw in the fumes as they are released, or the soldering area can be covered
with a ventilation hood. While it is not expected for a human to be continuously in
close proximity to the soldering, the fumes can affect people working nearby if no
precautions for ventilation are taken.
The safety of the cell must be maintained during normal production, as well as
maintenance. If material feeding is automated, the need for a human to share the
working area of the robot at any point is greatly reduced. For changing the solder
wire coil, the robot work envelope has to be entered in order to feed the new wire
into the solder feeder, regardless of other automation solutions. While a single solder
coil will last for a reasonable while in production, the need for changing is clearly an
integral part of the operation of the robot, and as such should be considered, both
in terms of safety and usability.
Safety needs are fulfilled when unauthorised entry into the robot work area is
prevented, required human physical interaction with the robot is minimised and its
safety is monitored, and the soldering fumes are extracted.
Flexibility for different products
The aim of the design is to work in a high-mix low-volume production environment,
meaning that many different products are produced in small batch sizes. Additionally,
the products soldered using this robotic solution would be mainly PCBAs that are
currently soldered manually. These include components that are difficult or impossible
to solder in general mass soldering processes, for example batteries or loose wires.
The soldering operations may also need to be done on PCBAs already partially
assembled into their casings. Considering all these factors, the robot solution must
offer great flexibility in order to fulfil what is expected of it.
The ease of introducing new products to the robot cell is important in order to
maintain its usability in the face of the presented product variety. This includes
simplicity of programming or teaching product soldering locations, and minimising or
eliminating the need for PCBA-specific jigs and other work fixtures. While training
would naturally be provided for product programming, prior specialised engineering
training must not be required.
For long-term operation, the need for fine-tuning the cell tools or product positioning must be minimal. If fine-tuning is needed, the effort of maintaining operation
for a multitude of products will be unreasonable, as especially physical adjustments
to the system are likely to affect the process for all products. The role of fine-tuning
can be controllably replaced with designs allowing reasonable dimensional tolerances
in the tools while maintaining quality requirements, or by automatic measurement
and compensation of the position of the tools.
Apart from the flexibility within the soldering cell, it can be beneficial to allow
for easy movability of the robot unit from the cell as necessary [35]. With the
unpredictable nature of demand for a certain subset of products in a large product
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portfolio, it is likely that there will not always be solderable products for the soldering
cell to work on. During such periods, the robot could be moved to do other work,
allowing the robot to generate value in other ways, instead of waiting for the next
soldering batch in an unproductive state. To fully leverage the benefits of a movable
robot, modular work cell designs [36] must be implemented elsewhere in the factory
for the robot to have somewhere to go when soldering is not needed.
The flexibility requirements of the cell are fulfilled if programs for varying products
can be easily taught, no product-specific fixtures are needed, and the robot is fast
and simple to move from and into the cell.
Speed
Pure soldering speed is not the main goal for the robot cell. Compared to manual
soldering, the possibly longer time required for each solder joint can be compensated
by the untiring operation of the system without breaks, higher repeatability with no
human errors, lower training requirements, and lower operating costs.
When considering PCBAs switched over to the robotic soldering cell from other
machine soldering processes, the motivation for such changes is most likely not due
to soldering speed, as mass soldering joints will in general always be faster than
point-by-point soldering. Due to issues with PCBA design, some products can
be incompatible with most machine soldering processes [4, p. 292]. For an EMS
(Electronics Manufacturing Services) manufacturer, design changes must be approved
by the customer, which is a time-consuming or, in some cases, an impossible task.
Therefore, products may need to be continually produced, even if that is with a suboptimal design. These products will systematically need rework after mass soldering
processes, and while this may be faster and cheaper than soldering completely
manually, it is by no means an optimal situation. The robotic soldering solution
could provide quality joints with the first soldering much more cost-efficiently than
manual soldering, presenting itself as a reasonable substitute to mass-soldering
processes under some conditions, regardless of its slower speed.
While the requirements for soldering speed are not high, the speed must be high
enough to replace manual work at a rate where the investment pays itself back within
a reasonable time frame. A return on investment period of at most two years is
desired.
Ease of use
The solution must be easy enough to use and reliable enough to be operated in
all shifts, meaning that personnel for maintenance or training will not always be
available. To achieve this, the soldering cell must have a clear operating interface in the
operator’s native language, in this case Finnish. The interface must unambiguously
inform the operator of each step required for proper machine operation and material
handling. In the case of error situations, straightforward instructions for handling
the problem must be provided, and if troubleshooting for a certain issue must not be
done without maintenance personnel present, this must be made clear. Apart from
the HMI interface, the physical construction of the cell must be so that there is no
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possibility of inserting material in an incorrect way. This can be accomplished using
fixtures and material insertion devices.
Aside from ensuring continuous operation of the system, ease of use also reduces
frustration of the operators working with it. The use of new technology is more likely
to be poorly welcomed if it is difficult or annoying to use, regardless of its objective
efficiency. The tendency for operators to lay blame on a robot, often wrongfully, has
already been witnessed at the factory. As such, it is desirable to provide operators
with a secure feeling to reduce the baseless need for requesting engineers for help at
every opportunity.
The solution is deemed easy to use if the cell can be operated correctly without
prior training, and if it is practically impossible to operate the cell incorrectly.
Low fault ratio
In hand soldering, the operator has constant visual data input on the quality of the
solder. Experienced solderers are likely to produce fewer errors in the first place, and
will certainly be able to recognise faults in the solder joint and fix them as they go.
The robot must have reliable repeatability in the quality of the solder joints for it to
bring value over an experienced soldering operator. There are existing solutions for
automatic visual inspection of solder quality, but it is not feasible to have the robot
automatically fix the faults [3, p. 2]. Also, as mentioned in Section 2.4, reworked
joints are never as good as quality joints soldered in the initial process. As such, the
robot must have a low fault ratio for joint formation on the first try.
The fault rate must be less than 0.1% for the system to be acceptable in production
use.
Cost
The overall costs of the solution must be kept low in order to keep the solution
competitive against other soldering options. The direct comparison is with manual
soldering, as the robot solution is supposed to mimic the human soldering process.
However, the true cost may not be straightforward to calculate, as using the robot
cell may bring a reduction in the indirect costs of manual soldering, such as sick leave
due to poor ergonomy, employee dissatisfaction with repetitive soldering tasks, and
fluctuating levels of quality and effectiveness due to natural human factors. When
comparing the costs of the robot solution with other available machine soldering
processes, the expenses can be more directly calculated based on the initial investment
and running costs [6, pp. 537-540].
It is likely that the greatest factor in the total costs for the robot system will be
the initial investment. While running and maintenance costs are not negligible, they
are certainly expected to be lower than wages in manual soldering, or running costs
for other machine soldering solutions. Training for the operation of the soldering cell
and defining new products for the system will also incur some costs.
As was mentioned in the speed requirement, a return on investment period of at
most two years is expected.
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Adaptability in the future
The robot cell design should allow further modifications and improvements in the
future. These adaptations can affect the soldering process itself, or they can be
additional equipment working before or after soldering. The adaptations should
require minimal amounts of change to the core design of the cell, as to make all
the add-ons easily integrateable to all cells reproduced from the same design. This
approach will allow for research and development to be focused in one site only, while
having the benefits easily realised in all realisations of the cell design.
Reproducibility
The robot cell design must be such that it is easily reproducible. This includes
duplicating the cell at the development site, as well as introducing the technology
to other factories. For this, it is important to have dimensional drawings of the cell
structure and instructions for setup. Full documentation of the software is important
for maintenance and development personnel for reliable commissioning, and operating
instructions for smooth running in production.
In the design of the cell structure, standard parts should be used as much as
possible to ensure availability and increase the amount of possibilities in vendors
during part sourcing. Apart from the specialised devices used for soldering, there
are no extraordinary requirements for the cell construction, so this should not be
difficult to achieve.
The devices used in the soldering cell and the solder material should have reliable
support available from the supplier or manufacturer. When considering the possibility
of future implementation of the same cell blueprint in factories in other countries,
this may become more difficult.

3.2

Parameters

In the following, alterable parameters affecting the soldering operation are listed.
Some of the parameters can be changed by the robot during run time, while some
require human intervention.
Temperature
The temperature of the soldering iron affects the quality of the formed solder joint,
as discussed in Section 2.2. Depending on the PCBA structure and the components
on the board, the optimal soldering temperature will be different. The soldering
temperature should be a compromise between ease of solderability, achieved with
higher temperatures, and minimal flux residues, achieved with lower temperatures
[4, p. 242]. To produce better results with a higher probability, the temperature
should be adjusted at least on the product level, if not on the level of individual
solder joints. Extremely high temperatures should be avoided to extend the lifetime
of soldering tips. A recommended general solder iron temperature is 315 ◦ C, with
the maximum temperature being 350 ◦ C [37].
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Solder wire diameter
In ordinary manual soldering use, solder wire diameters between 0.5mm and 1.0mm
are commonly used. For small SMT components, even wires down to 0.23mm
diameter are used. With the automatic solder feeder, the diameter of the soldering
wire affects the amount of solder fed into the solder joint. Thicker soldering wire is
stiffer and can perform better when used with an automatic solder feeder, as there is
a lesser likelihood of the wire bending and knotting inside the feeder. Stiffer soldering
wire may also be found using a different solder composition with differing mechanical
properties.
As the wire is fed through a solder feeder from a coil, it is not feasible to change
the solder wire to alter the used diameter during operation. This does not cause
much issues, because the amount of solder fed can also be controlled by altering the
feeding time. Therefore, all products should use the same solder wire diameter, in
order to prevent issues stemming from using a wrong wire diameter for a specific
product. At the factory, wires of 0.5mm and 0.7mm are used, and of these the
thicker 0.7mm was deemed to work better in the solder feeder.
Preheat time
In addition to changing the temperature of the soldering iron, the heat transferred
to the solder joints can be adjusted by changing the contact time of the tip on the
pad. Preheat time is the time spent heating the board and component before the
introduction of solder. Heating the pads prior to solder feeding reduces the time the
solder is molten during soldering, reducing the dissolution of base metal coatings
and growth of intermetallics [3, pp. 80, 160]. Preheating should therefore always
be done when soldering. The required time for preheating depends on the thermal
mass of the area surrounding the joint area, affected by the properties of PCB and
components [4, p. 291].
Soldering time
Soldering time is the time spent feeding solder on the joint with solder iron contact.
The soldering time must be long enough to have a sufficient amount of solder in the
joint, and to allow the solder to completely melt and flow in order to achieve proper
wetting. The soldering time should be kept as short as possible to prevent the flux
in the wire from burning, and to reduce oxidation in the joint [4, p. 242]. Factors
affecting the optimal time are the thickness of the PCB, and the sizes of holes and
component leads.
Angle
For some products, soldering must be done at a stage where components have already
been soldered to the PCBA in previous process phases. These components may
hinder the robotic soldering operation if they are very close to the solder joint, or they
are especially large. SMT components in dual-sided PCBAs are most likely to cause
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problems through proximity, while certain THT components, such as transformers
and connectors, are more likely to come in the way of the soldering iron by their
dimensions. Both of these issues can be worked around by changing the angle of
entry for the soldering iron.
Proper functionality of solder feeding at different solder angles must be ensured if
the feeder is not attached to the soldering iron. The feeding position must remain the
same relative to the soldering tip at other angles beside the default one. This can be
made difficult by the possible collisions between the mechanisms of the soldering iron
and feeder, and the extended reach required to reach the proper soldering position
on the edges of the work area at certain angles.
While angle adjustment is crucial for the cases listed above, for the majority of
solder joints and products the default angle of the soldering iron will work fine.

3.3

Tools and equipment

The robot hardware and programming software used in the soldering system are
introduced in the following section.
3.3.1

Robot hardware

The robot used in the soldering cell is an ABB robot model IRB 14000, also known
as YuMi [38]. YuMi is a two-armed collaborative robot with an integrated controller.
The robot is shown in Figure 10, and its specifications are given in Table 2. As
standard, the YuMi is equipped with gripper end-effectors in both arms, featuring a
servo gripper and options for vacuum grippers and camera. The gripper hands are
not used in this application, as the soldering equipment is attached at the end of the
arms. From the programming point of view, each arm is operated as a separate robot
in a multi-robot system. Data sharing and movement synchronisation is possible
between arms.
Table 2: Specifications for ABB IRB 14000. [38]
Property
Maximum speed
Reach
Handling capacity
Positional repeatability
Digital I/O signals
Connections
Weight

Value
1.5m/s
0.559m
0.5kg
±0.02mm
8 in, 8 out
Ethernet, DeviceNet, Fieldbus, PROFIBUS, PROFINET
38kg

The decision to use YuMi for the soldering solution was made by the company,
affected by the availability of one such unit for R&D purposes within the factory.
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Figure 10: ABB IRB 14000 YuMi [39].
Other suitable ABB robot models for soldering purposes would have been the noncollaborative six-axis robot arms IRB120 or IRB1200. There was previous experience
in using the YuMi in production use, and therefore the programming language and
physical capabilities of the robot were well-known. Also, as the robot cell is mostly
intended to perform soldering operations currently done manually, the two-armed
design seemed to be a natural fit for the flexibility requirements involved in its
application for mimicking human-like operations.
3.3.2

Software

The software solution for soldering product definition is made using C♯/.NET [40]
as the programming language. This is in line with other custom software solutions
previously made within the company. Also, the author has previous experience with
C-based languages, and thus the decision of usage was natural. The Windows Forms
library [41], included in the .NET platform, is used for the UI elements.
As with all ABB robots, for YuMi programming the ABB proprietary language
RAPID is used [42]. The syntax resembles general-purpose C-based languages but is
more restricted in its scope. Although RAPID programming can be done in any text
editor, the preferred way is by using the RobotStudio software [43]. RobotStudio is an
IDE for ABB robot programming, with useful features such as text auto-completing
and syntax checking for RAPID. The software also includes 3D modelling and
simulation capabilities, which can be used for creating virtual robot work cells. The
simulation uses the same robot controller logic as the real robots, so the behaviour
of a real robot will follow the one observed in the simulation. [43]
The RAPID program structure consists of tasks, programs, and modules. Tasks
are separate execution spaces that are configured at the robot system level. Multiple
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tasks can be run at the same time for multitasking applications. Tasks can be
either motion or non-motion tasks, where each motion task controls one robot or
other moving mechanical element. Multiple motion tasks can be used to create
multi-robot systems with centralised control. Programs are the code content that is
loaded into tasks. While tasks can only be setup during robot system configuration,
programs can be loaded and unloaded while editing the code. Modules are separate
files grouped under programs. Modules can also be loaded programmatically during
run-time. Variable definition can be done in task, module, or function scope, and
sharing variable values between tasks is possible. [42]
RAPID allows robot movement commands either by controlling tool position, or
directly by robot joint angles. When moving by tool position, it is possible to keep
the tool in its orientation using linear move, or to have the fastest movement by
freely moving all the joints with joint move. Robot positions are saved as coordinates
relative to defined work objects and tools. The robot joint rotation configuration are
also contained in the position data, meaning that the position will always be achieved
with the same joint configuration. RAPID uses quaternions for rotational calculations,
but inbuilt functions for conversions to and from Euler angles are available. [42]
Apart from movement commands, RAPID has capabilities for general programming. These include arithmetic operations, text formatting, flow control statements,
arrays, file system operations, and programmable functions. The versatility of the
language, combined with using the I/O capabilities of the robot controller, makes it
possible to use the robot as a central controller for a system, instead of a separate
PLC or PC. [42]
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4

Results

In this chapter, the results obtained from the project are explained. The development
of the soldering cell within the thesis work has been divided into two stages: the
initial prototype, where the basic concept was explored with immediately available
equipment, shown in Section 4.1, and the second design, where attempted improvements on the shortcomings of the first design were made, shown in Section 4.2. The
criteria for evaluation of the soldering quality and the teaching software are explained
in 4.3. Next, the soldering results of the second design are described and analysed,
the soldering quality in Section 4.4, and the software solution in Section 4.5. The
achieved results are compared to the previously specified requirements in Section 4.6.
Finally, considerations for further work on the soldering system are shared in Section
4.7, both in mending the inadequacies of the design, and in additional features in
areas which could not be implemented within the scope of this thesis.

4.1

Initial prototype

The first solution prototype was designed to use equipment already in use on the shop
floor, as decided by the company. The soldering iron was a standard iron for manual
work, produced by Thermaltronics. A simple solder feeding device was purchased
from the same supplier. As the solder feeder was intended for manual use, feeding
was initiated with the press of a pedal, and there was no digital control interface
available. Robot control of the feeder was achieved by connecting a robot digital
output signal through a relay onto the pedal wires. The solder feeder output nozzle
was attached to the soldering iron handle through a holder from the supplier. The
soldering tool is shown in Figure 11.
The attachment of the soldering iron to the robot wrist was done using a 3Dprinted plastic holder in two parts, held together by nuts and bolts. The design was
by a mechanical designer from the company. Only one arm of the robot was used
due to the solder feeder nozzle being attached directly to the soldering iron. Plastic
was used as the material thanks to its low weight and cost.
Soldering tests were performed on a laboratory test board with 2.54mm pitch,
and the soldered components were pin row connectors. This way many similar solder
joints were possible at a low cost, without using PCBs and components required in
production.
Several issues were found with this first prototype. Firstly, the adjustment of the
solder feeder nozzle relative to the soldering iron tip was unstable. The nozzle was
held in place by two nuts that loosened easily. This caused the feeding position to
change often by accident, and it was difficult to reposition the nozzle to its previous
exact position. Secondly, the plastic attachment for the soldering iron was not able to
keep the soldering iron entirely in place. Instead, the iron could slide slightly within
the grip of the attachment. This was caused by the limited contact surface between
attachment and iron handle, which in turn was due to the lack of CAD drawings of
the iron handle during design. Thirdly, the controllability of the solder feeder was
insufficient for altering the amount of solder fed into a joint. The parameters of the
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Figure 11: The soldering tool in the first design of the soldering cell. Both the
soldering iron and solder feeder nozzle are attached to the same arm of the robot.
feeder had to be changed manually, and the robot could only control the start of the
solder dose. The joint quality was variable due to these factors: while acceptable
joints were achieved, many joints were clearly of unacceptable quality, effectively at
random.
As a result of these issues, the overall repeatability and stability of the system were
poor. Nevertheless, the solution showed promise for the possibility of a functional
soldering cell following the general idea used here, and therefore improvements to
the weaknesses of the first design were made for the next iteration.

4.2

Second design

The second design of the soldering system features entirely different soldering equipment, and also the implementation of the product teaching software. The robot with
its tools is shown in Figure 12.
4.2.1

Equipment

For the second design, the soldering equipment used was replaced to improve the
adjustability and stability of the system, with equipment decisions made by the
author. The solder feeder was purchased specifically for robot purposes, while the
soldering iron was provided by the soldering technology manufacturer Ersa for research
purposes.
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Figure 12: The robot equipped with the tools of the second design. Both arms of the
robot are used, the iron being in the left hand, and the feeder in the right hand.
As the soldering iron, an Ersa i-CON 1 soldering iron [44] was used. The iron
model features more precise parameter control when compared to the soldering iron
in the first prototype, and supports a temperature range of 150 ◦ C to 450 ◦ C. There
are also communication ports available for digital monitoring and control of the iron.
The communication capabilities were not used in this prototype design, but they
would be useful for automatic process parameter setting in future developments.
CAD drawings of the iron handle were received from Ersa for the design of the wrist
attachment.
The solder feeder Mosquito A25 by ATN [45] was selected as the feeder for
the second prototype. The feeder is designed for use with automatic equipment,
and features more parameters then the previous solution. The basic operational
commands of starting, error handling, and parameter selection are connected by
digital I/O, while parameter adjustments are made through a serial communications
port. The decision of this model was made based on the light weight of the feeder,
suitable I/O connections, and reasonable price.
New 3D printed plastic attachment parts were designed by the author for both
the soldering iron and the solder feeder, shown in Figure 13. The main focuses of the
design were to improve the stiffness of the attachment parts, and keep the soldering
iron reliably in place within the part. With the availability of CAD drawings for the
iron, it was possible to design the attachment part inner surface to follow the exact
contours of the iron handle, leading to a very stable grip in the attachment. For
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the solder feeder 3D drawings were also available, so the feeder attachment could be
designed to exactly match the part, as well. The iron is connected to the attachment
by tightening the two parts of the attachment around the iron, keeping it in place.
The feeder has threaded holes for bolts, which are used for direct attachment.

Figure 13: The CAD images for the soldering equipment attachment parts in an
exploded view, with the equipment included.

4.2.2

Development process

To begin with, the new soldering equipment was attached to the robot. While in
the first design only one of the YuMi arms was used, for this second design the
soldering iron was attached to the left arm, and the solder feeder to the right arm of
the robot. This allowed more fine-grained control of the solder feeding position and
angle relative to the soldering iron.
In order to have the solder feeder, separate from the soldering iron, feed into the
correct location, the relative position of feeder nozzle to iron tip had to be found.
As a basis estimations based on the dimensions of the tools were used, and the
final positions were acquired experimentally. The target feeding location was at the
point of contact between soldering tip and component lead, as recommended in the
literature [3, p. 629][4, p. 244].
As with the first design, soldering was tested using a test board and pin connectors. After fine-tuning the positions of iron and feeder in this environment, good
repeatability of joint quality was achieved.
Following the verification of the new soldering setup, the soldering program
teaching software was developed. In addition to allowing the definition of soldering
points and product data, the software included RAPID code generation for the robot,
and the communication between robot and solder feeder. The programs generated
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with the software were tested by defining different variations of points on the test
board. The software proved to work as intended.
For testing the robot in realistic production conditions, a product was chosen
to act as the soldering trial. Currently in production, the product is processed
in selective soldering, but the soldering operation is slow, due to the number of
joints to be soldered, and the product not being designed with selective soldering
in mind. Therefore, the product takes a noticeable portion of selective soldering
machine capacity. Wave soldering is not possible, as there are THT components to
be soldered on both sides of the board, and manual soldering is too time-consuming
and financially unfeasible. With estimated increases in production volume in the
future, the robot soldering solution could prove the required additional capacity
efficiently. To have this product soldered, custom soldering jigs were made to hold
the placed THT components stationary during soldering.
With the physical preparations for the trial product ready, the soldering program
was defined using the previously developed software. Part placement schematics and
CAD files of the PCBA were used to find the exact positions of the soldering areas
on the assembly.
In order to test the positional repeatability on the trial product, the soldering
program was run with only the movements, omitting soldering. Problems with
positioning were immediately apparent: the soldering iron slid on the PCB surface
upon contact, moving into unintended positions. This was due to the bending of the
robot arm structure under pressure, causing movement of the soldering tip which
was not detectable by the robot controller. As a result, most of the final positions for
soldering were not viable. Compared to the test board, the trial product PCB was
considerably stiffer. As such, the problem of lacking arm rigidity was not noticed
during testing, due to the test board bending instead of the robot arm.
As an attempt to fix the issue, the z-position of soldering was adjusted to try and
find an optimal value, where there would be contact between soldering iron and the
parts to be soldered, but the tip would not move out of position due to the contact
pressure. The tolerances proved to be extremely small: fine-tuning had to be done
in increments of 0.1mm on a point-by-point basis to get repeatable success.
One of the most important designs goals for the robotics soldering cell lined in
Section 3.1 was the flexibility of application and simple introduction of new products.
As such, an implementation requiring adjustments for each point separately was in no
way acceptable. In order to get a picture of the level of soldering quality achievable
with the design, soldering was attempted without the fine-tuned point-by-point
adjustments. In the end, the quality was deemed unacceptable, and additional work
for improving the soldering cell design must be done in order to reach a solution
fulfilling the stated requirements.

4.3

Evaluating the solution

The quantifiable result of interest for the robot soldering solution is the repeatable
quality of the soldering process. This is, ultimately, the desired output of the
developed system. The quality rate of the system was evaluated by performing and
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inspecting enough solder joints to reach a statistically relevant value. The PCBA
selected for soldering trial purposes had 68 solder joints to be soldered by the robot.
Based on the amount of PCBAs reasonably available for testing purposes, the sample
size was chosen to be 10 boards, or 680 solder joints. The margin of error for the
binary result can be obtained from the following formula [46]:
√

m = zα/2

p(1 − p)
n

√

N −n
,
N −1

(4)

where
zα/2
p
n
N

= quantile for confidence interval as standard
deviations on the normal distribution;
= success probability;
= sample size;
= population size.

If the confidence interval is taken to be the generally used 95%, the z-value used
in the formula is zα/2 = 1.96. With the sample size of n = 680 joints, the population
size of yearly joints based on estimates of 10000 boards per year being N = 680000,
and the probability of success as the worst-case scenario p = 1/2, the margin of error
is m ≈ 3.76%, which is generally deemed acceptable. The target rate for success
in soldering should be over 99%, and so almost no failed joints are acceptable for a
satisfactory result. The quality of the solder joints was determined using visual and
X-ray inspection.
The limits for quality joints were taken according to the IPC-A-610 standard,
revision G [17]. The main limits relevant for the soldering quality of the THT joints
being soldered were the minimum hole solder filling of 75%, lack of solder bridges
and short-circuits after soldering, lack of solder or flux spatters on the board, and
lack of burnt flux on the joint.
In addition to the quality of soldering, the usability of the developed product
teaching software was also evaluated. In the interest of answering the requirements
of an operating environment with a wide range of products, the introduction of new
products into the soldering line must be simple to do. The success of the program
was evaluated by recording the time required to define a new, in this case the trial
product used in soldering quality tests. Several technical personnel used the program
for teaching the same product, and the average of the time taken was compared
with that of other machine soldering processes for similar products. Additionally,
the personnel were interviewed for opinions on the program usability.

4.4

Soldering quality

As a whole, the quality repeatability of the soldering system was definitely insufficient
when no additional point-specific adjustments were used. Due to the lacking robot
arm rigidity, the soldering iron moved ever which way when coming into contact with
the PCBA, resulting in highly unpredictable final soldering positions. The improved
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plastic tool attachment was designed with rigidity in mind, and no noticeable bending
was observed. So, the main cause for the positional deviations was the robot arm.
The solder tip was measured to be able to move within a radius of approximately
2mm with the robot arm brakes active, causing no positional change detectable
by the robot controller. Even though the nominal accuracy of the robot itself was
sufficient for soldering, the arm bending caused the real accuracy of the iron tip on
the PCBA to be unacceptable.
Although the original intention was to accumulate data from 680 soldered joints,
the process was cancelled after 50 joints, when it had become clear that satisfactory
results would not be obtained. Of the 50 joints, 15 (30%) were acceptable according
to IPC-610-A, 22 (44%) were not acceptable within the standard, but were still
functional joints with electrical and mechanical connection, and the remaining 13
(26%) were unacceptable joints, with very little or no solder, or very poor wetting.
The good joints were made when the soldering robot behaviour was as intended:
the iron position was in accordance to the programmed position, with contact to the
component lead and PCB pad, and therefore solder feeding in the right position. The
promising joints had some deflection of the iron tip into a wrong position, causing
either lacking heating in the joint, or solder feeding to a suboptimal location, resulting
in solder remaining on the tip instead of flowing into the joint. The poor joints had
the tip move completely off alignment, providing no heat into the joint, and causing
solder to be fed either only onto the soldering iron with only a portion of the solder
reaching the joint, or entirely missing the tip, with no solder being melted.
Examples characterising the features of the three different groups of joint acceptability are shown in Figures 14, 15, and 16. The good joint in Figure 14 has
proper solder fillets and uniform wetting along the entirety of the pad. The X-ray
image of the same joint shows good solder rise, filling the hole completely. The
unacceptable, but promising, joint in Figure 15 exhibits incomplete wetting of the
pad, and no solder fillets have formed along the protruding lead. However, from the
X-ray image it can be seen that there is good hole filling, and a good joint might have
been achieved with more solder being present during soldering. The poor joint in
Figure 16 fulfils none of the requirements for an acceptable joint, showing a minimal
amount of solder unevenly distributed. A solder spike can be seen, caused by the
solder wetting only to the iron tip and getting pulled along with the iron as it was
moved away from the joint.
As soldering trials were made with only a test board and one trial product, it is
uncertain how much the properties of the PCBA affect the quality of the joints. The
PCB of the trial board was very stiff, and the diameters of the component leads were
small compared to the diameters of the PCB holes. For the test board these aspects
was different, and quality joints could be produced. It is reasonable to expect that
there would be some PCBA in production where this robot solution would prove
functional. However, as the aim of the soldering cell was to provide flexibility for use
with a wide variety of products, the soldering quality is deemed as insufficient.
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Figure 14: An example of an acceptable solder joint. Good fillet formation can
be observed, the lead shape is discernible through the solder, as it should be, and
complete filling of the hole is apparent from the X-ray image.

Figure 15: An example of a unacceptable, but promising, solder joint. There is
insufficient wetting on the pad, and not enough solder for fillet formation. However,
full hole filling can be observed from the X-ray image.
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Figure 16: An example of a poor solder joint. There is only a spike of solder, wetted
to a minimal part of the pad. No solder has flowed into the hole.

4.5

Teaching software

The software allows creating and saving soldering definitions by product using a
graphical UI, shown in Figure 17. The data is saved in XML format, containing
the name and origin location of the product, and positions and parameters for each
point. Points are added by selecting the desired position in the soldering sequence,
and typing in the values for each of its parameters. Existing points can also be
edited or removed. The soldering definition can be uploaded to the robot via an
FTP connection. When uploading the data, a RAPID code file is generated from
the definition, named according to the specified product name, and moved to the
robot file system. Existing files with the same name are replaced, leaving only the
most recent version to be used on the robot.
Apart from the main function of designing the soldering program, the software
also acts as an intermediary in communications between the robot and the solder
feeder controller. The feeder uses a Sub-D RS232 port for soldering parameter setting
and getting, but the robot does not have suitable I/O ports for directly connecting
into the feeder. Thus, the robot communicates with the computer with the software
over HTTP to send the requests for parameter changes, and the computer further
exchanges messages with the feeder. In a production environment there would most
likely be a PLC controlling the cell, replacing the current communications role of
the teaching software.
For evaluating the ease of use of the software, the time required for creating a
soldering program was measured for several test personnel. The program was made
for the trial product used in the soldering tests, based on CAD files of the PCBA
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Figure 17: The UI of the developed software for defining soldering programs. The
parameters for point addition and modification are on the left, and a list of points is
on the right.
component placement. There are 68 points to be soldered on the product, and for
each point the position and the corresponding component reference designator were
added in the program. The average time taken for such a soldering program was 32
minutes. The most directly relatable machine soldering programming at the factory
is selective soldering, for which defining a product program is generally expected to
take a full 8-hour shift. Based on this, it is safe to say that the time taken for robot
program definition is within acceptable limits, even when considering the additional
time required for possible adjustments to soldering angles of points.
Verbal feedback of the program was mostly positive, with the greatest lacking
feature being the inability to reorder the points of the product after their addition
to the sequence. Otherwise, the software was deemed simple and fast to use.
Although the robot cell overall did not fulfil the requirements set for it, the
software solution is sufficient in its functionality. The software is well suited for
further development within the solder cell, whether with YuMi or with another ABB
robot. Even if a robot from a different manufacturer is used, most of the program
can still be used, apart from the specifics of robot code generation.

4.6

Fulfilling requirements

While all the previously specified design requirements should be eventually met for
the final design used in production, not all of them could be fulfilled within the scope
of this thesis, due to time and budget constraints at this stage of the project. The
status of the requirements is shown in Table 3.
The requirements that are fulfilled with the second design are those of physical
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Table 3: The level of meeting requirements.
Requirement
Physical limits
Safety
Flexibility

Status
Fulfilled
Not fulfilled
Partially fulfilled

Speed
Ease of use
Low fault ratio
Cost
Adaptability
Reproducibility

Fulfilled
Not fulfilled
Not fulfilled
Fulfilled
Fulfilled
Fulfilled

Reason
Sufficient work area
Not worked on
Program teaching fulfilled, otherwise
not worked on
Sufficient speed
Not worked on
Soldering quality insufficient
Minimal costs of implementation so far
Taken into account during design
Full documentation and drawings exist,
standard parts used

limits, speed, cost, adaptability, and reproducibility. Although the cost, adaptability,
and reproducibility of the cell will be affected as further work is done, at this point
of design they are sufficiently fulfilled. The flexibility of the cell was worked on
only with regards to the teaching program, which was successful. The requirement
of low fault ratio was attempted to be reached, but this was a failure due to the
poor soldering quality. The remaining requirements, namely safety, ease of use, and
flexibility aside from the programming, were not worked on within the scope of this
thesis.

4.7

Further work

There is much room for further work on the current system, both in fixing the
shortcomings in basic soldering, and adding features that help reach the requirements
for the system to be fully usable in a production environment. While work on the
system will continue, further features could not be implemented within the time
frame reserved for the thesis project.
Improving reliable accuracy
The positional accuracy of the robot system, apart from the issues with the lack of
rigidity of the robot arm, was sufficient, as could be expected from the specifications
of the robot shown in Section 3.3. This was demonstrated in soldering tests using
the test board, where the flexibility of the PCB allowed the robot to move into its
programmed target position and solder joints of good quality.
However, it is clear from the different contact behaviours observed between the
test board and the attempted product that small deviations in the positioning must
be allowed to account for small differences in PCB warpage, flexibility, and position
in the workspace. One solution for controlled compliance is adding spring systems
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with movements restricted on single axes and measuring the displacement with a
distance sensor, as is done in [47]. With feedback to the robot, such a system would
allow the solder feeding position to match the real position of the iron tip. Another
solution might be introducing slight free movement on the PCBA, although this
would reduce the positional accuracy of the system.
Changing the robot
As was discovered during soldering trials, the arm rigidity of YuMi was not sufficient
for this application. Although YuMi features in-built force sensors for collision
detection, the contact with the PCBA could not be detected in this case. The issue
of robot arm rigidity has been previously encountered in machining applications
[48], and an example in milling applications shows that compensation based on force
and location sensing is feasible in reducing the effect on positional accuracy [49]. In
this soldering application, however, the rigidity of the collaborative robot fails under
much lower loads than in the cited examples, and it seems reasonable to attempt
circumventing the issue by switching to a robot with a more rigid structure. While
there is a risk of damage to the PCB pads and soldering tip when too much pressure
is applied during soldering, it is unlikely that a more rigid robot would cause such
amounts of pressure, as the scale of adjustments required for relieving the contact
pressure with YuMi was small.
While the two-armed structure allowing mimicking the manual soldering operation
seemed like a natural fit, the robotic process can also be done using only one arm. If
the value of freely adjustable solder feeding location is deemed high enough to retain
in non-YuMi solutions, multiple one-armed robots could be used in synchronised
operation. As a replacement robot for YuMi, using some other ABB robot model
will allow the direct re-use of the developed robot code, and will provide similar
positional precision. The loss of the collaborative features of YuMi is not an issue, as
the existence of the hot soldering iron already invalidates most of the gains in safety
dependent on the robot movement stopping on collision.
Further software development
The first improvements to the soldering software would be the usability issues
uncovered during test personnel feedback. Apart from the identified issues, there
are also several features already planned during the original development that did
not make it into this test version due to time constraints. As the software was the
closest to being fit for production among the parts of the system, other issues than
software improvements should be tended to with a higher priority.
While the developed software program is satisfactory for defining solderable
products, the operation can be simplified further. There are CAD files available for
the PCBs manufactured for production use, which are already used for positioning of
component placement in automated placement processes in SMA and THA. Therefore,
it would be logical to use the existing data on the positions of the holes and pads
to generate the soldering program for the robot. While this possibility was already
discussed during the making of this thesis, the required amount of work for a
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functional solution was not feasible within the scope of the thesis. Developing
automatic generation of solder programs from PCB CAD data would reduce the
work for new product introduction further, and thus increase the flexibility of the
soldering system.
The difficulties with using the CAD files lies in the existence of several different
formats, and supplier-specific ways in handling the details of CAD modelling. In
addition, while it is possible to determine the locations of holes and pads, it is not
possible to know without doubt whether a component is in such a location, and
whether it should be soldered in the robot soldering process. As such, some human
interaction in program generation will still be required, even though at a smaller
scale. In addition to verifying the points as solderable, the soldering parameters for
each joints would be entered manually.
Fault recognition
Adding inspection mechanisms into the soldering process is critical for assuring a
continued level of quality. This must be taken into account especially when considering
the replacement of manual soldering, as the soldering operator performs real-time
inspection of the result naturally during work. Integration of visual inspection directly
within the cell will require developing or procuring a specialised solution. While
this will provide information on faults directly as they happen, the low fault ratio
required to have the soldering process be acceptable for use in production makes the
final results not much different from separate inspection directly after the soldering
process. A separate inspection solution can be a more generally usable AOI machine,
and allows freedom in having the machine either in dedicated use for the robot cell,
or for inspection of other processes, as well.
Apart from visually identifying defects in the formed solder joints, faults in the
contact between the soldering iron and the soldered parts at the time of soldering
can be detected. The physical collision of the tip on the robot arm can be detected
using force sensors, provided the arm structure does not bend under the pressure,
and that the sensors are sensitive enough for the purpose. The heat flowing from the
soldering iron to the solder joint can be determined by measuring the temperature
of the tip. Thermal measurements can detect reduced heat flow due to accumulation
of residues on the tip surface, as well as lacking contact with the soldered parts.
Automatic product handling
For full production use, automatic feeding of products into the cell will be crucial for
enabling continuous work loading on the system. Feeding could be in the form of a
conveyor system, connected either directly to a component placement line, similarly
as in a wave soldering line, or to a buffer of PCBAs with components placement
done beforehand. Automatic product identification is possible by panel barcode
using a connection to the factory MES, reducing the need for manual control of the
robot system. If a buffer system is used, production can be further automated using
AGVs by having the soldering system order products from the AGV control system
whenever there is free capacity on the line.
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5

Summary

In countries with high labour costs, electronics production focuses on high-mix lowvolume production, with relatively complex products [50]. Although many machine
soldering processes are used, they each have their strengths and weaknesses, and
there are PCBA designs where none are optimal. As a result, manual soldering must
be used to respond to the complexity of such products. Manual soldering is labour
intensive and prone to fluctuations in quality, and therefore costly [3, p. 2]. As such,
a solution providing the flexibility of manual soldering in an automated form could
reduce the difficulties in low-volume production.
The aim of this thesis was to design a flexible robot soldering system to respond
to the challenges of high-mix low-volume electronics production. The robot system
must be able to fulfil requirements on multiple fronts: it must be easy and safe to
use, a large variety of different PCBAs must be operatable, the design must be open
to new features and new installations at other factories, and as a whole it needs
to be cost-efficient. For optimal soldering conditions, the parameters affecting the
soldering process quality must be changeable on a per product or joint basis. As the
list of requirements was long and the time frame for the thesis project was limited,
the work focused mainly on the core soldering process, leaving issues important for
production use, such as automatic product handling, for future development.
The solution was built from the ground up around an ABB YuMi robot, using
soldering equipment mainly designed for manual use. While the design showed promise
during initial test board soldering, the differing characteristics of the selected trial
product PCBA revealed flaws in the system, causing the results to be unsatisfactory.
In particular, the lack of rigidity in the YuMi arm structures was deemed a crucial
feature, as this caused the arm to bend slightly on soldering iron contact with the
PCBA surface, moving the tip away from the intended position. Based on these
findings, YuMi is not suitable for robotic soldering operations.
While the results of soldering on the trial product were not good, the functionality
of soldering iron and solder feeder on the robot were acceptable, apart from the
robot arm flexion, as evidenced by the success achieved on the test board. As such,
there is no reason to cease development around the basic concept of an articulated
robot performing flexible soldering operations. Also, the software for solder point
position and parameter setting, developed alongside the physical robot cell, proved
to be simple to use and fast to operate when compared to programming for other
machine soldering processes used in the factory. Further work will be done in the
future to fix the shortcomings of the designed system, starting with a change of
robots and addition of a passive compensation system for the soldering iron position,
and eventually to implement all the features specified in the requirements, leading to
a production-worthy soldering solution.
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