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Abstract

This design project marks the collaborative efforts of Translas, a prominent welding company based in the Netherlands,
and Skelex, a scale-up enterprise specializing in exoskeleton design. Translas developed the 8XE fume extractor torch.
However, a common complaint of the new torch is its decreased usability and potential ergonomic risk. To address this
problem, Skelex and Translas have united their expertise to develop an exoskeleton-lite solution, aimed at assisting
welders in carrying the torch. The aim is to alleviate the physical strain of welding and enhance overall ergonomics.
A literature review of weloling, ergonomics, and exoskeletons reveal that musculoskeletal disorders form a significant
societal problem with large financial losses, which provide opportunities for cutting-edge companies as Translas and
Skelex, and form the groundwork for a problem definition, design goal, and drivers. Through a numerical model the
specific ergonomic concerns of the 8XE torch are analysed, which is also used to assess the final design. It was found
that generally static welding forces with the 8XE are within safe parameters as recommended by ergonomy experts.
The bending stiffness of the 8XE cable contributes significantly to the wrist moment, being estimated to reach values
of 0.5Nm in conventional welding, compared to the 0.7Nm contribution due to weight. Friction in the ball-and-socket
joint, and inertia ore comparatively low, and do not significantly cause ergonomic concerns. An iterative prototyping
phase diverges to explore various ways to offload the 8XE's weight on the wrist to stronger body parts, converging to
two good concepts. A simple strap off loading the weight on the wrist to the lower arm for a limited amount of weld-
ing positions, and an exoskeleton worn on the waist and shoulders carrying the full weight of the torch using a tool
balancer. After three user tests, two of which with welders in industry, both concepts were combined which led to the
creation of AeroGrip. AeroGrip is an exoskeleton-lite product that eases welding by changing the

weight distribution on the upper extremities, improving ergonomics and helping

welders ‘be their ultimate’; they can weld safely for longer, with more precision,

whilst experiencing less strain. It is a system that attaches to the welding cable through a ladder strap and buckle. A
hook attached to a kevlar cable can be pulled out and attached to the special AeroGrip Gloves, which feature a leather
tab with grommet. The kevlar cable is attached to a powerspring via a spool in the casing, which ultimately results in a
Tension of ~72N. Two final user tests, and comparative numerical analysis show that AeroGrip eases welding, provides
an ergonomic benefit, and is convenient to use. FEM analysis and friction analysis ensure feasibility, whilst an assembly
plan and business case ensure viability.
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X. Introduction

In today’s industrial landscape, welding plays a vital role in building and main-
taining our world's infrastructure. However, welding is also a hazardous job, and
requires significant physical efforts from the worker. Hazards such as toxic fumes,
fire or shock risks, and loud noises are paired with musculoskeletal risks in the
lower or upper back, neck, upper arm, and wrist area. These problems in turn
create market opportunities which can be stimulated or subdued by govern-
ment policies and their advisory organizations, depending on the overall benefit
of the provided solution weighted against the cost.

This design project marks the collaborative efforts of Translas, a prominent
welding company based in the Netherlands, and Skelex, a scale-up enterprise
specializing in exoskeleton design. Translas developed an exciting technology in
the 8XE fume extractor torch that extracts the toxic fumes at the source, reduc-
ing health risks. However, a common complaint of the new torch is that it's more
cumbersome to use, which decreases usability and might also pose an ergo-
nomic risk.

To address this problem, Skelex and Translas have united their expertise to
develop an exoskeleton-lite solution, aimed at assisting workers in handling
the new Translas torch. The aim is to alleviate the physical strain of welding and
enhance overall ergonomics.

This project explores various concepts and assesses their feasibility and viability,
based on requirements coming from Translas’ and Skelex’ business case and the
context of welding.

The design process will encompass an investigation into the ergonomic aspects
of welding, as well as an exploration of the potential and limitations of exoskel-
etons, conducted through literature review and numerical analysis. This compre-
hensive groundwork will guide the subsequent design phase, characterized by
a strong emphasis on early and iterative prototyping, followed by a complete
engineering phase focused on delivering a successful Minimum Viable Product
of an exoskeleton-lite solution that improves musculoskeletal health of welders,
and eases the welding experience.
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Welders: Ultimately the most important
stakeholder. Welders are skilled trades-
people who use heat to join metal parts
together. They work in a variety of indus-
tries, including construction, manufactur-
ing, and repair, and they are responsible
for creating everything from bridges and
buildings to cars and airplanes. In the
scope of this project the focus is on MIG
welders in industry, who form a major
part of the customer base of Translas.
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1.2 Welding in Context

Welding is defined as the process of joining two materials using high tempera-
tures or pressure (Lasinstituut 2021). Since the Second World War there has been
a rapid development in arc welding, which uses an electric arc to create heat.
There are various types, such as Metal Inert Gas (MIG), Metal Active Gas (MAG),
Tungsten inert gas (TIG), Flux core, and stick welding, but they all have in common
that they use a power source which creates an electric arc between electrode and
workpiece. Variations in welding types occur in differences between electrode
(consumable or non-consumable), whether material is added and in which way,
and how the weld zone is protected against atmospheric contamination. This proj-
ect limits itself to MIG/MAG welding, as these are both done with the Translas
fume extractor torches. Here a spool continuously feeds added material to the
workpiece through the welding torch. It's connected to a power source, generally
DC, and when the material nearly touches the workpiece an electric arc will create
vast amounts of heat and melt both the added material and workpiece. At the
same time, a gas is extruded on the workpiece to protect it against atmospheric
contamination - it prevents instantaneous rusting. If this gas is fully inert, such as
commonly used Argon, it's called MIG welding. If it’s (partially) active, such as the
common mixture of Argon/CO,/O,, it's called MAG welding. The workpiece is
connected to the negative of the circuit, creating a full loop (Gales et al., 2008).
Figure 1 shows a simplified schematic of the process.

Power source

Figure 1: Schematic of MIG welding.
Translas’ primary product is MIG and TIG welding equipment. In addition they
also are involved in robotics, as well as safety equipment such as gloves, respira-
tory systems, and welding masks (Translas, 2023). This safety equipment is much
needed, as welding is a hazardous job, and welders face numerous health risks
- both short and long term (Gales et al., 2008).
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Especially for this last hazard Translas has developed their Fume extractor torch.
It features an extractor nozzle around the cup of the torch, through which toxic
fumes are suctioned off. It necessitates an additional cable over the regular weld-
ing cable bundle, adding weight and stiffness.
Torches are available in a wide array of different amperages. Higher amperages
are used in heavy-duty welding applications, such as construction, or ship-
building - markets where Translas
is active. This project focuses on
the water cooled welding torch-
es of high amperages (500A), as Pl
frhese are the hea\{lgst torche; of A2 e M-510 MIG Torch

ranslas. The usability complaints

) : : // (water cooled)

are most prominent in this sector. .
Figure 2 shows the green 8XE-500 ' ek

MIG Fume extractor torch (8XE) / «:

and the regular 8XM-510 MIG g

torch (8XM). Translas’ wish is to ;‘Q} »
develop a product that makes the l 8XE-500 MIG Fume
8XE torch as easy to use as the ' extractor (water cooled)
8XM torch. Figure 2: regular and extractor welding torch

Welds are categorised by orientation (e.g. horizontal, vertical, round) and type
(e.g. fillet, groove) according to I1SO standard 6947:2019 (2019) and AWS A3.0M/
A3.0 (2020). As these directly relate to the posture of the welder a selection of
positions are introduced below covering important welding postures.

Table 1: Weld standards.
Description Example ISO AWS

Flat @ @ PA 1G
Rotating pipe
Horizontal @ é PC 2G
Rotating pipe

Vertical m‘\' PG / PF 3G up/
down
Overhead @ PE 4G
Rotating - )\) PJ/ PH 5G down/
up

PJ/PH -L045  6G down/

Inclined & rotating @ )\)
up




1.3 Musculoskeletal Disorders

Welding is a physically demanding task 79% Suffering from a musculoskeletal disorder lowers Quality of Life directly, not only
compared to other professions. In The [ 71% through bodily pain (Lourengo & Luis, 2021), and these numbers illustrate the impor-
Netherlands the experienced physical - tance of ergonomic solutions for welders. It is worthy to note that the studies shown
strain of workers in construction or met- in table 2 are all based on questionnaires and are based on self assessed complaints
alworkers, often welders, is significantly instead of diagnosed disorders. To what degree these numbers are representative
higher than the national average (NEA, of musculoskeletal disorders in general is unclear.

2019). It is one of 20 occupations where
more than half the population (54%) re-
ported being ‘worn out after work” (Kade-
fors, 2005)

Various studies have investigated the
prevalence of musculoskeletal complaints.
The results of an Iranian, a Portuguese, and 0 : :
an Indonesian study are shown in Table 2 Figure 3: Experienced physical effort.
(Ebrahimi et al., 2011) (Susihono et al., 2020) (Lourenco & Luis, 2021) . Studies
are generally aligned in magnitude and order of prevalence, although the study

38%

To translate these individual damages to quantifiable metrics useful to organisations
and companies one can look at estimated costs of damages.

8 8 &8 8 8 3 8

Construction

Average

by Susibono et aI.‘ (2(?20) revealed significantly higher wrists/hand.s and shoulder MD’s are responsible for a loss of 0.5- Germany and France, major markets

as P, einel stgiil ezt lerar cloen el e e« ol 2% of the GNP in The Netherlands for both Skelex and Translas, can as

and Nordic countries (Swift et al., such be estimated to lose 27-120 bil-

Table 2: Prevalence MD's according to different studies 2001) lion euros yearly due to MD’s (WPR,
Source (Ebrahimi et al., (Susihono et al., (Lourenco & Luis, 2023).

— _— * —
SOTDG) AP (R AT In more intuitive language, in a study with 222 welders and metal workers, 51% of
Region Welders Welders Welders welders attributed at least one period of sickness to MD’s within a two-year period,
which accounts for 44% of all work days lost (3655/8306 days) (Burdorf et al., 1998).

e 210 S5 % Assuming they earn €20,- per hour on avarage, this is a loss of €600 000,- among
Elbows 72.2% IS = all welders in the two year period, or ~€1300,- per worker per year. This motivates
P 79 29 44% 0% (insurance) companies to invest in their workers’ health.
5 5 Still, the current price of exoskeletons is quoted to be one reason for slow adoption
Knees 59.0% 70% . (TNO, 2020). As such, exoskeletons are dependent on companies and insurers to
Shoulders 41.0% 82% , invest. Companies, like Skelex, are as such stimulated to design products that can
- proof their effectiveness. This is generally hard to do, as products have to be tested
Thighs 36.4% 36% . over long periods of time to describe their effect accurately (TNO, 2020).
VYRSl 27.3% 529% 23% The numbers in table 2 can be used to show specific design directions for Skelex
and Translas. Prior analysis done by Skelex on the extractor torch concluded that
Upper back 27.3% 24% 35% the joint moments on the wrist might be too high, when using the 8XE torch (Skelex
Legs / feet 22 7% 24% . 2I’?20),.and as such strategically positioned the project to focus on the moment on
the wrist.

*This study distinguished the right side body parts from the left side. The higher number was chosen

o



1.4 Ergonomics

The focus on this project is on the upper extremities; arms, forearms, wrists, and
hands of the human body. This system is responsible for carrying and moving the
welding torch. Movement of the upper extremities can be described through the
following terms:

Table 3: Glossary of ergonomic terms (Humanics Ergonomics, n.d.).

Shoulder abduction  Placing the upper arm to the side and away from the
body

Shoulder adduction Placing the upper arm to the side towards the
body

Shoulder flexion Placing the uppet arm forward

Shoulder extension Placing the upper arm backwards
Elbow flexion Closing the forearm and upper arm angle

Elbow extension ~ Opening the angle between the forearm and upper arm

Ulnar deviation Hand shifts towards the little finger side of the wrist.

Radial deviation Hand shifts towards the thumb side of the wrist.
Wrist flexion Bending the wrist towards the palms

Wrist extension Bending the wrist towards the back of the hand

Pronation The clockwise rotation of the palm
Supination The counter-clockwise rotation of the palm.
The development of musculoskeletal disorders are dependent on: 1) posture,

2) relevant forces, and 3) repetitiveness. However, the direct relation between
these three factors is currently unknown (Falkenburg & Schultz, 1993). Other er-
gonomists state that duration might be more crucial, as it's a better predictor for
ergonomic discomfort than repetition rate (Potvin, 2011). Research on dangerous
postures and their harm is common, and is done for various types of jobs, such as
research by Nguyen et al. (2001) on surgeons, research by Juul-Kristensen et al.
(2004) on computer users, but also research done by Dev et al. (2018) on welders.
This is also helped by the development of assessment tools for ergonomics, such
as the ‘Rapid Upper Limb Assessment’ tool (McAtamney & Corlett, 1993).
Additionally, there is various research on maximum possible forces of the shoulder
and elbow, such as research by O’Sullivan et al. (2022) or by Kattel et al. (1996).
A clear recommendation is given by the The National Institute for Occupational
Safety and Health (NIOSH) for maximum allowable forces during lifting (Waters
etal., 1993), but no such recommendation is given by any similar organization for
welding specifically, or for any other hand tools.

2

Potvin (2011) proposes an equation for the upper extremities, based on various
research on measured Maximum Allowable Efforts (MAE), to predict MAE's based
on a worker's Maximum Voluntary Effort (MVE), and duty cycle as follows:

MAE = 1- [DC - 3.47*10°]°4 (1)

Where MAE is the Maximum Allowable Effort as a percentage of the Maximum
Voluntary Effort, and DC is the length of a duty cycle as a percentage of the full
cycle, or working day, accurate until DC > 0.9 . A good estimate for a worker's
MVE of the shoulder can be taken at 57.1Nm for shoulder abduction/adduction,
and 75.2Nm for shoulder flexion/extension. This is based on research by Otis et
al. (1990), measuring torque in young adult males for various angles. Combining
these values an estimated MAE for welders can be plotted against the expected
duty cycle, as shown in figure 4.

Variation of MAE with Duty cycle

Figure 4: MAE [Nm] vs duty cycle [%]. Appendix X.
For the wrist specifically there can be relied on direct measurements. A research
by Ciriello et al. (2012) on repetitive hand movements in industrial workers.

Table 4: MVE's for different movements. N=16, 95% confidence interval.

Wrist movement Maximum Allowable Effort [Nm]

Ulnar/radial deviation 3.88 +1.34
Flexion/extension 2.26 +0.709
Pronation supination 1.56 = 0.556

These are based on a ulnar deviation action with power grip, an extension action
with a pinch grip, and a screw driving action with a yoke handle. Values were tak-
en with a 95% confidence interval. For flexion/extension a value was available for
both movements, and the lowest was chosen.



1.5 Exoskeleton Criteria

A successful exoskeleton is both accepted by policy makers and by the target
demographic. These stakeholders rate the exoskeleton on more than efficacy.

At its core, passive exoskeletons are tools to reduce physical strain on the body
by transferring forces in critical points to other parts of the body. In various
review studies (Toxiri et al, 2019), (McFarland et al, 2019), (De Vries et al, 2019)
efficiency of an exoskeleton is rated on direct (physical strain), short term (fatigue
& discomfort), and long term effects (health). These effects and their measurable
parameters are summarised in Table 5.

Table 5: Parameters for exoskeletons

Physical strain Fatigue & discomfort Health

* Experienced strain * Locally experienced e Prevalence and

* Muscle activity (EMG) discomfort (LEC) incidence of health
* Heart frequency * Endurance time work complaints

e Oxygen uptake task

e Joint moments e Changes in muscle

e Internal forces activity (EMG)

According to De Vries (2019) it has been shown for upper extremities passive exo-
skeletons (like the skelex-360) to reduce physical strain, and fatigue or discomfort,
which in turn might reduce long term injury.

Still, advisory organisations like TNO are hesitant in recommending the use and
development of exoskeletons due to long term risks summarised in table 6 (TNO,
2020). These risks were stressed in an interview with a ergonomic expert (Caspers,
2023). Any proposed design for an exoskeleton should be mindful of these risks,
as it could influence the long term acceptance of exoskeletons.

Table 6: Long term risks of using exoskeletons (TNO, 2020)
1 Exoskeletons might influence the natural movement of the body, and
interfere with a complex system.
2 Exoskeletons might influence the natural movements of the body: some
muscles work less, some work more.

3 Getting used to the exoskeleton might negatively influence worker be-
haviour.

4 Exoskeletons use straps and other features causing local stresses. There
might be longterm effect not yet understood.

5 Undesired side-effect : weakening of the muscles.

The acceptation of exoskeletons depends on the experience of the users. They
generally prioritise immediate and short term effects, and generally weigh the re-
duction of required effort against a wide array of usability complaints. Acceptance
is also dependent on imago. See table 7.

Table 7: Factors determining the acceptance or ‘intention to use’of exoskeletons
Positive Negative

® Reduced effort e Restraining freedom of movement

e Less discomfort e Difficulty donning / doffing

e |ess fatigue e Damage to work due to protruding parts
® Pressure

(Bosch et al, 2016), (Spada e Heat

et al, 2018), (de Vries et al,
2020a)

de Vries et al, 2020b), (Spada et al, 2018),
Hensel and Keil, 2019)

=

* Image: responsible (TNO e Image: weak (TNO et al, 2020)
et al, 2020)

.
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1.6 Commercial Landscape

The Skelex-360 is an exoskeleton supporting the upper extremities by applying
an external force on the upper arms. Currently, buying one Skelex-360 will cost
upwards of around €2700,- (Skelex, 2023). Skelex faces broad competition, such
as EksoBionics, Hilti, or SuitX to name a few. Where in 2018 a SuitX u exoskeleton
would cost €3650,- (Shankland, 2018), and an EksoBionics exoskeleton €5500-
(Crowe, 2018), currently an Ottobock (Who now own SuitX) exoskeleton costs
around €1800,- (Ottobock, 2023), and the Hilti-01 exoskeleton retails at around
€1300,- (Hilti, 2023). The visible trend is that passive exoskeletons will continue
to decrease in price, making it an easier investment for companies, even with the
reserved recommendations due to the inability of prow?g long term health effects
(TNO, 2020). Currently, the Skelex-360 features many 'custom parts, and Skelex’
focus is to simplify or standardising these parts.

At the same time, Skelex aims to expand their product line to be able to provide
a full support system through exoskeleton technologies. A recent market-ready
addition to Skelex’ product line in a small neck support harness priced at €150,- ,
which supplements the Skelex-360 as it supports looking upwards as the worker
does overhead work. A next project is the acquisition of a back support to aid
lifting, which is to be optimised in usability, and production costs in the short term.

Figure 6: Upper extremeties exo k«eletons of Hilti, Skelex ' and ©tt©b@ck.

Photo: Hilti i/ihi i@ to: 5 kelex "

As it stands, for Translas the Skelex-360 solution is too expensive. Their regular
8XM torch retails for €198,-, and their 8XE Extractor torch at €667,- (Translas,
2023). As such, a viable solution for Translas cannot be priced more than a few
hundred euro’s, depending on the welding equipment it is integrated with. In
2022 Translas sold around 4000 regular MIG torches, and around 1400 Fume
Extractor torches. There is a higher profit margin on Fume Extractor torches,
as Translas has a technological advantage over competitors, making it a more
attractive product to push.

For companies in general the acceptable cost for a solution relates to the ergo-
nomic health benefit it gives. The desired solution for Translas and Skelex should
alleviate complaints in the upper extremities. In Burdorf’s research (1998), 40/222
welders and metalworkers had an absence due to complaints in the upper
extremities. On average each worker missed 22.7 working days, amounting to
7264 hours of work lost in total over a period of two years. This means that over
the whole group 16.4 hours were lost per worker per year due to complaints

in the upper-extremities. Assuming a €20,- wage (Laskowska, 2023), a good solu-
tion can cost up to €330,- per year.






2.1 Prior Analysis

The motivation behind this collaborative project is the unsatisfying user expe-
rience in using the 8XE as opposed to the 8XM, which results in many welders
being hesitant to adopt the new torch. The source of these usability complaints
were summarised by Skelex to be the high weight of the 8XE torch and the result-
ing high moment on the wrist necessary to rotate the torch handle (Skelex, 2020).

This analysis was done by lifting the torch up at the handle where the hand grips
the torch with a Force meter, and rotating the handle horizontal by pulling it down
a hand length away using a second Force meter. The results of the study are
shown in Table 8.

Table 8: Skelex forces and torque analysis.

M

T v

Weight . 1.40 kg 1.71 kg 2.21kg 247 kg 2.80kg

Upward force i 140N 17.1N 221N 247N 280N

Torque for . 1.58 Nm 1.90 Nm 2.35 Nm 2.90 Nm 3.1 Nm
horizontal handle

Upward force for : 337N 40.8 N 515N 61N 66.4 N
horizontal handle

Different vertical force for + 108% +71% +72% +75% +68% +72%
horizontal handle

Length of hose lifted 0.97m 1.02m 1.22m 1.61m 1.67m 1.90 m
Horizontal hose lifted 0.75m 0.62m 0.55m 0.8m 0.75m 0.68 m

This is an excellent study to gain initial insight into the usability problem and

the magnitudes of the relevant variables. However, the study simplifies the
bio-mechanics, as the point of rotation is an arbitrary point on the handle. When
rotating the handle in the real world, it would pivot around the wrist, and the
shoulder and elbow will work together to keep the height constant. The study
measures the total torque required for rotation, but the specific contributions of
geometry, mass, bending stiffness, and friction remain unclear. Further investiga-
tion is needed to understand their individual impacts on the measured torque.

2.2 Design Goal

As stated in chapter X, this project has two primary stakeholders in Translas and
Skelex. It is important that both their goals are met. Translas ultimately wants to
improve the strategic position of the 8XE as it has a significantly higher profit
margin due to the market advantage through technological differentiation. Skelex
ultimately wants an exoskeleton-like product to produce and sell. This results in
the following flaws:

1. Any solution that eases welding with the extractor torch, could theoretically
ease welding with a regular torch. As such, an additional product does not
necessarily improve strategic position of the 8XE in the longer term.

2. Any product, no matter how well designed, will to some degree inconve-
nience the user. It has to be donned, or fastened, or make contact with the
body and potentially apply a force. As such, it is improbable to improve the
strategic position of the extractor torch compared to the regular torch by add-
ing another product to the user experience.

3. Translas’ goal is very specific to the 8XE. This limits the potential profitability
of a potential new product for Skelex as it's limited to 8XE users, instead of
welders in general.

Despite these potential flaws both parties are still positive towards the collabora-
tion. To minimise the consequences of these flaws the project has the following
additional aims:

1. Analyse the 8XE to find redesign options to improve the strategic position of
a potential 9XE.

2. A design focus on maximum comfort and convenience, as opposed to maxi-
mum effect.

3. Consideration for future adaptations to the design, such that it can be widely
used in welding context.

Welders will benefit from a solution that can potentially improve their muscu-
loskeletal health of welders. Policy makers influence the commercial success of
exoskeleton-like products depending on their health benefit, and the degree to
which this can be proven.

The design goal of this project is as such defined as:

"Design an exoskeleton-like product that eases welding with
the 8XE torch that welders actually would use, that can im-
prove welding ergonomics”



2.3 Drivers

Chapter 1.5 defined exoskeleton criteria. These will function as design drivers for
a successful exoskeleton-like product.

& [

Complete S Minimal Minimal Easy
Freedom of Ay comtEE: Protruding donning /
movement points parts Doffing

Next to these general drivers the following three requirements are defined.
These determine the success of the designed solution.

—

Seamless Eases welding Ergonomic
equipment experience responsibility
integration

In addition to these specific requirements, there are also the general require-
ments; any designed product must show to be desirable, feasible, and viable.
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3.1 Problem Analysis

Three user tests were done. As part of these interviews welders were asked to
compare the usability of the extractor torch with a regular torch. The findings are
summarized below.

©@ S~ A

The welding cable is The welding cable is The weight difference
considerably larger. As a considerably stiffer. This is negligible. When four
result it gets in the way makes it more cumber- workers were asked which
more, and is more cum- some to move, position, torch is heavier, half
bersome to use. and rotate. It also gets in thought the 8XM is heavi-
the way more. er than the 8XE.
N\ -
Qi X 2
The ball-and-socket joint has a tight fit to The regular welding cable bundle,
ensure a completely sealed enclosure. As a attached to the torch, can rotate 180°
result there is significant friction. Additionally, around the ball-and-socket joint. As an
the material roughens up quickly in context, ~ unwanted side-effect, the cable bundled

regularly feels twisted, forcing the weld-
er to position the welding cable more
than normal before welding.

increasing friction rapidly.

It suffices to say significant usability concerns arise from the design decision to
put a larger, secondary cable over the normal cable bundle. Cable stiffness mea-
surements (Appendix A) suggest a 30% increase in stiffness, and user tests show
stiffness concerns. To alleviate stiffness complaints a ball-and-socket joint is engi-
neered with it's own usability concerns related to the dis-coupled movement of
the torch, regular cable bundle, and extractor cable, in addition to friction.

It can be considered to not have ‘internal’ fume extraction, bundling all cables
together in one large cable bundle, but design around an external, additional ca-
ble to the cable bundle. This means the Fume Extractor cable can be smaller. This
can immediately result in a 20% decrease is stiffness (Appendix X). This eliminates
the possibility of having the cable rotate separately from the torch, potentially in-
creasing the immediate rotation stiffness. Due to the high friction of the ball-and-
socket joint, and the frustrations surrounding the dis-coupled rotations of cable
and torch, it might still be a worthy for R&D investments for Translas. Of course,
exploring such a direction properly is a project in and of itself, and is not within
the scope of this project



3.2 Numerical Analysis

Welding is a task that requires dexterity and strength. Depending on the spe-
cific task a welder might be required to make turns or rotations whilst moving
at a constant pace, occasionally with additional small movements to maintain a
proper weld pool. To move the torch in this way requires the shoulder, elbow, and
wrist to make considerable effort. This chapter breaks down the different loads
originating from moving the torch, and their effects on the body, and describes
the creation of a model that can analyse these forces. The third sub-chapter sum-
marises the results, and discusses the consequences.

3.2.1 Physics Framework

1|| Bio-mechanics

Although at least 38 muscles are involved in controlling the upper extremities
(Forro, 2022), it can be greatly simplified with a system consisting of three joints
(shoulder, elbow, and wrist) and three beams. Movement of the torch can be fully
described through the lengths of the beams (limbs), two rotations in the shoulder
joint, one rotation in the elbow joint, and three rotations of the wrist joint. If we
define reference frames in every joint, and a starting position of the beams, we
can define the position of the beams and joints for every angle.

2|| Weight

The extractor torch with 7m of cable weighs 7.68kg (Translas, 2023). When hold-
ing the torch, gravity will pull the system down, resulting in a moment on the joint.
An opposite but equal resultant moment of the joint will keep the torch in place.
The general relation is given by:

M=rxF (1)
Where M s the resultant moment, rthe position vector from the joint to the Cen-
tre of Mass (CoM), and F the force vector originating from the CoM. The CoM is
crucial for defining both rand F. Since the cable is flexible it is also dependent on
the position and orientation of the cable and torch.
A good summary of both the bio-mechanics and the static load derived from the
weight of the torch is given by figure 9.
3|| Bending moment cable
The welding cable has a significant stiffness, which introduces a tension in the
cable, and a moment on the wrist. The cable can be simplified to a simple

beam, so that its behaviour can be given by:

_Elde

Where Elis the bending stiffness of the welding cable. For simple systems this
can be derived from the Young's modulus E,
and the second moment of inertia /, derived
from the geometry of the cable. Since the
welding cable contains multiple geometries
and materials it is more practical and accu-
rate to handle these variables as one, and
derive this from experimental data, see ap-
pendix A. The dBis the deflection angle, and
L the length of the bend.

Figure 8: Static load by bending moment

Table 9: Legend figure 9
S Shoulder joint

I8 Elbow joint

W Wrist joint

M, Centre of Mass - torch

H, Centre of Mass - torch+cable

Position vector from shoulder to elbow
Position vector from elbow to wrist

w Position vector from wrist to centre of mass
- torch

Ko, Position vector from wrist to centre of mass -
torch+cable

Vs ‘Roll’ from shoulder joint (rotation around x)
Ve ‘Roll’ from elbow joint (rotation around x')
Bs Yaw' from shoulder joint (Rotation around z)
F Weight of the torch and cable

M, Resulting static torque on the wrist

M_  Resulting static torque on the elbow

; M,  Resulting static torque on the shoulder
Figure 9: Static load by gravity on uppeF extremities
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4|| Inertia

In controlling the weld pool the welder occasionally has to introduce small and
repetitive movements to the torch. These small rotations can be done without
bending the welding cable due to the ball-and-socket joint. This allows for 780°
rotation around the axis in the direction of the cable, and #75° rotation around
the other two axes. The relation between the moment on the wrist joint and the
movement of the torch can be given by:

M=Ixa ©))

Where [is the moment of inertia of the torch (and not the welding cable), and a
is the angular acceleration of the torch. It is assumed this value is negligently small due
to the low speeds of welding and the position of the CoM of the torch close to the wrist.

|
5|| Friction
In practice the ball-and-socket joint is far from a perfect joint. The PA-6 roughens
up fast in welding environments, increasing the friction in the joint. There is also
the requirement of an airtight joint, which also limits the movability of the joint.
The friction forces exert a moment on the ball-and-socket joint, which results in a
higher moment on the wrist. This relation is given by:

M=pm_gr (4)

Where p is the friction coefficient of PA-6 on PA-6. m_is the mass of the cable
that hangs from the joint, g is the gravitational acceleration constant, and ris the
radius of the joint.

It can be assumed that friction forces are small compared to the static forces of
the bending moment and weights, due to the low speeds. Still, this relation is
included as it relates to the usability complaints surrounding the ball-and-socket
joint of the 8XE.

3.2.2 Modelling - static forces

To analyze the forces as mentioned in chapter 3.2.1 a combination of SolidWorks
and MATLAB computation was used.

1|| Biomechanical model

A simplified model of the upper extremities was made in SolidWorks, consisting
of an upper and lower left arm as beams, which connect a shoulder, elbow, and
wrist joint. These joints have their own reference frames, as shown in table 10.

Table 10: Reference frames S.E, and W orientations

X Y VA

S ‘Left’ '‘Opposite gravity’ 'Forward'’
Perpendicular to Direction of S Orthogonal to X,
frame rotated by p, and Y,
and B,

W Parallel to X, Orthogonal to X and Z , Opposite direction

of E

The system can be moved through 3 rotations. 1) A 'yaw’ around the z.-axis
(Shoulder ab-/adduction), 2) a ‘roll" rotation around the x, -axis (Shoulder flexion/

extension), and 3) a ‘roll’ rotation around the x_-axis (elbow flexion/extension). In
this system the wrist is assumed to be in a neutral position, and cannot rotate.
The lengths of the limbs are taken from a Dined database (Dined, 2004). See
table 11.

Dutch males aged 20-60 were chosen as they resemble the target demographic
well. It was chosen to pick Dutch adults, as this dataset was complete, and espe-
cially relevant for Translas’ direct context. The average (p=50) was chosen to have
a general model.

 UpperExtremetiesSystem (Defaul
& History
£3) sensors
&) Annotations
=3 ial <not specified>
Plane
[1] Top Plane
[ Right Plane

L., origin
() Sketeht

Figure 10: Screenshots of the SolidWorks model.



Table 11: Dataset Dined
Dataset Year Gender  Age Nationality P-value

Dined2004 2004 \YEIE 20-60 Dutch 50
The used values are found in table 12.

Table 12: Avarage limb lengths
Dataset Upper arm Lower arm Wrist-to-palm

Length [mm] 367 327 64

2|| Weight analysis Table 13: weights torch, cable

A CAD model of the complete assembly of the Torch 0.736kg
8XE torch was made available by Translas. Each
part was given the corresponding material so Cable ~0.944kg/m

that a mass analysis could be done. It was as
such estimated that the torch weighs 0.736kg.

A hollow tube with an outer diameter of 50mm
(matching the 8XE cable) and a material density
was arbitrarily given. The wall thickness was then
varied until the torch and 1m of welding cable
together had a mass of 7.68kg, the complete
weight of the torch and 7m cable (Translas,
2023). This cable can then be redrawn in any
position, so the CoM can be found for any orien-
tation.

Figure 11: Model torch, 1m cable

3|| Static Loads - weight

During user testing welders in relevant context were photographed. Based on
these photographs, pictures were taken from multiple angles of two welding
postures.

A neutral pose was chosen, with elbow roll at 100°, and the welder working in a
comfortable, upright position and working at waist height.

An extreme pose was chosen, with an extended arm with an elbow angle of
150°, and the welder working in an physically straining posture, working at
shoulder height. These postures show the range of expected strain on the weld-
er in most standing postures, excluding overhead work.

Table 14: Used data
Shoulder roll [°] Shoulder yaw [°] Elbow roll [°] Working  Weight [kg]

height [m]
Basic posture 10 20 100 0.90 1.58
Extreme posture 70 50 150 1.5 2.08

These values can be inserted in the bio-mechanical model, after which the
torch can be inserted and placed ‘in the palm’ at a distance of 64mm from the
wrist. It is assumed that the hand is in a neutral position, with the torch pointed
forward. From the pictures it was derived how high the torch is lifted, and a
cable was modelled fitting the situation. To make analysis practical the cable

is split in two parts after the first bend. The end of the cable is attached to the
torch, the two parts of the cable are attached at the centre of the face, but can
freely rotate, and the straight part is aligned with the direction of gravity. This
insignificantly affects the mass distribution of the system, and eases analysis.
SolidWorks can find the CoM of the torch+cable, and find the position vectors
from the joints to the CoM. The magnitude of the moments on the elbow and
shoulder are analysed. The separate moments on all three axes of the wrist are
analysed. These align with abduction/adduction, pronation/supination, flexion/
extension of the wrist, as described in chapter 1.4 . In order for the model to
make an accurate distinction, the position vector needs to be taken from the
reference frame of the wrist.

Figure 12: Welding posture to model.
These position vectors from joint to CoM are placed in MATLAB, as well as a
force vector for the gravity. For the shoulder and elbow joint, joint moments are
calculated in the neutral plane, as no distinction in rotational direction has to be
made. For the wrist moment the vector for the gravitational force has to be de-
scribed from the frame of the wrist. This is done by drawing a vertical line from
the neutral frame from the origin of the wrist frame in SolidWorks of length 1 to

wiee - 1he corrected force vector is found by:
I:g_Wrist - u9,W”st ||F9_Wrist || (5)

These values are then computed in MATLAB following the formulas as described

in chapter 3.2.1.

find the unit vector, u,



3.2.3 Results

Table 15: Joint moments - modelling results.

Shoulder Wrist moment Wrist moment Wrist moment Wrist moment
moment - Total - Abduction - Pronation - Flexion [Nm] - total [Nm]
[Nm] [Nm] [Nm]
Basic 2.3 0.70 0.24 -0.31 0.80
posture
Extreme 12.8 0.56 -0.52 -0.07 0.77
posture

These values are then computed in MATLAB following the formulas as described
in chapter 3.1.1. The results are shown in table 15. |

Static loads: bending
The magnitude of the bending moment is estimated using the Bending stiffness
measurements done in Appendix A. Although the error in the found bending stiff-
ness E/ of the welding cable is high, the found value of £/ = 0.6Nm? will be used
in estimations. The aim is to understand the magnitude of the bending stiffness’
influence over the usability complains, more-so than accurately defining Translas
product’s specifications.

Analysing the welding cable in a neu-
tral position, and bending it until the
torch is completely horizontal shows
how the welding cable bends if the
welding cable can move freely. Defin-
ing the start of the bend as the part
where the welding cable is straight Rotation tort
(dB/dL=0), one can estimate L, the length

of the bend, and measure 6.
Table 16: Joint moment: bending mo-

L [m] de 9] M [Nm]
0.5 23 0.5

Dynamic Loads: friction

The ball-and-socket joint carries the weight of the cable, which varies between
~1-1.5kg. Since the joint is generally rough according to the user interviews, a
friction coefficient can be estimated to be in a range of y=0.3-0.5 (Zeus, 2005).
The radius of the ball-and-socket joint is the inside radius of the ‘socket’, and can be
measured from the CAD model, r=22mm. This results in an estimated friction force of
M=0.06-0.16Nm. Friction should not pose a significant usability concern, as long the
only forces on the joint are from the cable’s weight.

Q

1, »
Figure 13: Typical range of rotation.

3.3 Concept generation

Generally speaking, passive exoskeletons are devices that reduce joint moments
by redirecting forces and reducing the moment arm. The Skelex-360 for example
adds an additional force close to the elbow upwards, and redirecting this force to
the hips or lower back. This results in lower required effort by the shoulder, and
elbow muscles. The increased force on the hips is safe, as the moment arm, the
distance from the force to the CoM of the bodly, is comparatively small.

Likewise, the forces resulting from the weight of the torch carried in the hand can
be redirected to other parts of the body. Concepts can be categorised by the limb
or system the force is redirected to. In the current situation the weight is carried
by the hand. Options for redirection are shown in figure 14, where colder colours
represent a shorter distance to the body’s CoM, and result in safer ergonomics
(Caspers, 2023). A secondary distinction can be made in the actuation of the exo-
skeleton. It can either work directly on the body, like how the skelex-360 provides
an external force on the upper arms, or work on the welding torch, like the FOR-
TIS exoskeleton shown in figure X. Generally speaking, exoskeletons working on
the body are more versatile, although according the ergonomists there might be
unwanted longterm side-effects as a result of influencing the natural functioning
of the body (Caspers, 2023) (TNO, 2020).

As the iterative prototyping process is not linear, the structure is done chronolog-
ically per concept direction.

Figurei14: Redirectingjloadifromiwarm]



3.3.1 Towards WeldWing

Following the logic of redirecting the weight to the CoM of the body as much
as possible, a prototype was created consisting of a metal frame worn on the
hips with a Skelex-360 belt. The hook was wide so the welding cable could slide
through. There is a bar above the hook, for experimentation with a locking mech-
anism. Using this the weight could also be suspended for overhead welding po-
sitions. The prototype shows clear promises insofar it takes away the weight on
the arm, and moves it to the hip. It became clear however that a system like this
needs a sophisticated reel system, so that the welding cable always has exactly
the right length. Too little length and the welder cannot work unhindered, too
much length, and the cable will twist. This twisting motion is a problem as the
cable effectively makes high deviations in angle d@in a smaller cable length L.
This rapidly increases the tension in the cable, resulting in a high moment on the
wrist, following equation 2.

A simple suspension system was tested using an elastic cable. It was found it
increased the movability of the welding cable since the system introduced less
tension. It was most comfortable and intuitive when the cable could hang straight
down, which makes sense as a cable provides a tension force only in the direction
of the cable, and the only force that needs an opposite force is the gravitational
force, which points straight down.

Another problem with this solution is the fact that more cable is needed when
doing horizontal welds, and the ‘pivot point’ is on the side of the body instead of

Earlier concepts by Skelex (2020) ended in three variations of redirecting the
weight from the hand to elbow or lower arm. The first concept attaches the cable
the full lower arm, decreasing the joint moments. The second concept attaches
a line from a helical brace to welding cable, with the idea that the helix torsions
outwards as the weight hangs from it. The last concept uses the existing Skelex
exoskeleton to lift the welding cable up.

——y
or Skelex concepts (2020).

These concepts have in common that it decreases the effective length of the
welding cable, increasing the experienced cable tension when moving the wrist.
The first Skelex concept restricts the welder’s freedom of movement if using ex-
isting welding technique - changing of which exceeds the scope of this project.
The second concept is promising due to it's simplicity of the suspension system.
It inspired the direction of the WrapStrap prototypes, chapter 3.2.4, and the helix
helped ideation of the FlexGuard prototypes, chapter 3.2.2.

The third Skelex concept requires the existing exoskeleton, which would result in
a solution too expensive for Translas.

Fiéﬁré‘%: Pri

The second prototype also inspired the design proposal

< of R. Conjaerts’ (2023) where a suspension rope can be

. switched between two elbow cups for neutral and over-

o= / ) head welding. Conjaerts’ cites a measured reduction in

o ;jw' ﬁ wrist torque, although increased cable stifness is still an
w existing problem that needs to be solved.

Figure 17: Design F\)faﬁagal R. Conjearts
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3.3.2 Towards FlexGuard

Initial ideation focused on reducing the strain on the wrist, as this was found to be
too high (Skelex, 2020). A solution was pursued providing an external torque on
the wrist, redirecting the force from the hand to the lower arm.

A wrist brace was suggested by A. A. Nobaveh et al (2020) that can carry the
weight of the hand (eases flexion), to support people with musculoskeletal weak-
ness. See figure 18. The torque normally on the wrist joint would be supplied by a
compliant mechanism, and transferred to a couple on the underarm.

x:’f/' f =

M 4 4 N4 —

Figure 18: Prototype wrist support by A.A. Nobaveh et al (2020).  Figure 19: Lo-fi prototype
This idea was adapted to aid welding by carrying the weight of the torch (eases

abduction), and by fitting inside a welding glove.

This prototype shows a simple brace that was
to be fitted inside a glove, so that it can be
donned as easily as a regular welding glove. |
Upon wearing the glove a spring is deformed ;
providing an upward moment. The spring can
rotate around a simple pin, as to not hinder
flexion/extension of the wrist. '
Figure 20: Prototype: Weld support
In using the brace some support could be experienced, although the spring stiff-
ness was not very high in these prototypes, and support was thus limited. Another
problem was the ‘sliding’ of the spring over the underside of the hand (ulnar
border).

These issues could be solved with a new brace, that could move inwards to follow
the movement of the ulnar border.

Figure 21: Helix brace - Can deflect inwards

This brace was then integrated in a MIG welding glove. The helix was glued to
the inside of the glove, whilst the spring was supporting the under- outside of the
glove. Both parts were connected through a rotating pin.

2]
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Figure 22: Concept poster - FlexGuard

The iterative prototyping resulted in a prototype shown in figure 22. Springs with
various values for the stiffness could be set in the brace.

It was found there was considerable product latency in the prototype: A hard re-
quirement for a welding glove is easy doffing so it can be thrown off when it gets
hot. As a result the helix has the same circumference the glove. This means that
when the hand is rotated downward, adduction, the helix first pivots upwards be-
fore the spring bends downwards. This effect is greatly increased when the spring
stiffness is increased. The spring needs to be relatively short (~40mm) since only a
part of the ulnar border can be used as you need to be able to grip the torch, and
as a result any noticeable difference in effort needed to carry the torch required
a very stiff spring.

Figure 23: Wrist support - firmly strapped

When the mechanism is tightly bound against the hand this latency disappears,
although this introduces difficulty in donning/doffing and comfort.



3.3.3 Towards CarbonForce

The Skelex-360 is a successful product but it cannot provide a solution to Translas’
problem due to two problems:
1. Expensive; the solution is disproportionately expensive to the 8XE fume ex-
tractor.
2. Operational range; welding also requires an operational range in neutral po-
sition and below the waist.
The ExoForce aims to circumvent these two problems by using a simpler mech-
anism to carry the weight of the welding cable and torch, and transfer it to the
back and hips.
The prototype consists of a carbon fibre rod -
attached to a steel frame. The dimensions
are such that the torch is suspended in front
of the welder. To allow for a greater opera-
tional range the rod can rotate in the frame,
so the torch can freely move in a 180° angle
in front of the welder, left to right. Moving it
higher would reduce tension in the rod, re-
ducing the upwards force. Moving the torch
lower increases the upwards force (requires
effort). See figure 25. Moving the torch to-
wards and away from the welder likewise in-
or decreases the rod tension.

The bending stiffness of the rod depends on its stiffness.
A rod with a great operational range should have a low
stiffness. If the rod has a low stiffness, it needs to be rel-
atively long as a result in order to carry the weight of the
torch. As such, there will always be a trade-off between
minimising protruding parts and maximising freedom
of movement and effectiveness.

An important lesson from this concept is the attachment
point on the welding cable. When handling the torch
it seems to balance around the handle (Skelex, 2020),
Figure 25: Operational range Which gives the impression that this would be the most

comfortable position to suspend the welding torch and
cable from. This however introduces another pivot point which interferes with the
movement of the ball-and-socket joint. A better position is behind the joint, on
the welding cable. This improves the effective maneuverability of the joint be-
tween cable and torch, especially in rotations forward (ulnar deviation).

Figure 26: CarbonForce

The CarbonForce shows many promising advantages, but it was fragile and diffi-
cult to take to user testing. The CarbonForce concept resulted in a similar cost-ef-
fective suspension system (Chapter 3.2.5).

3.3.4 Towards WrapStrap

Concepts similar to ‘WeldWing' display a tendency to introduce tension in the
welding cable. Suspension cables work best if they are orientated in the direc-
tion of gravity. The CarbonForce concept shows that an attachment point be-
hind the ball-and-socket joint can improve the maneuverability of the joint for
neutral-to-downward positions, whilst not making neutral-to-upwards rotations
considerably more difficult.

The result is an egregiously simple or exceptionally elegant concept direction. A
simple strap hangs around the lower arm. The strap features a carabiner clasp,
which can be attached to a zip-tie on the welding cable, right before the ball-

and-socket joint.



‘Figure 27: TetherTech.

The weight is suspended from the lower arm. In this position the welder can ben-
efit from the full mobility of the shoulder and elbow, without changing the neces-
sary suspension length between arm and cable. It also shows that the suspension
can remain relatively straight for various movement (appendix B). Ulnar deviation
is noticeably easier due to the position of the attachment point in relation to the
ball-and-socket joint, whilst radial deviation is slightly harder - this effect is not as
big however, as the cable still has considerable length to dissipate tensions.

» The weight on the whole system of the arm is unchanged.
‘ Although the variation in length of necessary suspension
i \ cable is greatly reduced compared to attachment points
further towards the shoulder, the tension in the cable still

varies with wrist movement. This means that any chosen
suspension length works for a given position and range,
but has too much tension (increased pressure, increased
discomfort) or too little tension (effectiveness quickly dissi-

\ : pates) for any deviations of this range and position.
Figure 28: Weight on arm.

As the wrist moment can converge to zero, the torch can feel ‘as light as a feather
in the hand’. This means that you don't have the grip as tightly, which could direct-
ly improve the musculoskeletal health of the elbow joint (Caspers, 2023).

22

3.3.5 ExoForce and TetherTech

Ideation through prototyping shows two promising but wildly diverging options.

The CarbonForce is promising through the ability to take away all weight in an
operational range potentially complementary to the Skelex-360 exoskeleton, with
a greater simplicity. The fishing rods used in the prototype are too fragile for user
testing, so taking this concept forward requires a certain commitment in time
and cost. The decision was made to redesign this concept towards a sturdier ver-
sion. The result is the ExoForce exoskeleton. It consists of a steel frame worn on
the hips and kept into place with shoulder straps, holding a tool balancer with a
pulling force of 5-15N (Rema, n.d.). The cable is directed through several rolling
bearings over the shoulder, and goes downwards to attach to the welding cable
via a side release buckle. The beam over the shoulder also has a pivot point, so
the frame can rotate, following the lower arm when it is moved from left to right.

The WrapStrap is promising through its simplicity, and the ability to take away all
weight from the hand. This resulted in the TetherTech prototype. It consists of a
heavy duty welding glove and a Kevlar strap which can be connected with a side
release clasp. The position of the clasp on the glove is chosen so that the cable
can hang straight down when attached to the optimal suspension point based
on tests with the CarbonForce (Chapter 3.2.3) when holding the torch in a basic
posture (Chapter 2.1.2). The strap features a triglide buckle which can be used the
attach and fasten the buckle to the welding cable.

Figurer293Tethenlechla{Exohorcey F
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3.4 User testing - Concepts

Three rounds of user tests assess the two concept directions. The first test features
four workers in a university workshop, and tests the WrapStrap prototype (Chapter
3.2.4). The second user test features a workbench welder welding window frames.
The third user test features two workbench welders, welding metal fences. The
second and third user test assess the ExoForce and TetherTech prototypes (Chap-
ter 3.2.5). In addition to testing the prototypes, welders are also asked about their
experience with the Translas Fume Extractor torch. The workshop workers have
no prior experience with the 8XE, and handle it for the first time during the user
test. The workshop welders use a 7XE air cooled torch, which is similar to the 8XE
but slightly lighter and more flexible due to a narrower cable. The conclusions
on the usability of the Fume Extractor torch are summarised in chapter 3.0. The
conclusions on the prototypes are summarised below.

WrapStrap & TetherTech

Positives

1. Weight successfully redirected from ‘in the hand’ to ‘on the lower arm’.

2. The torch is generally experienced as lighter.

3. The attachment system on the TetherTech was experienced as easy to use

4. The spread out pressure on the arm of the TetherTech is comfortable

5. Welders liked that their gloves remained usable for all other working tasks,
such as carrying parts or using other equipment.

Negatives

1. Concentrated pressure on the hand of the WrapStrap is uncomfortable.

2. Spread out pressure on the lower arm might introduce increased heat devel-
opment in the welder.

3. Very difficult to find the right position on the welding cable. If the cable is
attached too high there is no tension and no weight redirection. If the cable
is too low the tension increases, which introduces discomfort in the best case,
and additional muscle strain in the worst case, depending on the orientation
and movement of the weld attempted.

4. Even if the right height was found, the tension in the cable still varied a lot,
depending on the orientation and movement of the weld attempted.

5. Working height is very important: the welder in the second user test did not
think the prototype was very effective (welds: G1/G3, ~chest height), while
the welders in the third user test experienced less strain (welds: G1, G2, G3,
G5, ~just above waist height), depending on the type of weld and orientation
of the suspension points.

6. Welders were concerned not all welds are supported. The welder in the sec-
ond user test sometimes has to reach around their workpiece, leaving the
torch sideways. No support is felt in this orientation. The welders in the third

user test did not experience any support during G4 type welds, as they hold
the torch sideways.

Welders were concerned about the side release clasp hanging down from the
glove, that it might get in the way during other working tasks.
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ExoForce
Positives

1.

2.

Very effective at redirecting weight from ‘in the hand’ to ‘on the back’. The
welder in the second and third user test specified they felt no weight of the
torch when holding it.

It is easy to attach and detach the cable to the ExoForce via the side release
buckle.

Negatives

1.

2.

oo

The prototype was uncomfortable. The metal frame could hurt the shoulder,
and the box for the tool balancer was attached tog close to the lower back.
The prototype is too heavy - it strains the back anj shoulders even in the rel-
ative short duration of the test.

The metal frame is in the way when welding, and also during all the other tasks
a welder must do during the workday. The welders in the third user test spec-
ified that they have to maneuvre under and around the fences, which would
be very difficult to do wearing the exoskeleton. Also manuevring around the
storage part of their workshop would be difficult.

The welders do not like the hassle of putting on an exoskeleton at the start
of their day. Donning/doffing multiple times every day was even more unde-
sirable.

The suspension cable of the ExoForce would be in the way during some welds.
Operation range is limited. The welding cable needs to be below the shoul-
der. Especially during the second user test this became apparent, as the pro-
totype was donned wrongly. As a result the frame was angled, and due to
the pivoting beam this decreased the operational range. It was not properly
usable for the welder in the second user test, as he has to work around shoul-
der height.

In direct comparison all interviewed welders state that they are a lot more likely to
use the TetherTech prototype than the ExoForce. They also stress the importance
that the product is simply ‘not in the way’ over the effectiveness. On the other
hand, they also state that the TetherTech does not ‘do enough’ to be potentially
interesting to them. This, of course, is also influenced by the fact that they do not
currently experience the Fume Extractor torches as too heavy as their torches are
1) lighter and more flexible than the 8XE, 2) their welding cables are suspended
from above, 3) they weld very short distances, and most of their job consists of
preparing and post-processing the welds.

>
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The rounds of user testing made clear that the ExoForce concept is not a suitable
solution for Translas’ problem within the scope and time of this project. Although
it can successfully take the weight away from the upper extremities to the shoul-
der and back for a wide array of welding positions, it introduces various usability
concerns about comfort and convenience. These are common problems for exo-
skeletons in general, and it is probable that these are solvable in the long run. For
the specific goal of aiding welders to use the 8XE Fume Extractor torch a solution
like the ExoForce will quickly become too complex (expensive) and it is unlikely it
can ease the adoption of the fume extractor torches.

The TetherTech concept shows a noticeable improvement in welding ergonomics
in some welding positions. The wrist experiences less load, and welders do not
have to grip as tightly. Welders noticed the narrow operational range of the pro-
totype, but ultimately are more concerned about how the increasing or decreas-
ing tension on the suspension cable is irritating at best and detrimental to weld
quality at worst.

3.4 Converging - ‘ExoTether’

The ExoForce has many problems, but operational range ain’t one. Inspired by
Eberle’s SCAMPER method (1972), a final concept is made by 1) combining both
concepts, 2) substituting the inelastic strap with the cable of a tool balancer, 3)
minimising its dimensions, and 4) reversing the direction of the mechanism from
‘welder - welding cable’ to ‘welding cable > welder’. Figure X shows the initial
prototype. Testing showed it to be a clear improvement over both earlier con-
cepts, and it was developed into the final concept and proposed design. The
following chapters showcase the final product, and argue their desirability, feasi-
bility, and viability.

Figure 34: ExoTether. A tool balancer in a 3D printed casmg that attached to the 8XE through zip-ties.

WPhoto: Denis Corena
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4.1 AeroGrip

AeroGrip is an exoskeleton-lite product that eases welding by changing the
weight distribution on the upper extremities, improving ergonomics and helping
welders ‘be their ultimate’; they can weld safely for longer, with more precision,
whilst experiencing less strain. The power spring and suspension cable exerts a
12N force on the lower arm, and distributes this evenly via the complementary
AeroGrip glove. This removes ~55-80% of the weight of the 8XE torch on the
wrist, depending on how high it’s lifted. This force is carefully chosen such that it
takes away all weight of the welding cable for normal welding postures, and part
of the weight of the welding torch, but not so much that it changes the bending
characteristic of the welding cable.

Ergonomics are improved through 1) Removing signif!cant strain on the wrist di-
rectly, allowing the torch to be moved ‘as light as a feather’, 2) Eliminating the
necessity of a tight grip, improving the health of the elbow joint directly (Caspers,
2023), and 3) through the added attachment point on the welding cable, it can be
lifted by raising the elbow, instead of only through moving the wrist.

The AeroGrip Glove is a minimally altered welding glove, with only an addition-
al leather tab on the underside, featuring a simple grommet to attach the hook
through.

All dimensions are minimised so that it does not get in the way during the welder’s
workday - the AeroGrip is slightly wider than the 8XE welding cable, and pro-
trudes only ~26mm above the welding cable.

The aesthetics feature geometric shapes to echo the technological fundamentals
of Translas and Skelex, which are rounded for comfortable gripping and to mini-
mise the risk of it catching an edge. The colours and texture lines on the product’s
face reference the 8XE Fume Extractor torch, and the flowing split line references
the new-found air light ease of welding - the result is a visually engaging product
matching the products and values of both Translas and Skelex.

Figure:35: Visualillscalelprototype of AeroGrip || Prototype AG Glove&imulated AeroGrip

>

AeroGrip circumvents all exoskeleton usability and comfort pitfalls by not attach-
ing to the body, but to the product.

9. AeroGrip is attached to the welding cable, with it's minimised dimen-
c& ' sions and rounded geometry it is minimally in the way. When the welder
¥ needs to do other work than welding AeroGrip is not in the way, like a
classic exoskeleton might do. The tab with grommet is barely noticeable.

When in use, AeroGrip is designed around full freedom of move-
ment; moving the lower arm in relation to the wrist is possible since \t
the suspension cable extends with the arm. When not using AeroG- \

rip, it is not limiting movement, like a classic exoskeleton might do.

Donning and doffing is easily done. The hook can be attached/de-
tached with one gloved hand. Although the connection is secure
enough due to the geometry of the hook and the fact that the hook
is always under tension, it can detached with one movement too.

this pressure is not uncomfortable. There will be some added heat
build up, but AeroGrip is not firmly attached to the welder like a reg-
ular exoskeleton; the AG gloves can regularly and easily be taken off.

The tension of the spring exerts a pressure on the lower arm. Since ’ﬂ"
this pressure is divided over the full area of the top of the AG Glove, Ub | hd
' d

To make AeroGrip as simple as possible, standard parts are used
as much as possible. Ladder strap and buckles are readily avail-
9 able as sets, just as metal hooks, and can be designed around.
1. AeroGrip features. Standard fastening options are used, such as
% ferrules for cable, screws for plastics, and a grommet for a hole in
+ the leather tab of the AG Glove.
=

AeroGrip can be held in the hand with just a thumb
and index-finger. Maneuvering the torch is light, and
can be done with a lot of control. Lifting can partially
be done through lifting the arm, as AeroGrip will help
the welder lift.

-

AeroGrip is integrated with common welding equip-
ment. This plays its part in not inconveniencing the
welder, to ease adoption by welders, but also improves
the business case considerably.




4.2 Numerical Analysis

Using the numerical model (Chapter 3.2.2) a quick comparison can be made be-
tween the strain with and without AeroGrip. For the model the suspension cable
is assumed to be in the direction of gravity. This results in the following formula’s:

M,, = re, x (F-F,)

i, M; =r x(F-F)+r, xF, (6a, 6b)

Where M, and M, are the joint moment in wrist and shoulder respectively. r,,, and
r_ are the position vectors from CoM to wrist and shoulder respectively. r,. is the
position vector from the AeroGrip suspension point on the lower arm to shoulder
respectively. F_is the weight of the torch and cable, whilst F, is the force of the
spring in Aeroérip, 12N.

Table 17: Joint moments - modelling results.

Shoulder moment Wrist - Wrist - Wrist - Wrist -
- Total [Nm] Abduction Pronation Flexion total
[Nm] [Nm] [Nm] [Nm]
Basic 2.3 0.70 0.24 -0.31 (0 :10)
posture
With 2.13 0.16 0.069 -0.0055 0.18
AeroGrip
Extreme 12.8 0.56 -0.52 -0.07 0.77
posture
With 12.1 0.23 -0.028 -0.21 0.32
AeroGrip

The model predicts slight improvements for the shoulder joint in both postures,
and ~70-80% reduction for abduction and total wrist moments in a basic posture,
and ~35-40% reduction in an extreme posture. This is because the welding cable
is lifted higher in an extreme posture, increasing the weight, such that the spring
cannot redirect all forces.

The suspension cable is assumed to be in direction of gravity. This is accurate
enough for predicting abduction forces, as even *25deg only reduces the effec-
tive spring force by 10%.

Welding static loads are generally within safe magnitudes, it is difficult to argue
welders can work safely for significantly longer safely in regards to shoulder joint
health. Using Potvin’s equation (Chapter 1.4) welders can work safely 20% longer,
in regards to the wrist.

4.3 User Test - AeroGrip

Two user tests verify the function and desirability of AeroGrip.

For this purpose a functional prototype was made with a power spring from a tool
balancer. A casing without axis and spool were 3D-printed at 140% scale. A 70mm
steel axis was hammered into a hole with the same dimensions on a steel Zmm
plate. The underside was welded together, and ground down to a flat surface.
A slit was sawed of ~20mm in the axis for the spring to go through. A Dyneema
cable was put through a hole in the spool and held into place with a double knot.
The spring was fitted in the spool, with enough space left over for the Dyneema
knot to minimally interfere with the movement of the spring. The steel axis & plate
were attached to the casing (top) using epoxy. Once dry the spring in the spool
is put through the axis - rotating the spool now winds the spring. 2m of dyneema
cable was rolled around the spool. The casing was closed, with the cable through
the slit, and fastened using 4 m3 screws. Pulling Tm of cable out of the slit pre-
loads the spring, and tying a double knot prevents the cable from going back into
AeroGrip. The cable was looped through a metal hook, and through a ferrule.
Compressing the ferrule holds the hook in place and prevents the cable from
going through the cable slit. Two velcro bands were sewn on the casing to attach
to the cable. Regular (lighter) MIG welding gloves were cut at the seam at the
underside, and two leather tabs were attached, sewn together, and a grommet
put through.

Figure 36: Functional 1.4 scale prototype of AeroGrip.

Two general workshop workers with regular welding experience were asked to
simulate flat, horizontal, vertical, and pipe welds, for a duration of 10 minutes,
equally divided with and without AeroGrip. During which they were interviewed
on their physical experience. Users were asked, among others, 1) to describe what
they felt in their wrist, elbow, shoulder, and back, 2) how much control on the
weld they have, 3) which types of welding are influenced most using AeroGrip 4)
whether they foresee general problems with AeroGrip, and 5) whether they want
to use AeroGrip when welding. Appendix C shows an excerpt of the second user

interview, and important comment from the first.



The spring is slightly stronger than AeroGrip’s designed spring. This results in
AeroGrip pulling the cable slightly towards the welder’s lower arm. This can create
additional flexure points, and does not reflect AeroGrip’s behaviour. To circum-
vent this a small weight is attached to the cable of 300g. This is also a common
strategy to research fatigue effects through shorter, high intensity activity. (e.g:
Watanabi et al., 2016). After the test users were asked to use the prototype with-
out the added weight, and asked whether they think differently about their given
answers. In both cases the employees stated they think the same.

Figure 37: User tests with workshop employees.

Welders both experienced considerably less strain on the wrist, and even experi-
enced less strain on the wrist and shoulder. “I don't feel it on my back. It's more re-
laxed.” The reason they both gave is that they do not have to lift the cable solely
by rotating the wrist, but they can also use their shoulder and elbow - raising their
elbow lifts the welding cable too. They felt more in control of their movements
"it feels like it helps with the movement”, as their wrist did not carry a load. They
describe the effect as the load being equally divided over the whole area of the
glove, instead of everything in the hand and on the wrist. They had some diffi-
culty attaching the hook with gloves on, as it requires a little practice. It was not
described as frustrating however, and the attachment felt secure throughout all
welds. One employee compared welding without AeroGrip as playing badmin-
ton, as all lifting has to come from the wrist, whilst welding with AeroGrip is like
playing tennis, where you can use the elbow.

One of the workshop employees is responsible for procurement. He stated in-
terest in such a product citing multiple employees with back and shoulder com-
plaints, stating it would help their health, and he is willing to pay €300,-.

Testing shows that AeroGrip works best for flat welds (similar to 1G), and works
well for horizontal/circular (similar to 2G), and vertical (Similar to 3G) welds. It
can ease overhead welding, but it requires the position of the AeroGrip to be
changed and the work remains straining. AeroGrip works best for postures where
the lower arm remains straight, as these keep the suspension cable vertical the
best.

o)

4.4 Feasibility

AeroCirip is actuated by a Power Spring. Common applications are tool balanc-
ers and cable reels. Power Springs can provide considerable force in a small
package. Their characteristic can be altered easily by changing the thickness or
height of the spring.

The spring is designed for an actuating force of ~72N, but this requires a slight-
ly stronger spring. Friction on the steel-on-steel contact of the spring itself, PA-6
on PA-6 contact between the arbor and spool, and Kevlar on PA-6 contact of the
cable on the casing. The friction forces in the spring are included in the spring
characteristic a supplier provides, and the second one is negligible through the
low speeds and forces. The Kevlar cable is redirected twice: at the cable guide
fastening cylinder, and the cable slit. The friction forces can be derived from

the ‘redirection” angle, which is dependent on the distance between spool and
guide, given by: .
b= sin;—P (7)

9

A second factor is the redirection of the cable slit, which is estimated to be
around y=30°+20°, as it realistically varies whilst welding.

Computing the output pulling force with the Capstan fric- Q@

tion equations (Mikrocentrum, 2019) one can estimate the

output force Tout with: - Figure 38: Sketch angles
in (8)

out  qpd +upy

Where T_is in the force of the spring on the spool in Nm, 1/, the friction coeffi-
cient of Pa-6 on Pa-6, estimated to be p, =0.2 (The Engineering Toolbox, 2004),
,the friction coefficient of Kevlar on Pa-6 which cannot be readily found, but is
assumed to the friction coefficient of Kevlar on aluminium at low contact pressure,
H,=0.2 (Brown & Burgoyne, 1999).

Figure 39 shows simulated data of the spring, | kit ik
cable, and output forces. A spring force of
15N is shown by the dotted line. The green
line shows the effective tension in the cable
after the guide cylinder. This varies with the
chosen distance from arbor to guide, and is
~30mm for AeroGrip. The blue and red line
represent the change in output force de-
pending on the minimal and maximal deflec-
tions of y. The graph shows that a spring with
output force 75N (T=0.3Nm) gives an output
tension force of 72N.

Figure 39: AeroGrip tension vs guide distance.



The AeroGrip powerspring is based on the characteristics of a Vulcan Spring:
Table 18: Chosen Spring (Vulcan Spring, 2023)

Spring Torque Arbor Number  Spring outer  Height
diameter of turns diameter
SCP13G59VS  0.30 Nm 6.4 mm 17 38mm 12.5 mm

The spring’s casing is ~20mm, resulting in an internal force of ~75N. A height
of 72.5mm can result in a minimally protruding product. The spring can still be
optimised in reducing the number of turns; If only the middle part of the spring
characteristic is to be used, using 5 rotations to preload the spring, and only using
the middle 7 rotations, a cable extension of ~m*40mm*7 = 880mm is possible. As
only ~200mm is necessary to give the lower arm full range of motion from the
wrist, Appendix B, a slightly smaller spring should be possible.

The casing has base material PA-6 30% glass-filled. Together with the consider-
able wall thickness of 3mm this will result in a product that feels sturdy and can
resist the general rough handling that happens in a workplace. These are based
on Translas’ experience with their torches in
a welding environment. The wall thickness
is perfect for the arbor, which is an axis di-
vided into two half-cylinders with a thickness
of ~3mm. A torque of 0.3Nm is divided over
the parts of the axis, resulting in 32.6MPa von
Mises stress on the base, which is well below
the fatigue strength at 107 cycles, 58.2MPa
(Ansys GRANTA Edupack, 2023). In the simu- Figure 40: FEM axis / arbor.

lation the axis is only fixed at the base, but in the casing it will be kept together
by a slot in the base, increasing the safety factor.

The spool is made from the same material, but has a wall thickness of 1.5mm, as
it's protected by the casing. PA-6 has a low coefficient of friction, is self lubricat-
ing, and has good wear resistance.

The cable is made of Kevlar, as it is a flame retardant material, strong and dura-
ble, and does not cut into the casing, like a steel cable would.

Hooks are readily and widely available in all sorts of sizes and shapes. A shape
is suggested where a small hall can be used to attach the —m—

e

cable to the hook. The hook closes completely, so that the //// <
Kevlar cable cannot get stuck in a groove. The hook is open, i

so that it can easily be attached and removed. The hook rolls \\\_/ :
outward, so it's easier to attach it to the glove. NN
The Ladder strap is made from Pa-6, which is flame retar-
dant and suitable for a welding environment.

The AG Glove is functionally the same as a regular welding glove, and as such
can be easily thrown off when required, even when the suspension cable is at-
tached. This makes it safe and convenient.

el

Figure 41: Hook

-‘ AeroGrip is designed with injection moulding

in mind. The model has a nominal wall thick-
ness of 3mm. Some places have thinner walls,
but never a larger wall. Fillets of 3mm are used
on most edges, although reasonable fillets are
everywhere. On the buckle platform a small
slit is added so that the wall thickness does not
exceed 3mm.

Sa )
Figure 42: Wall thickness

Features of the injection moulded casing
include 1) a split line intersecting the cable
slit, so the mould does not need sliders, 2)
a lip-groove structure for straight fasten-
ing, and 3) texture ribs resembling the 8XE \ ~

torch.
Figure 42: Various injection moulding features

N The casing features fastening cylinders with a hole for
the standard screws for plastic. The cylinders at the
front have a double function as a cable guide. In the
bottom casing a slot is found for the axis to increase

Figure 43: Various features life cycles.

These buckles feature a simple pivoting lever pushed '

on the strap by a small spring, preventing movement
in one direction, but not in the other. The buckles
generally feature two small protrusions to prevent ro- }
tation. Two slits in the casing use these to hold the
buckle in place. The buckle fits on the frame, where it

can be fastened with a screw. Figure 44: Ladder strap buckle

The spool features a slit for the Kevlar cable to be
g7 locked behind, and slit for the spring to lock behind.
{7 The middle of the spring can be locked in the axis

S\ or arbor.

N
Figure 45: Spool features
If all parts are in position in the spool, and the
spool is attached to the axis with the spring,
the cap can be screwed on the spool. Standard
screws ore used. The casing has slots to inte-
grate the spool, whilst the spool uses chamfers.
The ladder strap is attached via a tight press fit.
A barb can be added to improve this connection
without complicating the mould.

Figure 46: Fastening features

o



4.4 Viability

Table 19: Bill of materials

Part \YEYCE] Type Quantity Cost (total)
Casing PA-6 30%GF Custom 1 pcs S8
Spool PA-6 30%GF Custom 1 pcs €1,-
Spring 303 Spring Standard 1 pcs €0.25

Steel
Suspension Kevlar Standard Tm €0.76
cable

Hook Steel Standard 1 pcs €0.30
Ferrule Aluminium Standard 1 pcs €0.08

Ladder strap PA-6 Standard 1 pcs €0.40
Buckle Steel, coated Standard 1 pcs €1.60
Casing Screw Steel Standard 4 pcs €0.32
Buckle screw Steel Standard 1 pcs €0.20
Spool screw Steel Standard 4 pcs €0.60
AG Glove Leather Custom 1 pair S
Total €13,60

The cost consists of the financial burden to get the part made and/or delivered to
Translas in Nieuwegein, where assembly takes place. The price assumes a reason-
able Minimum Order Quantity. Translas and Skelex both do their assembly at their
own workplaces, although Translas has larger infrastructure in place consisting of
a larger workshop with various machines and assembly lines. This plan is written
for this context.

Table 20: Assembly plan

# Details Estimated time [s]

1 place the spool and spring on the axis. The spring comes with a 90s
protective band - remove it after the spring is in the spool.

2 Knot the end of the cable, and put through the slit on the spool. 70s
The rope and spring can be locked in place by attaching the
spool cap using the 4 screws.

3 roll ~1m around the spool. It is not necessary to wind the spring 40s
now. Make sure to roll it in the same direction as the spring
rotates.

4 Place the rope over the guide and through the slit. Click the halves 120s
together, making sure the cable does not fall into the slit. Screw the
casing shut.

5 Pull the rope for 600mm, leaving ~400mm in AeroGrip. Use the 50s
bench vise to lock the cable in place. Make sure not to lose grip, or
the cable might shoot into AeroGrip.

6 Cut off some rope to make it easier to work. Pull the rope through 180s
the ferrule, the hook, and back through the ferrule. Clamp it in place
close to the vise.

7 Attach the buckle and ladder strap using the screw and press fit 50s

Total assembly time 600s

Assuming wages of €45,- per hour (Translas, 2023), this introduces assembly costs
of €7.50 per product.

A reasonable consumer price was set on €100,- . based on Translas’ experience
in selling welding technologies, and assumes AeroGrip to provide a tangible
improvement both in welding ease and ergonomic health, although user tests
suggest a higher price of €300,- might be possible still. Translas currently primarily
sells gloves in the higher glove segment; €10 - €15. When selling to companies
with high order quantities it is reasonable to assume a price of €10,- for the AG
glove is a high estimate. A consumer price of €7,50 is more reasonable estimate.
The market size of the AeroGrip can be based on the market size of the 8XE
torches. It's a reasonable assumption 10% of welding companies interested in
8XE torches are interested in AeroGrip - this forecasts 400 AeroGrip systems to be
sold over the course of three years. Since welders use around two pair of welding
gloves per month on average, every AeroGrip sold leads to a ‘subscription’ of AG
Gloves from that point onwards.

e Estimates for investments of moulds (€24 000,-), MOQ parts (€8 100,-), po-
tential patent (€8000,-), and 3 months of additional R&D (€43 000,-) are esti-
mated.

® The business model uses a subscription type model through the integration
of special welding gloves. These effectively add exponential growth to profits.

* A reasonable production cost is calculated through costs of part and assem-
bly costs.

® Taxes of 25.8% are taken into account

Both cases showcase a profit within a reasonable time frame of three years.



Figure X shows the cumulative cash flow with a consumer price of €300,- per
AeroGrip and €10,- per AG Glove if 408 are sold over a three year period. This
amount assumes that 10% of 8XE users are interested in using AeroGrip.

The 8XE is a rather niche product, but AeroGrip does not have to be. With slight
additional development on the attachment point to the welding cable AeroGrip
can be suitable for welders in general.

Building a business case on all customers of Translas, and again assuming 10%
of welders are interested in AeroGrip, the product can turn a profit earlier with
more reasonable prices. See Appendix D.

Table 21: Business cases - summary

AeroGrip price Glove price Pcs sold in 3 years Profit after 3
years
€300,- €10,- 408 €27 000,-
€100,- €7,50 1583 €41 000 -
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Figure 47: Business case ‘higher volume’
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5.1 Conclusions

AeroGrip aims to embody an exoskeleton-like product that 1) eases welding, 2)
is convenient, and 3) can improve welding ergonomics, and this is successfully
attained:

AeroGrip eases welding, and can improve ergonomics

Simulated data shows a reduction of 55-80% of weight on the wrist, distrib-
uting it over the lower arm via the AeroGrip, predicting welders to generally
be able to weld safely 20% longer, in regards to the wrist.

User tests show significant relief of the wrist during welding. Welders expe-
rience an evenly distributed weight on the lower arm instead of a concen-
trated weight in the hand, and expect “less fatigue during longer welding
sessions”.

Welders experience that the torch does not have to be gripped as tightly.
This can improve the musculoskeletal health of the elbow joint.

When welding welders lift the cable through radial deviation, “putting a lot
of weight on [the] wrist when controlling the handle”. With AeroGrip this is
taken away.

Welders state to feel more in control of their weld, stating it's easier to weld
straight for longer periods, or do fine movements whilst welding upwards.
Flat, circular welds can be done longer without repositioning.

AeroGrip is convenient

AeroCrip is integrated with welding gloves. As no extra harnesses or add-ons
to the body are necessary, multiple exoskeleton usability pitfalls are avoided.
AeroGrip attaches to the welding cable, leaving the welder free to do any
work using the gloves unhindered. The hook is designed for easy detaching,
whilst the required security is maintained.

Dimensions are minimised. A commercial standard spring with the required
spring characteristic is placed in a spool and casing with minimal extra space.
As such, it minimally interferes with welding work.

Due to the chosen position of attachment point on the lower arm the length
of the suspension cable varies minimally, minimizing dimensions and result-
ing in less variations in spring tension. Additionally, the suspension cable is
short and is minimally in the way.

AeroGrip does not change the bending characteristic of the welding cable;
it does not introduce new flexure points which get in the way, due to the at-
tachment point on the welding cable a short distance from the torch.

The singular hole in the AG Glove as well as the fixed spring tension results
in an easy plug-and-play solution. Welders have to do minimal set-up for
AeroCrip.

The ladder strap and buckle provide an easy way to attach the torch to the
8XE welding cable, and reposition if desired.

Additionally, AeroGrip aims to be 1) desirable, 2) feasible, and 3) viable. This is
succesfully attained:

AeroGrip is desirable

User tests show that working with AeroGrip is preferable to working without
AeroGrip for a wide array of welding positions (Flat, horizontal, Vertical, Flat
circular and horizontal circular)

Numerical analysis and user tests show that AeroGrip improves welding ease
and safety.

Design is optimised for maximum convenience, and user tests show that
AeroGrip is minimally in the way.

AeroGirip is feasible

The actuating power spring is based on a commercially available standard
power spring.

The plastic parts are suitable for injection moulding through constant wall
thickness, fillet radii, and draft, and is further optimised for simple moulds
without sliders through the chosen split line and orientation of bolt slots.
Critical parts are calculated for fatigue effects, and friction is taken into ac-
count for the required spring characteristic.

AeroGrip is viable

Required custom parts is minimised so that investment costs can be reduces.
The business model uses a subscription type model through the integration
of special welding gloves. These effectively add exponential growth to prof-
its.

A reasonable production and investment costs are calculated, and a reason-
able consumer price is estimated based on Translas’ experience, and losses
due to musculoskeletal disorders.

Two business cases with different strategies are developed, both profitable
within a three year period.

There are various miscellaneous requirements that have to be met. Appendix E.



5.2 Recommendations

This document contains all necessary information to bring AeroGrip towards
a Minimum Viable Product, and | recommend Translas and Skelex to bring
AeroGrip to market, as it's shown to be a desirable, feasible, and viable design.
Some tests are required:

Tests

* Setup afocus group of ~5 welders that use the heavier welding torches, that
are willing to pilot the AeroGrip prototype for several hours, to verify the
author’s findings on increased welding ease, precision, and comfort, as well
as usability on a larger scale in a real welding environment.

* Use this focus group to explore options to combine AeroGrip not with the
welding glove, but with R. Conjeart’s arm cups (Conjaerts, 2023). Improved
relief on the elbow and shoulder might be achieved at the cost of a changed
bending characteristic of the cable and more complex user experience.

* Set up an ‘exoskeleton parkour’ simulating welding postures. Measure phys-
ical, fatigue, and discomfort related variables. Measuring parameters such
as muscle activity, locally experienced discomfort, and endurance time work
task can provide evidence of AeroGrip’s value to welders and policy makers.

It is recommended to pursue the business case of a lower price and higher
volume, as this is a more realistic scenario. Some developments are recom-
mended to increase the success of AeroGrip.

AeroGrip development considerations

e Explore the suitability of the ladder strap and buckle to attach to the welding
cable. The regular 8XM cable is incompressible, which might result in AeroG-
rip slipping. If it is not suitable it is recommended to continue development
on AeroGrip so it fits both torches.

* Explore options in regards to different spring tensions. User tests suggested
that AeroGrip can also enhance welding with lighter torches. It is proba-
ble that simply putting a weaker spring in the existing AeroGrip will make
it suitable for lighter welding. If AeroGrip proves to be small enough for
these torches already, minimal investment is needed to expand this market
as springs are standard parts.

e Translas believes welders do not want any configurability on their products,
based on their experience with fume extraction and protection gas param-
eters often being wrongly configured. However, all welders this author has
spoken to stated they do appreciate configuration options. For AeroGrip |
urge Translas and Skelex to consider an axis that can rotate, so AeroGrip's
spring characteristic can be configured slightly.

This collaboration between Translas and Skelex is beneficial to both parties as
they complement each other, and | recommend both parties to continue this
collaboration. Translas is pivoting towards cutting-edge technologies support-
ing welder health. A focus on musculoskeletal health fits with this business strat-
egy, and exoskeletons and exoskeleton-like products can play an important part.
Here Skelex has a lot of experience, especially with usability and comfort pitfalls.
* Neck complaints are prevalent due to the heavy welding mask. This provides
a promising product direction

To Skelex and Translas individually | have the following recommendations.

Skelex

* Continue with the focus on standardising parts of the Skelex-360. The cur-
rent price is high, and Skelex is at risk of being out-competed as larger com-
panies are reducing the price of their products at a fast rate. Reducing the
price of the Skelex-360 should be Skelex’ primary focus.

e Continue investing in the R&D team, since “At the core, Skelex is an R&D
Company” - G. Genani (VenturesOne, 2021). During the internship Skelex’
ship was sailing with a bare-bones crew. Skelex needs employees to rede-
sign parts to reduce costs, and provide value to various companies such as
Translas through new technologies.

* In the development process of new products | recommend Skelex to try to
design around standard parts as much as possible. This can significantly re-
duce production costs. Covers, levers, bolt, or hinges often don‘t have to be
custom made.

* The CarbonForce and ExoForce concepts are both promising, and cost-ef-
fective technologies to develop further. They are fftjmdamentally different
from the Skelex-360 as they work on the tool directly instead of on the body,
which has a potential health advantage (Caspers, 2023) . The Hilti-01 is ac-
tuated by a tool-balancer type mechanism, and might be the reason why its
price can be so low.

Translas

® Invest in R&D. Although Translas is a larger company, its R&D team consists
of one employee. If Translas wants to develop more technologies focused
on welder health it is recommended that a larger design team is maintained.

e Consider drastic redesign options of the 8XE extractor torch, per chapter
3.1. All usability complaints can be traced back to the large fume extractor
cable, and the way it is connected to the torch through the ball-and-socket
joint. Having a separate fume extractor cable can potentially reduce stiffness
and reduce usability complaints. This eliminates the possibility of the ball-
and-socket joint with dis-coupled cable movement from the torch, but | urge
Translas to explore this direction nonetheless.

* Do the bending stiffness test in Appendix A with a welding cable bundle
without torch and attachment casing to properly understand their product’s

specifications.



11.
12.
13.
14.

15.
16.
17.

18.
19.

20.
21.
22.

28,
24.

25,
26.
27.
28.
29.
30.

31.

American Welding Society. (2020). Standard Welding Terms and Definitions - Including Terms for Adhesive Bonding, Brazing, Soldering, Thermal Cutting, and Thermal Spraying (AWS A3.0M/A3.0:2020).

Ansys GRANTA EduPack software, ANSYS, Inc., Cambridge, UK, 2023 (www.ansys.com/materials)

Brown, I., & Burgoyne, C. (1999). The friction and wear of Kevlar 49 sliding against aluminium at low velocity under high contact pressures. Wear, 236(1-2), 315-327. https://doi.org/10.1016/s0043-
1648(99)00293-8

Burdorf, A., Naaktgeboren, B., & Post, W. (1998). Prognostic factors for musculoskeletal sickness absence and return to work among welders and metal workers. Occupational and Environmental Medicine, 55(7),
490-495. https://doi.org/10.1136/0em.55.7.490

Caspers (2023, April): personal interview with the author, Harderwijk, the Netherlands, April 2023.

Ciriello, V. M., Maikala, R. V., & O'Brien, N. V. (2012). Maximal acceptable torques of six highly repetitive Hand-Wrist motions for male industrial workers. Human Factors, 55(2), 309-322. https://doi.
org/10.1177/0018720812454539

Conjaerts, R. (2023). designing a modular welding support for Translas fume extraction torches [M Thesis].

Crowe, S. (2018, August 7). Ford Adding EksoVest Exoskeletons to 15 Automotive Plants. The Robot Report. https://www.therobotreport.com/ford-eksovest-exoskeletons-automotive/

D. van Eeden, R. van de Schuur (2023, April): personal user tests with workshop experts at the IDE faculty of the TU Delft, Delft, The Netherlands, April 2023

Dev, M., Bhardwaj, A., & Singh, S. (2018). Analysis of work-reIaFed musculoskeletal disorders and ergonomic posture assessment of welders in unorganised sector: a study in Jalandhar, India. International Journal
of Human Factors and Ergonomics, 5(3), 240. https://doi.org/10.1504/ijhfe.2018.095913

DINED. (2004). Dutch adults, dined2004 [Dataset]. TU Delft. https://dined.io.tudelft.nl/en/database/tool

Dpt, K. G. P. (2021). Arm muscle anatomy and function. Verywell Health. https://www.verywellhealth.com/arm-muscle-anatomy-5180227

Eberle, R. F. (1972). Developing imagination through Scamper*. Journal of Creative Behavior, 6(3), 199-203. https://doi.org/10.1002/].2162-6057.1972.tb00929.x

Ebrahimi, H., Kazemi, R., & Mohammadbeigi, A. (2011). Comparative survey of work related musculoskeletal disorders (WRMDs) prevalence and related factors in. . . ResearchGate. https://www.researchgate.net/
publication/228509946_Comparative_survey_of_work_related_musculoskeletal_disorders_WRMDs_prevalence_and_related_factors_in_Iranian_welders

EU OSHA. (n.d.). Young people and safety and health at work. osha.europa. Retrieved May 23, 2023, from https://osha.europa.eu/en/themes/young-workers

Falkenburg, S. A., & Schultz, D. J. (1993). ERGONOMICS FOR THE UPPER EXTREMITY. Hand Clinics, 9(2), 263-271. https://doi.org/10.1016/s0749-0712(21)00967-7

Forro, S. D. (2022, July 25). Anatomy, shoulder and upper limb, arm structure and function. StatPearls - NCBI Bookshelf. https://www.ncbi.nlm.nih.gov/books/NBK507841/ Humanics Ergonomics. (n.d.). Ergonom-
ics glossary of terms. Humanics-es. Retrieved July 30, 2023, from https://www.humanics-es.com/glossary.htm

Gales, A., Luijendijk, T., Hermans, M., Bodt, H., & Vaessen, G. H. G. (2008). MIG/MAG lassen en zijn varianten. In Vereniging FME-CWM, Nederlands Instituut Voor Lassers (NIL) (vm 124). VM-publicaties.

Hilti. (2023). EXO-O1 Overhead exoskeleton - Shoulder Exoskeleton - Hilti Ireland. Retrieved May 25, 2023, from https://www.hilti.ie/c/CLS_EXOSKELETON_HUMAN_AUGMENTATION/CLS_UPPERBODY_EXO-
SKELETON/CLS_SUB_UPPERBODY_EXOSKELETON/r11987306

Humanics Ergonomics. (n.d.). Ergonomics glossary of terms. Humanics-es. Retrieved July 30, 2023, from https://www.humanics-es.com/glossary.htm

International Organization for Standardization. (2019). Welding and allied processes — Welding positions (ISO Standard No. 6947:2019). https://www.iso.org/standard/72741.htm|

Juul-Kristensen, B., Stayer, J., & Jensen, C. (2004). Computer users’ risk factors for developing shoulder, elbow and back symptoms on JSTOR. Scandinavian Journal of Work, Environment & Health, Vol. 30(No.
5), 390-398. https://www.jstor.org/stable/40967401

Kadefors, R. (2005). Static workload in the extreme. A review of musculoskeletal disorders in manual welders, and an evaluation model for welding work. https://gupea.ub.gu.se/handle/2077/74473

Kattel, B. P, Fredericks, T. K., Fernandez, J. E., & Lee, D. C. (1996). The effect of upper-extremity posture on maximum grip strength. International Journal of Industrial Ergonomics, 18(5-6), 423-429. https://doi.
org/10.1016/0169-8141(95)00105-0

Lasinstituut. (2021, May 11). Alles over lassen leren bij de Groot LPMW Lasinstituut. Retrieved May 24, 2023, from https://www.lasinstituut.nl/lassen/

Laskowska, D. (2023). How much does a welder earn in Europe? europa.jobs. https://en.europa.jobs/art-how-much-does-a-welder-earn-in-europe/

McAtamney, L., & Corlett, E. (1993). RULA: a survey method for the investigation of work-related upper limb disorders. Applied Ergonomics, 24(2), 91-99. https://doi.org/10.1016/0003-6870(93)20080-s
mikrocentrum. (2019). Formuleboekje (6th ed.). Werktuigbouw.nl.

Nationale Enquéte Arbeidsomstandigheden 2019. Leiden/Heerlen: TNO/CBS. https://www.monitorarbeid.tno.nl/cijfers/nea-benchmarktool

Nguyen, N. T, Ho, H. S., Smith, W. D., Philipps, C., Lewis, C., De Vera, R. M., & Berguer, R. (2001). An ergonomic evaluation of surgeons’ axial skeletal and upper extremity movements during laparoscopic and
open surgery. The American Journal of Surgery, 182(6), 720-724. https://doi.org/10.1016/s0002-9610(01)00801-7

NIOSH Lifting Equation App: NLE CalC | NIOSH | CDC. (n.d.). https://www.cdc.gov/niosh/topics/ergonomics/nlecalc.html NIOSHTIC-2 search results - full view. (n.d.). https://www2a.cdc.gov/nioshtic-2/BuildQyr.
asp?s1=Applications+Manual+for+the+Revised+NIOSH+Lifting+Equation+&f1=%2A&Startyear=&Adv=08&terms=1&D1=10&EndYear=&Limit=10000&sort=&PageNo=1&RecNo=6&View=f&



32,
33

34.
33

36.
37.
38.
39.

40.
41.
42.
43.
44.
45.
46.
47.

48.

49.

50.

51.

52,

53
54.

515,
56.

57.
58.

Nobaveh, A. A., Radaelli, G., & Herder, J. L. (2020). A Design Tool for Passive Wrist Support. In Springer eBooks (pp. 13-17). https://doi.org/10.1007/978-3-030-69547-7_3

Otis, J. C., Warren, R. F, Backus, S. |., Santner, T. J., & Mabrey, J. D. (1990). Torque production in the shoulder of the normal young adult male. American Journal of Sports Medicine, 18(2), 119-123. https://doi.
org/10.1177/036354659001800201

Ottobock. (2023, January 11). Ottobock Shoulder - Schulter-Exoskelett firr die Uberkopfarbeit. Ottobock Bionic Exoskeletons. https://ottobockexoskeletons.com/obs/?lang=en

O'Sullivan, P. A., Menolotto, M., O’Flynn, B., & Komaris, D. (2022). Estimation of maximum shoulder and elbow joint torques based on demographics and anthropometrics. 2022 44th Annual International Confer-
ence of the |[EEE Engineering in Medicine &Amp; Biology Society (EMBC). https://doi.org/10.1109/embc48229.2022.9870906

Pavel Chernonogoy, P. (2019, March 3). Man Welding Metal Bars [Photograph]. Pexels. https://www.pexels.com/photo/man-welding-metal-bars-2381463/

Pixabay. (n.d.). Person in Welding Mask While Welding a Metal Bar [Photograph]. Pexels. NIKON D1X, Focal: 80mm, Aperture: /7.1, Shutter speed: 1/160s

Pixabay. (n.d.). Person in Welding Mask While Welding a Metal Bar [Photograph]. Pexels. NIKON D1X, Focal: 80mm, Aperture: /7.1, Shutter speed: 1/160s

Potvin, J. R. (2011). Predicting maximum acceptable efforts for repetitive tasks. Human Factors, 54(2), 175-188. https://doi.org/10.1177/0018720811424269 Risk factors | Environmental Health and Safety | lowa
State University. (n.d.). https://www.ehs.iastate.edu/services/occupational/ergonomics/risk-factors

REMA. (n.d.). Tool balancer, medium-weight design. Retrieved May 8, 2023, from https://www.rema.eu/products/tool-balancers/medium-weight/tool-balancer-medium-weight-design-p333923

Risk factors, Environmental Health and Safety (EHS), lowa State University. (2023). https://www.ehs.iastate.edu/services/occupational/ergonomics/risk-factors

Shankland, S. (2018, May 12). Brace yourself: SuitX industrial exoskeletons amplify human strength. CNET. https://www.cnet.com/science/suitx-industrial-exoskeletons-amplify-human-strength/

Skelex. (2020). Skelex X Translas - Project brief and summary 2018 feasibility study [Slide show; Powerpoint slides].

Skelex. (2021, December 17). Skelex. Retrieved August 15, 2023, from https://www.skelex.com/

Spiroflex Division: Power Springs. (2020, March 12). Spiroflex Division, 2023. All Rights Reserved. Retrieved August 15, 2023, from https://www.spiroflex.com/home/products/power-springs-1/

Stinson, L. (2014, September 11). Exoskeleton makes workers 27 times more efficient. WIRED UK. https://www.wired.co.uk/article/navy-exoskeleton-productivity

Susihono, W., Selviani, Y., Dewi, |. a. L., & Liswahyuningsih, N. L. G. (2020). Musculoskeletal and Postural Stress Evaluation as a Basic for Ergonomic Work Attitudes on Welding Workers. https://doi.org/10.2991/
assehrk.200115.044

Swift, M. M., Cole, D. C., Beaton, D. E., & Manno, M. (2001). Health Care Utilization and Workplace Interventions for Neck and Upper Limb Problems Among Newspaper Workers. Journal of Occupational and
Environmental Medicine. https://doi.org/10.1097/00043764-200103000-00016

Tarnowski, J. (2015, June). Improved Method of Determining Bending Stiffness of Underground Cables. In Hydro-Québec (IREQ), Jicable. 9th International Conference on Insulated Power Cables, Versailles,
France. https://www.jicable.org/TOUT_JICABLE_FIRST_PAGE/2015/2015-D7-6_page1.pdf

The Coach Space. (2019, Juli 26). Woman Giving A Presentation [Photograph]. Pexels, London, England, United Kingdom of Great Britain and Northern Ireland.

The Engineering ToolBox (2004). Friction - Friction Coefficients and Calculator. [online] Available at: https://www.engineeringtoolbox.com/friction-coefficients-d_778.html [Accessed Day Month Year]

TNO, Krause, F., De Looze, M., & Douwes, M. (2020, November). Exoskeletten voor fysiek zwaar werk: De stand van zaken. tno.nl/nl. Retrieved February 22, 2023, from https://www.tno.nl/nl/newsroom/2020/11/
waar-staan-we-exoskeletten-fysiek-zwaar/

Translas | Welding Torches and Welding Equipment | Welding Guns. (2023, February 3). Translas. https://translas.com/

VenturesOne. (2021, December 12). Venturepreneur Speak — Gaurav Genani of Skelex - VenturesOne - Medium. Medium. https://medium.com/@venturesone/venturepreneur-speak-gaurav-genani-of-skelex-
7e07764d6631

Vulcan Spring. (2023, June 16). Vulcan Spring. Retrieved August 14, 2023, from https://www.vulcanspring.com/wp-content/uploads/2019/02/Vulcan_Spring_Design_Guide.pdf

Waters, T., Putz-Anderson, V., Garg, A., & Fine, L. J. (1993). Revised NIOSH equation for the design and evaluation of manual lifting tasks. Ergonomics, 36(7), 749-776. https://doi.
org/10.1080/00140139308967940

World Population Review. (2023). GNP/GNI by Country 2023. Retrieved May 23, 2023, from https://worldpopulationreview.com/country-rankings/gnp-by-country

Zeus (2005). Friction and Wear of Polymers [White paper]. Zeus. http://www.appstate.edu/~clementsjs/polymerproperties/$p$lastics_$f$riction$5f$wear.pdf



Appendix A - Bending Stiffness 8XM vs 8XE

To research the bending stiffness of the 8XE welding cable a bending stiffness test was set-up, based on a three-points bending test. The welding cable was set up

between to static pins, and a known weight was hung on the middle of the cable. Pictures were taken and analysed using Illustrator to measure the distances. | ruler was
put in the frame at the same depth as the objects. There are severe limitations to this test due to the fact that the torch and cable ending is still attached to both welding
cables, and are lying on a table. There is also considerable friction on the static pins, which should be rolling pins in a proper three-point bending test. Still, as a compar-

ative test it shows that the 8XE cable is significantly stiffer than the regular 8XM torch. It can also give a reasonable first estimate of the bending stiffness El of the 8XM as
0.62 Nm?

No load loaded
L [pt] L [m] C Ruler [pt] factor do [Pt] dO [m] C Ruler [pt] factor d [pt] d [m] dtot [m]
Control 161,7 0,3918417 123,8 2,4232633. 6,1 0,01478 113,7 2,63852 18,8 0,0496 0,06439
Extractor 129,5 98,9 3,033367 5( 0,01517 111,2 2,69784 12,3 0,03318 0,04835
= TR oW - V] ] e —

El_Control [N/mA2] 0,4705525
El_Extractor [N/m#~2] 0,6266157
Factor 1,2316596




Appendix B - Variations in positions vectors for different postures.

BLUE [pt]

RED [pt]
ORANGE [pt]
YELLOW [pt]
D-GREEN [pt]
L-GREEN [pt]
TURQUOISE [pt]

Factor

BLUE [mm]
RED [mm]
ORANGE [mm]
YELLOW [mm]
D-GREEN [mm]
L-GREEN [mm]

TURQUOISE [mm]

22,19

5,79
13,74
23,22
23,22
28,08
36,05

8,562416

190
49,57639
117,6476
198,8193
198,8193
240,4326
308,6751

23,33

5,8
14,29
23,59
23,79
27,48
34,49

8,144021

190
49,66201
122,3569
201,9874
203,6999
235,2952
295,3177

23,98
5,67
13,42
23,08
19,35
22
28,19

7,923269

190

48,5489
114,9076
197,6205
165,6827
188,3731
241,3745

24,47

5,11
12,94
25,22
17,77
18,45
23,92

7,76461

190
43,75394
110,7977
215,9441
152,1541
157,9766

204,313

e
5

25,03

4,46
12,42
22,79
17,53
17,99
22,03

7,590891

190
38,18837
106,3452
195,1374
150,0991
154,0379

188,63

6
24,15

4,99
12,68
23,08
18,71
19,47
23,87

7,867495

190
42,72645
108,5714
197,6205
160,2028
166,7102
204,3849

|

B -

L Torch [mm)]
190

Mean [mm)]
45,40934355
113,4377347
201,1882229
171,7763257
190,4709329
240,5325222

11,47363677
16,01171699
20,80666967
53,60072105
86,39477242
120,0450653

Max-Min [mm] Ratio

0,252671276

0,14114983
0,103418925
0,312037883
0,453585075
0,499080392




Appendix C - Final user test, second interview

Do you feel relief? Please describe what you feel.

If Im completely honest.. How can | describe it. It's going a little bit too much like
this, its pulling too much, and it doesn’t seem to work.

Ah, | see - it's bend around the cable. Like this? [Rotating AeroGrip so its on
top of the welding cable.

Ooh- look. Yes that definitely relief. (Flat weld)

Now | come at a point where | start feeling it again. If | weld too high. And now |
start feeling it again in my back - [I'm a] back patient. (Torch going above shoul-
der height) (vertical weld) But | do think it’s definitely an improvement compared
to without. Especially with the flat weld!.

And what about these welds without AeroGrip? |
Yeah then it is that you have to lift the cable more. Actually, the end of the torch
should be connected to something, like it’s connected to the machine.

I'll put the end of the torch in a vise

Yeah see, now you have that it hangs more, like in the real situation. And then
when you put on the thing - now the weight is distributed here. [lower arm where
the glove is]

Yes - this is it! Totally works. Especially when it hangs in the vise, then you really
feel how it helps with lifting. Also the vertical lifting is a lot better too.

And how is it on the elbow? Or shoulder?

Oh | didn’t really pay attention to that. Was more focused on the wrist, and how
it helps to balance this movement [Small rotations whilst moving upwards]

Do you feel like you can work more precisely?

Yes, because you don't have ‘this’ [lifting the cable, showcasing how it pulls the
cable down, rotating the torch backwards, which you have to carry with the wrist].
When im TIG welding | use these weights to create a guide for my hand so the
cable is not in the way - with this | think | can move straight without such an arm
guide.

So yeah, I like it. It's definitely an improvement. Especially this height actually
[vertical weld, shoulder height. elbow straight angle, lower arm forward]. | don't
feel it on my back. It's more relaxed. But if you go too high, | do start feeling it.
[Elbow higher than shoulder, high flat weld] But thats of course not very ergo-
nomic working anyway.

Would that be better without?

Well no, without it would be even worse of course. Because then you have to do
everything with the wrist

And what about round welds. | set up some larger cylinders here

Yeah.. It feels like it helps with the movement. Because you have to pull the cable
with you, and the cable helps with that. You can also do more of the weld before

having the reposition. So also that’s better

Do you feel like the suspension cable would be in the way sometimes?

Hmm.. | don’t think so. Because it's always below the lower arm. | never weld over-
head. And | would never weld like this [rotating torch 90 degrees from the wrist
Would you want the cable to be further back? That it hangs on your elbow maybe?
Hmm.. What | could recommend is that you can change the load. If we want to use
it here, because | do think it's an enrichment, the tension has to be less.

What [ really like is also that during movements like this [radial deviation, rotating
forward] , you can lift with your lower arm instead of your wrist.

Actually - if this is on the market | would, I'm the guy in charge of procurement here,
I would purchase these as an enrichment in the workplace. To work more ergonom-
ically

What would you expect to have to pay for it?

Oh that | don’t know. | also don't really care about these things, if it can improve the
health of my colleagues. So | dont know. But yeah, that's also hard to say - because
if you only sell a 100 a year, it will be a lot more expensive than if you are mass dlis-
tributing the things.

But would you be hesitant to pay a hundred euros?

No. I think..I would even pay 250 - 300 euros for it. Yes, because you really feel an
improvement in the ergonomics, and | think you can invest in that. That’s also why /
purchased these overpressure masks. At first they said, we don’t want that’, but now
they say, ‘okay it is useful after all’. | have three colleagues here with back problems
- and | think this will make welding more fun, that you can weld for longer without
pain. So it is worth the money.

Comments User test #1

“Yeah this is almost no weight. Without this all the weight is on the wrist. And now
it’s distributed over this area, the glove. Its like the difference between badminton
and tennis, where you do badminton with the wrist as the racket is so light - but
tennis you have to do with your elbow, as the racket is heavier.

So you only have to aim with your wrist, so to speak. Instead of doing all the lifting
also.

I think as a combination it will give the benefits of extracting the fumes and not
having all that weight go trough your wrist.

the torch handle is workable but the hose is putting a lot of weight trough my wrist
when controlling/holding the handle in the different welding positions.



Appendix D - Business case

Consumer price [eu] 100 *welders use two pairs of gloves a month
Tax (%) 25,8
Profit margin (%) 20 Part Quantity .p.p- Price Details Investments for first 1000
Risk mitigation (%) 0 PA-6 Casing Top part 1,5 1,5 Injection moulding - Mould £ 1500
AeroGrip Production cost aim [eu] 54,2 PA-6 Casing Bot part 1,5 1,5 Injection moulding - Mould £ 1500
Profit per AeroGrip [eu] 20 PA-6 Spool 0,5 0,5 Injection moulding - Mould E 500
(PA-6 Spool Cap 0,5 0,5 Injection moulding - Mould E 500
Consumer price 7.5 Power spring 0,25 0,25 External supplie https://www 250
Tax (%) 25,8 Kevlar cable D=3mm {, 0,76 0,76 External supplie https://www
Profit margin (%) 7,533333333 Hook 0,3 0,3 External supplie https://www 300
Risk mitigation (%) 0 Ferrule 0,0756  0,1512 External supplie https://wwns
AG Glove Production cost aim 5 Ladder strap 0,4 0,4 External supplie https://www 400
Profit per AG Glove 0,565 Buckle 1,6 1,6 External supplie https://www
Casing inserts 0,08 0,32 External supplier 320
Assembly time/product 0,166666667 Screws m5S 0,2 0,2 External supplier 200
Wage/hour 45 Spool inserts 0,15 0,6 External supplier 150
Glove+hole (pair) 5 5 External supplie https://www 5000
13,5812

T S Y

Time 2024 Q1 2024 Q2 2024Q3 2024Q4 202501 2025Q2 2025Q3 2025Q4 202601 2026 Q2 202603 20260Q4

Units sold (AeroGrip) 132 132 132 132 132 132 132 132 132 132 132 132
Units sold (AeroGrip) - cumalitive 132 264 396 528 660 792 924 1056 1188 1320 1452 1584
Units sold (AG Glove)* 792 1584 2376 3168 3960 4752 5544 6336 7128 7920 8712 9504
Units sold (AG Glove) - cumalitive 792 2376 4752 7920 11880 16632 22176 28512 35640 43560 52272 61776
Cash flow in (AeroGrip) 13200 13200 13200 13200 13200 13200 13200 13200 13200 13200 13200 13200
Cash flow in (AG Glove) 44748 894,96 1342,44 1789,92 2237,4 2684,88 313236 3579,84 4027,32 44748 492228 5369,76
Variable costs Assembly costs -990 -990 -9390 -990 -990 -990 -990 -990 -990 -990 -990 -990

Transport costs

Risk mitigation (%)

Investments Moulds

Materials for first 1000

R&D 3 months

patent
Risk mitigation -660 -660 -660 -660 -660 -660 -660 -660 -660 -660 -660
Taxes -3521,05 -3636,49968 -3751,95 -3867,4 -3982,85 -4098,3 -4213,75 -4329,2 -444465 -4560,1 -4675,55 -4791
NET - cash flow 8476,43 8808,46032 91404905 9472,52 9804,55 10136,6 10468,6 10800,6 11132,7 11464,7 11796,7 12128,8
Netto cash flow _ cumalative -74654,8 -65846,30952 -56705,82 -47233,3 -37428,7 -27292,2 -16823,6 -6022,91 5109,76 16574,5 28371,2 40500




Appendix E - Program of Requirements

Requirements
Category
Eases welding Reduces muscle strain User tests
Improves manueverability of the torch User tests
Decreases fatigue User tests
Improves ergonomics Reduces joint moments Mumerical model, user tests
is convenient Easy to attach to the welding cable Hook is simple
Easy to attach to the AG Glove Hook is simple
Easy to take of the AG Glove It's a normal welding glove
Minimal protruding parts AeroGrip is small height 26mm, widt ~“60mm Size is optimised, small enough
Mo (big) hard components on the glove Grommet is small and not in the way. Tab is minimally in the way
is feasible Can be assembled efficiently by one person  Assembly plan
Casing and spool can be injection moulded  Constant wall thickness, fillets, draft, holes/slits one direction, so simple mould
Many standard parts Designed around standard parts
Spring can exert necessary force Vulcan Springs
is desirable Eases welding User tests
Improves ergonomics User tests, numerical model
Is convenient User tests
comfortable Welding Glove is comfortable, divided pressure is comfortable.
Should not slip AeroGrip Can be firmly attached to the compressible 8XE cable.
Usable for various welding postures Yes, best for flat, good for horizontal, vertical. Vertical pipe welds are difficult (That means the pipe is horizontal ;) )
AeroGrip should be light Casing and spool are 40g, making the whole system less than 100g.
is viable Profitable withint 3 years
is integrated with welding equipment Integrated with glove
inflammable All materials have 'flame retardant' rating or better
Safety inconductive Only the hook and spring are conductive. The spring is encased in PA-6, and the hook is connected with a unconductive kevlar cable.
Thrown off within 1 second Like a normal welding glove, the AG Glove can be thrown of within 1 second
Hook does not detach unexpectandly The shape of the hook prevents unexpected slipping
Axis: yield strength at 107 cycles >> torque on axis | | Power Springs typically can withstand 500

Durable for 200 000 cycles (260days x 8 000 cycles (SpiroFlex, 2020) | | Kevlar cable is strong and durable. The casing does not cut into it due
hours x 100 cycles) to the fillets.

withstands rough handling by welders in the 3mm PA-6 30% GF is a proven material and geometry for use in a
Durability workplace welding environment (Translas, 2023}

Design drivers Freedom of Movement Suspension cable moves with welder movement, can easily be detached
Simplicity Many standard parts
Minimal contact points AeroGrip attaches on the welding cable, and only a cable attached to the body
As small as possible.

(more long scale testing required)




Appendix X - Stiffness simulation: Internal vs External cable

The inner cables for electricity+water influx, steel supply, and water efflux are measured to be 12, 12, and 7.5 mm. If we assume the chosen effective area of the fume
extractor cable should not change to keep the same extractor behaviour, we can ealculate the diameter of an ‘external’ fume extractor cable in stead of an ‘internal’.
Although of course only minimal decrease in diameter can be achieved, 50 —-> 47.5 mm, this has huge consequences for the bending moment of the geometry, since this
scales to the fourth power. Simply going from an internal to an external fume extractor cable, the stiffness of the welding cable decreases by 20%.

D_cable = 9.050 ; %m Diameter cable
D_tube = 0.012 ; #m Diameter tube, zitten er twee in: 1 voor stroom/water toevoer, 1 voor staal toevoer

D_water= 0.0875 ; #m Diameter water afvoer kabel, zit er 1 in

t= 0.003; %m thickness fume extractor cable

A_cable = (pi*(D_cable/2)"2) ; %m"2
A water = (pi*(D_water/2)"2) ; %m"2
A_tube = (pi*(D_tube/2)2) ;  %m"2

A _fume = A _cable - 2*A_tube - A water; ¥m"2 D_FumeOnly =

D_FumeOnly = 2*sqrt(A_fume / pi) %m 0.0464

I old = pi* (D_cable”4-(D_cable-2*t)"4) / 64;
I new = pi* (D_FumeOnly*4 - (D_FumeOnly-2*t)*4) / 64;
ratio = I_new/I_old




AeroGrip is a exoskeleton-lite design that can be fit-
ted on the 8XE Fume Extractor torch. A hook can be
pulled out of AeroGrip, and conveniently attached to
the complementary AG Glove. This otherwise normal

welding glove has a grommet (hole) attached to a small

tab hanging below. The hook, attached to a Kevlar ca-
ble, is connected via a spool to a Power Spring, reeling
the cable back into the AeroGrip. This lift the welding
cable up on the welder’s lower arm, leaving the torch
as light as a feather in their hand.

As a result welders can work with less effort, with more
control, and with improved musculoskeletal health.
This Master Thesis report describes the process of de-
sign and engineering from start to finish, and assesses
the quality of the result through desirability, feasibility,

and viablity.




