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Abstract: The Renaissance treatise De Re Metallica (Georgius Agricola, 1556) is one of the first works
that deals in detail with the state of the art of metal mining, compiling the main techniques and
mechanical devices used in this industrial activity at that time. An advanced knowledge of the human-—
machine set is observed in this treatise, from a mechanical and ergonomics point of view. The main
objective of this work is to carry out an ergonomics analysis of one of the mechanical devices collected
in the sixth book of this treatise. It is intended to show that there was a certain concern for ergonomics
in the Renaissance, long before the first appearance of this concept. Specifically, a mine water
extraction pump, powered by three different systems, is analyzed. Current ergonomics assessment
methods have been used to perform this comparative analysis. The postural load has been assessed
by the rapid upper limb assessment (RULA) and the rapid entire body assessment (REBA). The Check
List OCRA (occupational repetitive action) has been used to perform the analysis of repetitive
movements. The results have shown an evolution of the machine, not only on a mechanical level, but
also in movements, postures, and safety of the operator for the three methods applied. It is, therefore,
an example of practical and real ergonomics applied to machine design dating from the 16th century.
In addition, this work may be a very interesting tool for teaching, since it allows showing examples
of ergonomics in productive areas related to historical context.

Keywords: historical technical heritage; history of machines;
Georgius Agricola; ergonomics; RULA; REBA; OCRA
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1. Introduction

Mining and the transformation of metals through metallurgical processes were among
the main industrial activities (intensive, technical and professionalized) in Renaissance
Europe in the 16th century [1]. Such intense mining-metallurgical activity has resulted in an
extensive and valuable industrial heritage (extraction elements, transport, storage, transfor-
mation, auxiliary buildings...) which is in danger after the progressive closure of many
mining basins [2]. This industrial heritage is related to the economic value associated to
some movable and immovable assets [3,4]. Therefore, it includes not only archaeological
or architectural elements [5], but also technological ones, which must be protected, recov-
ered and valued [6,7]. In fact, factories and mining areas reclaimed for tourism are one
of the most visible and recent facets of new cultural trends [8,9].

The technological level of the machines used in these industries has reached our
days, with a reasonable level of detail, through various technical treatises, such as De La
Pirotechnia (Biringuccio, 1540) [10], Le Diverse Et Artificiose Machine Del Capitano Agostino
Ramelli (Ramelli, 1588) [11] and De Re Metallica (Agricola, 1556) [12]. Existing originally as
military engineering treatises, books on machinery began to cover almost every technical
sector in the 15th and 16th centuries [13].
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Specifically, the treatise De Re Metallica is one of the first works that deals in detail
with the state of the art of mining and the separation and purification of metals [14]. It was
written by Georgius Agricola (latinized name of Georg Bauer) who was a scholar and very
well regarded academic and humanist, with many interests (science, technology, medicine,
Latin grammar...) [15]. It consists of 12 books and has 294 figures, compiling the main
techniques and mechanical devices used in the mining operations of that time. This work
was used as a reference handbook for almost two centuries and became one of the main
sources for the study of the technological solutions adopted by these industries [16].
In addition, it contains the first real description of industrial diseases of miners and
the ways to reduce exposure to them [17]. Therefore, this treatise has always received
the attention of scholars of science history, but also of engineers and doctors [18]. The great
impact of this work is due its vast scope, precision and attention to detail (the hundreds
of annotations are such a feature of the book) [19].

This treatise shows that the main sources of energy used to power mining machines
were hydraulic and human energy. The use of hydraulic energy was restricted to operations
near rivers. Hence, human energy was the most used, usually combined with elementary
machines (levers, pulleys, winches and wedges), due to the limitations of accessibility to
the mines [20].

One of the main problems in mining was the presence of water infiltrations that made
difficult the regular course of underground operations [21]. Hence, the sixth book (one
of the most important sections in the whole work) describes various systems for raising
water with a high level of detail: chain of buckets, paternoster and piston pumps. Even
a new machine for water drainage is described, in which the length of the pump body is
independent from the depth to be drained [13]. Most of these systems required human
intervention to operate.

Although the word “ergonomics” appears for the first time in the book An outline
of Ergonomics, or the Science of Work based upon the truths drawn from the Science of Nature
(Jastrzebowski, 1857) [22], in this Renaissance treatise a certain concern for the safety and
health of the operators can be sensed, probably due to Agricola’s medical knowledge [23].
The engravings included in this treatise reflect details not only of the machines used but
also of the positions adopted by the operators to operate them. They reveal an advanced
understanding (for the time in question) of the man-machine set, from a mechanical point
of view (force, torque, stroke...) and the perspective of its ergonomics repercussions.

Hence, in this work, an ergonomics analysis of one of the human-powered machines
collected in the sixth book of this treatise (a water extraction pump for mining opera-
tions) is carried out. In the illustrations of this book, several mechanical systems to drive
the same machine can be observed. Current ergonomics analysis techniques have been
used to compare these systems and quantify the improvements provided by each of them.
The rapid upper limb assessment (RULA) and the rapid entire body assessment (REBA)
methods have been applied to study the postural load, whereas the Check List OCRA
(occupational repetitive action) method has been used to analyze the repetitive movements.
It is intended to show that the mechanical evolution in these systems had an impact on
an improvement in the ergonomic behavior of the task performed by the worker. Therefore,
it would be an example of practical ergonomics applied to machine design (dating from
the 16th century) that is ahead of its time.

A 3D virtualization has been carried out to simulate these mechanical systems, as
well as the position of the operator operating them. This allows an analysis of industrial
historical heritage through images of old engravings. Additionally, it shows examples
of ergonomics in productive areas related to historical context, which may be a very
interesting tool for teaching.

Finally, it is necessary to highlight that this work is aligned with the sustainable
development goals number 3 (Good Health and Well-being), 4 (Quality Education) and 8
(Decent Work and Economic Growth).
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2. Materials and Methods

Figure 1 shows three images from the sixth book of the De Re Metallica treatise
(pp. 135-137) [24]. These images illustrate the operation of the same machine that is pow-
ered by three different systems. It is a pump for water extraction and drainage by means
of a piston system, applied in mining operations typical of that time. All three systems
provide the same result or benefit, from the point of view of the task to be performed. How-
ever, as previously mentioned, an evolution between the three systems can be observed,
both at a mechanical level (dynamics and kinematics of the machine) and from the point
of view of worker safety and health. In the first system (Figure 1a), the operator is placed on
a wooden framework located above the drain. A pipe, made from a hollow trunk, descends
to the bottom. The pipe has a series of perforations through which the water flows. The op-
erator, standing on the boards, pulls the piston upwards raising the water. When the piston
is pushed down, a valve is actuated and the water continues to be sucked upwards [25].
This is the simplest system. The energy that the operator applies to operate the pump is
equal to the applied force, F1, multiplied by the piston displacement k. The second system
(Figure 1b) is identical to the first one as regards the hydraulic system (pipe, piston and
valve) [25]. However, the mechanical drive is different. In this case, two transverse beams
are used (one vertical and the other horizontal), in order to apply the leverage effect and
obtain greater mechanical advantage. Therefore, the task is easier for the worker to carry
out, but the mechanical system is more complex. The force applied, F;, is lower than Fy,
due to the leverage effect. Considering the piston displacement (/) constant, the energy
saving in system 2 is proportional to F,/Fj, that depends on the leverage geometry (D, /d5).
This system also allows the operator to be moved away from the extraction area, making
the activity more stable and safer. The third system (Figure 1c) is very similar to the second
one but is more complex. In this case, two vertical posts with holes are erected in the upper
part, in which a horizontal axis is fitted. Two wooden bars are fixed in the center of this
axis. The piston is fixed at one end and a short piece of wood at the other. Therefore, it can
pass between the two posts and move back and forth. When the operator pulls this piece
of wood, the piston is inserted into the pipe; the piston moves outwards when returns by its
own weight [25]. In this case, not only the mechanical advantage provided by the lever
effect is used, but also the machine inertia. As in the second system, the energy saving with
respect to system 1 is proportional to F3/F;, which depends on (D3/d3). The main advan-
tage over system 2 is that the force is applied in the horizontal direction and, therefore,
the operator’s posture is less forced. In addition, it also provides a more stable structure
away from the extraction zone, compared to the first system.

(b)

Figure 1. Detail of the illustrations on pages 135 (a), 136 (b) and 137 (c) of Book VI of De Re Metallica by Georgius Agricola,
adapted by the authors from [24].
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Besides the differences from the purely mechanical or safety point of view, the po-
sitions of the operators and the way they exert force show morphological dissimilarities.
Two current postural load assessment methods have been used to perform an analysis
of these differences: the rapid upper limb assessment (RULA) and the rapid entire body
assessment (REBA) methods.

These methods have been chosen because they are designed to analyze possible
musculoskeletal disorder (MSDs) risks in a wide variety of activities. In addition, as their
names suggest, they are quick and easy to apply [26]. They are based on the observation
of the carried-out activity, so they require minimal resources from the point of view
of the equipment to be used [27]. The application of these methods results in an indicator
or score that makes possible to determine whether it is necessary to carry out any corrective
action on the task, as well as the urgency of the action [28].

Obviously, the postures under study in this work are impossible to observe on-site.
Therefore, the images in Figure 1 have been taken as reference. Since they are static images,
they may not reflect the most unfavorable case. To facilitate a more dynamic analysis,
as well as the measurement of angles between the different joints, 3D CAD models have
been developed for the three drive systems (Figure 2) using the software SolidWorks 2019.
The human model has been developed according to the standards ISO 7250-1:2017 (descrip-
tion of anthropometric measurements for the creation of anthropometric databases) [29]
and ISO 15536-1:2005 (general requirements for the design and development of computer
manikins, body templates and manikin systems) [30].

@)

(b) ()
Figure 2. 3D CAD models for the different drive systems: Systems (a) 1, (b) 2 and (c) 3.

The RULA method was developed to evaluate the exposure of individual workers to
ergonomics risk factors associated with upper extremity, considering biomechanical and
postural load requirements of job tasks on several body parts [31]. The scoring system
considers the muscle activity due to static and dynamic postures. This method divides
the assessed body parts in two groups, A and B, in order to evaluate the static behavior.
The group A includes the upper arms, lower arms and wrists (Figure 3), whereas the group
B includes the neck, trunk and legs (Figure 4) [32]. The applied load /force intensity level
and the frequency of the tasks are used to evaluate the dynamic activity. These data
allow compiling the risk factor variables, generating a single score that represents the level
of MSDs risk (from 1 to 7). Hence, the level of action is classified into 4 groups, ranging
from 1 (acceptable risk) to 4 (urgent changes are required) [33].
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Figure 3. Group A body part diagrams (RULA method): (a) Upper arms flexion-extension; (b) Raised shoulder, abducted
arm or leaning/supporting the weight; (c) Lower arms flexion; (d) Work across the midline or out to side of body; (e) Wrist
flexion; (f) Radial or ulnar deviation; (g) Wrist twisting.

@)

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

Figure 4. Group B body part diagrams (RULA method): (a) Neck flexion-extension; (b) Neck twisting or side flexed; (c)
Trunk flexion; (d) Trunk twisting or side flexed; (e) Legs position.

The REBA method is very similar to the previous one but gives greater relevance to
the lower extremities. The scoring system also considers the static and dynamic postures.
To evaluate the static activity, it divides the body in two groups, A and B. The group A
includes the neck, trunk and legs assessment (Figure 5). The effect of the load /force handled
by the worker is added to this group. The group B considers the upper and lower arms
and the wrists postures (Figure 6), as well as the type of grip. The frequency of movements,
the stability and sudden postural changes are used to evaluate the dynamic activity. The final
score can vary between 1 and 15 points, giving rise to a classification of the level of action on
5 sections, ranging from level 0 (unappreciable risk; intervention is not necessary) to 4 (very
high risk, urgent need of action and modifications in the workplace) [34].
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Figure 5. Group A body part diagrams (REBA method): (a) Trunk flexion-extension; (b) Trunk twisting or side flexed; (c)
Neck flexion-extension; (d) Neck twisting or side flexed; (e) Legs position; (f) Knees flexion.

(d) (e)

2

(@) (b) (©) ()

Figure 6. Group B body part diagrams (REBA method): (a) Upper arms flexion-extension; (b) Arm abducted or rotated, raised
shoulder, gravity assisted posture; (c) Lower arms flexion; (d) Wrists flexion-extension; (e) Wrists deviation; (f) Wrists twisting.

For the application of these methods, the most unfavorable posture (or set of them)
must be selected, considering the duration, frequency and deviation from a neutral posi-
tion. Most measurements are based on the determination of angular deviations between
the different joints of the body [33]. The measurement process can be carried out using any
instrument that allows angular measurement (a simple angle conveyor may be sufficient).
The measurement process is usually performed in the workplace but using photographs
of the operator adopting the working position is sometimes enough [35]. Due to the impos-
sibility of in situ observation of the analyzed tasks, the 3D CAD models exposed in Figure 2
have been used to obtain these measurements.

To know the anthropometric data of the operator with a reasonable approximation is
another aspect to consider when applying these methods. The interest in knowing the mea-
surements and proportions of the human body is very old. Polykleitos, in the fifth century,
formulated a treaty of proportions, from which Vitruvius developed the Roman canon that
divided the body into eight heads [36]. At the end of the 15th century, Leonardo da Vinci
captured the classical principles of human proportions from the texts of Marcus Vitruvius
in a drawing in which the figure of a man circumscribed within a square and a circle is
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observed (a.k.a., the “Vitruvian man” or “Canon of human proportions”). Figure 7a shows
some of these proportions regarding the total height, /1; [37]. Although these proportions
would be the ideal from the Aristotelian point of view, they usually do not coincide with
the real man proportions [38].

sh

Figure 7. (a) Authors’ drawing based on Leonardo da Vinci’s “Vitruvian man”, indicating proportions of body dimensions

to total height (1); (b) Main human anthropometric variables considered in the human CAD model in this work.

Steckel, R., in the work New Light on the “Dark Ages”: The Remarkably Tall Stature
of Northern European Men during the Medieval Era, states that average heights fell from
173.4 cm in the early Middle Ages to a low of roughly 167 cm during the 17th and 18th
centuries, based on a sample of skeletons from northern Europe [39]. Unfortunately, further
studies on the human body proportions of that time have not been found in the literature.
The value of 171.9 cm has been considered reasonable as reference height for this work,
in order to use data as realistic as possible. This value coincides with the percentile 50
(P50) of the human height, for the current European population [40]. Hence, starting from
this value (body height), the rest of the anthropometric values have been obtained for that
percentile, P50.

Figure 7b shows the main human anthropometric variables considered in this work.
Their values are listed in the Table 1 (P50). In addition, Table 1 also lists the values
of the considered anthropometric parts, which have been calculated from the proportions
indicated by da Vinci (for i1 = 171.9 cm). These values are close to the current values used
for height anthropometric measurements. However, the proportions collected by da Vinci
underestimate the current data for the upper limbs.

Once the human anthropometric values have been selected, the dimensions of the three
mechanical systems have been set proportionally by observing the Figure 1. The main
mechanical dimensions are shown in Figure 8. The selected postures correspond to the most
unfavorable cases for every system (lower piston stroke end for systems 1 and 3; upper
piston stroke end for system 2). For all cases, the piston stroke has been set at 300 mm. Since
the RULA and REBA methods must be applied to the right and left body side separately,
a situation of symmetry has been taken on both sides for all the configurations to be
analyzed in this work.
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Table 1. Values of the different anthropometric variables considered for the current European
population (P50) vs. Vitruvian man canon.

Body Part P50 (mm) Vitruvian Man (mm)
Body height, h; 1719 1719

Shoulder height, sh 1424 1432.50
Crotch height, hg 816 859.50
Tibial height, th 472 429.75
Hand length, t4 182 171.90
Forearm—fingertip length, ffl 461 429.75
Shoulder—elbow length, sel 346 214.87
Shoulder (biacromial) breadth, a, 360 429.75
Chest center—fingertip length, cf 987 859.50

800

(@) (b)

2000

(c)

Figure 8. Main dimensions (mm) of the mechanical systems and assessed postures (lateral and frontal view): (a) System 1
(lower piston stroke end); (b) System 2 (upper piston stroke end); (c) System 3 (lower piston stroke end).

The RULA and REBA methods allow performance of a postural analysis and consider,
to a certain extent, the level of activity developed. However, other factors that can be relevant
in the activity development are not considered: pauses or brief interruptions during the work
cycle, complementary risk factors (use of protection elements during gripping, use of vibrant
tools or that cause compressions on the skin. ..), work rhythmes, etc.
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In order to incorporate this type of analysis to the systems under study, the Check
List OCRA (occupational repetitive action) method has been selected. This method con-
siders the complete work cycle, including periods of activity, recovery and breaks [41].
It also incorporates a postural analysis, focused mainly on the upper limbs, although
in a less exhaustive way than the RULA and REBA methods. In addition, it considers
the complementary risk factors mentioned previously [42]. Like the RULA and REBA
methodology, it is an easy and fast tool, which is based on the observation of the tasks
performed by the operator throughout the working day and the activity cycles.

As mentioned above, the impossibility of observing the tasks under analysis was
the main difficulty of applying these methods to the specific case studied. The only refer-
ences were provided by the images in Figure 1. Notwithstanding, the following hypotheses,
which may be within what is possible, were assumed: a work shift duration of 8 h, equiva-
lent to a total of 8 work cycles (carrying out a complete work cycle every hour); a dedication
to non-repetitive work of 10 min per cycle; a recovery time of 20 min per cycle; lunch time
of 1 h. The global values for the entire work shift are listed in the Table 2. It is necessary
to point out that these starting hypotheses are conservative, closer to current work shift,
but they can serve as a first starting point in this work. Probably, the working conditions
at that time were more severe. Specifically, mining was considered an exhausting work
with horrific working conditions, even by Renaissance standards, with many hours spent
in heat, dust, semidarkness and with inadequate oxygen. Unlike agricultural endeavors,
mining could continue night and day and had no off-season [43].

Table 2. Starting hypothesis for application of the Check List OCRA method.

Variable Value
Overall shift duration, SD 480 min
Non repetitive work, NRW 80 min
Breaks, B 160 min
Lunch break, LB 60 min
Number of cycles, NC 8
Net duration of repetitive work, NDRW 180 min
Net total cycle time, TNC 1350 s

To determine the risk level, this method assesses various risk factors, independently,
to later weight them based on their frequency or repetition throughout the work shift
(Table 3).

Table 3. Assessed risk factors in the OCRA Check List method.

Risk Factor

Recovery time, RT
Action frequency, AF
Use of force, FF
Awkward postures, AP
Additional risk, AR
Duration of exposure, DE

These factors are used to obtain the Check List OCRA index (ICKL) through the ap-
plication of the Equation (1). The ICKL value allows classifying the level of risk due to
repetitive load in six groups, between “optimal” (ICKL < 7.5) and “unacceptably high”
(ICKL > 22.5), as well as the recommended action, between “not required” and “recom-
mended job improvement, medical supervision and training” [44].

ICKL = (RT + AF + FF + AP + AR) x DE 1)
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3. Results and Discussion
3.1. RULA

Tables 4 and 5 show the assessment results for the groups A and B, respectively.
In addition, Figure 9 collects the global score for each group.

Table 4. Group A (arm and wrist) scoring sheet for every pump system.

Assessed

Element Assessment Score
Extension greater than 20° or 20—45° of flexion; No
Upper arms shoulder raising; No arm abduction or supporting; 2
No body leaning
System 1 Lower arms 60-100° flexion; No work across the midline or out 1
to side of body
. Flexion or extension greater than 15°; No radial
Wrist - 3
or ulnar deviation
Wrist twist Near the end of twisting range 2
Upper arms 20-45° flexion; No shoulder raising; No arm 5
PP abduction or supporting; No body leaning
L <60° flexion; No work across the midline or out to 5
System 2 OWer arms side of body
. 0-15° in either flexion or extension; No radial
Wrist . 2
or ulnar deviation
Wrist twist Near the end of twisting range 2
Upper arms 0-20° flexion; No shoulder raising; Arm abduction. ’
PP No arm supporting; No body leaning
Lower arms <60° flexion; No work across the midline or out to 5
System 3 side of body
Wrist Neutral position; No radial or ulnar deviation 1
Wrist twist Mid-range of twist 1
Table 5. Group B (neck, trunk and legs) scoring sheet for every pump system.
Assessed Assessment Score
Element
Neck 20° or more flexion; No twisting or side bending 3
S Trunk 20-60° flexion; No twisting or side bending 3
ystem 1
Legs Standing with the body weight evenly distributed 1
& over both feet, with room for changes of position
Neck 10-20° flexion; No twisting or side bending 2
System 2 Trunk 0-20° flexion; No twisting or side bending 2
Lees Standing with the body weight evenly distributed 1
& over both feet, with room for changes of position
Neck 0-10° flexion; No twisting or side bending 1
System 3 Trunk 0-20° flexion; No twisting or side bending 2
Legs Standing with the body weight evenly distributed 1

over both feet, with room for changes of position
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Total Group B

Figure 9. RULA assessment results for: (a) Group A; (b) Group B.

With regard to the group A assessment, the main differences between the three systems
were focused on the lower arms and wrists. System 1 obtained a better score in lower arm
posture than systems 2 and 3. However, the results regarding the wrist flexion and twisting
were poorer. As a result, system 1 obtained the worst score in the group A assessment.
Although system 3 showed a better score in the evaluation of wrist posture than system 2,
this fact was not reflected in a better final score and both systems obtained the same result.

Regarding the group B, system 1 showed the worst score, mainly due to a more
strained neck and trunk posture than in systems 2 and 3. System 3 obtained a better result
in the neck posture than system 2, but the RULA method was not sensitive to this difference
and the group B assessment final score was the same for both systems.

Once static postures were analyzed, the dynamic component (activity level and
load/force exerted by the worker) were assessed. Table 6 shows the assessment and
score for the dynamic component. Regarding the activity, no differences were found
between the three systems. Nevertheless, the load/force component obtained a better
result in systems 2 and 3. This is due to the mechanical advantage provided by the lever
mechanism, which results in less effort from the operator to exert the same force.

Table 6. Activity and Load/Force.

Assessed Assessment Score
Element
System 1 Activity Dynamic action repeated more than 4 times/min 1
y Load/Force 10 kg or more repeated loads or forces 3
System 2 Activity Dynamic action repeated more than 4 times/min 1
Y Load/Force 2-10 kg repeated loads or forces 2
System 3 Activity Dynamic action repeated more than 4 times/min 1
Y Load/Force 2-10 kg repeated loads or forces 2

The static and dynamic components were combined to obtain the score for the RULA

assessment method. Table 7 shows the RULA score, the risk level and the proposed
actions resulting from the assessment. Figure 10 collects a summary of the score obtained
in the assessment of every system.
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Table 7. RULA assessment results for every pump system.
Score
System 1 System 2 System 3

Group A. Arm and wrist 4 3 3

Group B. Neck, trunk and legs 4 2 2

Activity (dynamic) 1 1 1

Load/Force 3 2 2

Group A + Activity + Load 8 6 6

Group B + Activity + Load 8 5 5

RULA Score 7 6 6

Risk level 4 3 3

Investigation and Investigation and  Investigation and
. changes are
Action . changes are changes are
required . .
. . required soon required soon
immediately

8
4
6
5

o

3

4 3

o

2

v

2 3

=)

o
2
1

0 B -
Group A Group B Activity (dynamic) Load/Force Group A + Activity Group B + Activity RULA Score
Arm and wrist Neck, trunk and + Load + Load

legs W System1 M System2 M System3

Figure 10. RULA assessment results.

System 1 obtained the worst results, with a score of 7 (the maximum score allowed
by the method). The main causes were the worse result in both groups A (mainly due to
the wrist posture) and B (mainly due to the neck and trunk posture), as well as in the appli-
cation of the load/force (no mechanical advantage). The risk level stood at the maximum
value, 4. Therefore, a fast action is required and changes in workplace design are needed.

Systems 2 and 3 obtained the same RULA score, 6 points. Despite the better results
in groups A, B and load/force level with respect to system 1, the global result of the as-
sessment was also quite poor. The risk level was 3 and, therefore, changes in the work-
place design are required soon. Hence, the RULA method has shown little sensitivity to
the improvements provided by systems 2 and 3 relative to system 1. In addition, the im-
provements provided by system 3 versus 2 have not been reflected in an improvement
in the results either. This may be because the method mainly focuses on upper limb pos-
tures, giving less importance to other issues [45]. Despite the low sensitivity of the method,
certain ergonomics improvements in the workplace have been observed in a parallel way
to the evolution of the pump drive system.
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3.2. REBA

Table 8 lists the assessment results of the postures collected within the group A (neck,
trunk and legs), as well as the applied load level, for each of the three drive systems
analyzed. Similarly, Table 9 shows the assessment sheet for the group B (upper arms, lower
arms and wrists) and the coupling. A summary of the scores is shown in Figure 11.

Table 8. Group A (trunk, neck and legs) scoring sheet for every pump system.

Assessed Assessment Score
Element
Neck >20° flexion; No twisting or side flexion 2
Trunk 20-60° flexion; No twisting or side flexion 3
System 1 5 . . - .
Legs 30-60° flexion; Bilateral weight bearing 2
Load/Force 5-10 kg; No shock or rapid buildup of force 1
Neck 0-20° flexion; No twisting or side flexion 1
Trunk 0-20° flexion; No twisting or side flexion 2
System 2 Legs 30-60° flexion; Bilateral weight bearing 2
<5 kg (considering the mechanical advantage
Load/Force provided by the lever system over system 1); 0
No shock or rapid buildup of force
Neck 0-20° flexion; No twisting or side flexion 1
Trunk Upright; No twisting or side flexion 1
System 3 Legs 30-60° flexion; Bilateral weight bearing 2
<5 kg (taking into account the mechanical
Load/Force advantage provided by the lever system over 0

system 1); No shock or rapid buildup of force

Table 9. Group B (upper arms, lower arms and wrists) scoring sheet for every pump system.

Assessed Assessment Score
Element
Ubper arms 20-45° flexion; No shoulder raising; Gravity 1
pp assisted posture; No arms abduction or rotation
System 1 Lower arms 60-100° flexion 1
Wrists >15° flexion; No wrists deviation or twisting 2
Coupling Well-fitting handle and a mid-range power grip 0
Upper arms 20-45° flexion; No shoulder raising; Gravity 1
PP assisted posture; No arms abduction or rotation.
System 2 Lower arms <60° flexion 2
Wrists <15° flexion; No wrists deviation or twisting 1
Coupling Well-fitting handle and a mid-range power grip 0
0-20° flexion. No shoulder raising; No
Upper arms gravity-assisted posture; Arms abduction. No arms 2
rotation
System 3 Lower arms <60° flexion 2
Wrists <15° flexion; No wrists deviation or twisting 1
Coupling Well-fitting handle and a mid-range power grip 0
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Figure 11. REBA assessment results for: (a) Group A + Load/Force; (b) Group B + Coupling.

With regard to the group A, system 1 has shown the worst results, mainly due to
a worse neck and trunk posture. The location of the operator, just above the water extraction
sump, and the mechanical system adopted make the posture much more forced, giving
rise to a greater flexion of the back and neck.

On the other hand, the use of mechanical lever systems provides an additional me-
chanical advantage in systems 2 and 3 that facilitates the work of the operator, reducing
the level of load to be applied. Although in system 3 the inertia due to the drive system is
used, this inertia is only favored in the cycle of movement of the piston upwards, while it
is necessary to overcome it in the opposite direction. System 3 has a certain advantage over
2 regarding the position of the trunk, being fully upright.

Additionally, the change in the mechanical configuration of the lever means that the ap-
plied effort is mainly horizontal, whereas it is vertical in systems 1 and 2. No significant
differences have been found in the position of the legs (bilateral support in all cases). Nev-
ertheless, it is necessary to point out that neither the REBA nor the RULA method consider
the additional risk due to the location of the operator on the water extraction area, in an
unstable position on a wooden framework. For systems 2 and 3, the drive system allows
the operator to move away from the extraction area, making the task more stable and safer.

Regarding the group B, the results are not as clear as in the group A. System 1 has shown
betters results for the lower arms posture than systems 2 and 3, as well as for the upper arms
compared to system 3. However, the wrists posture was more favorable for systems 2 and 3
than for system 1. In addition, system 2 has shown a certain advantage over system 3, due to
less flexion of the upper arm. Finally, all systems have shown good grip level.

Table 10 shows the activity assessment for every pump system. The three systems
have obtained the same score, because the frequency of the movements is similar and
there are no sudden posture changes. Table 11 shows the REBA score, the risk level
and the proposed actions resulting from the assessment. Figure 12 summarizes the score
obtained in the assessment of every system.

Table 10. Activity assessment scoring sheet.

Assessment Score

One or more body parts are static, e.g., held for longer than
1 min; Repeated small range actions, e.g., repeated more
than 4 times per minute. No rapid large range changes
in postures or an unstable base.

Systems 1,2 and 3
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Table 11. REBA assessment results for every pump system.

Score
System 1 System 2 System 3
Group A. Trunk, neck and legs + 6 3 2
Load/Force
Group B. Upper and lower arms and 2 1 1
wrists + Coupling
A-B combination 6 2 1
Activity 2 2 2
REBA score 8 4 3
Risk level High Medium Low
Action level 3 2 1
Action (including further assessment) =~ Necessary soon ~ Necessary =~ May be necessary

REBA Score scale

=

Group B A-B combination Activity REBA Score
Upper arms,
lower arms and wrists
+ Coupling m System 1 m System 2 m System 3

Figure 12. REBA assessment results.

System 1 is the worst one, with the highest final score (8 points). The resulting risk
level was “high” and a quick intervention on the workplace is recommended. This is caused
by a worse score in both groups A and B. The worse neck and trunk postures, together with
the application of a greater load, results in the highest group A score (6 points). In the group
B, the differences with systems 2 and 3 were lower. However, the good results in the upper
and lower arms posture were not enough to compensate a worse score in the writs posture.
In the combination of the A and B scores, the weight of the group A (trunk, neck, legs and
load) was higher than the group B (arms, wrists and coupling).

System 2 obtained a much better score than system 1 (4 points), being the resulting risk
level “Medium” and a modification of the workplace is needed, but not urgently. The worst
trunk posture makes system 2 to obtain a worse score in the group A than the system
3. In addition, the better upper arm score was not enough to obtain a better result than
the system 3 in the group B.

Therefore, system 3 has been the best rated (3 points). The obtained risk level was
“low”, and a future intervention may be necessary.

The differences found in the assessment results have been greater than in the applica-
tion of the RULA method. A more clearly improvement in the ergonomics performance,
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together with the evolution in the mechanical drive system, has been observed. Hence,
the REBA method has shown greater sensitivity to the postural changes between the an-
alyzed systems than the RULA method. This fact may be explained considering that
that the RULA method is mainly focused on the upper limbs, whereas the REBA method
gives more weight on other elements such as the neck or trunk posture, in which greater
differences have been found between the three systems [46,47].

3.3. Check List OCRA

Table 12 shows the score of the three systems for each risk factor, after applying
the Check List OCRA method. Figure 13 summarizes the obtained results.

Table 12. Check List OCRA assessment results for every pump system.

Score (Both Sides)

Risk Factors Assessment System
1 2 3
Recovery time, RT Interruption of at least 8/10 min every hour 0 0 0

Action frequency, AF

Dynamic technical actions; Fast arms movement (about 40
actions/min); Short interruptions are possible; 3 3 3
No static technical actions

Use of force, FF

System 1: The working activity requires intense force
(score 5-7 on the Borg scale) about 10% of time or more
Systems 2-3: The working activity requires moderate force
(score 3—4 on the Borg scale) almost all the time

24 8 8

Shoulder

The arms have no support and remain slightly elevated for a
little over half the time

Elbow

Sudden movements (wide flexion—extension
or prone—supination, jerking or striking)

Wrist

System 1: Extreme position. Wide flexion almost all the time
Systems 2-3: No extreme position or awkward postures 8 0 0
(such as wide flexion/extension or wide lateral deviation)

Hand-Fingers

Hook grip almost all the time 8 8 8

Identical movement of the shoulder and/or

Stereotype elbow /wrist/hands, repeated almost all the time 3 3 3
Awkward postures, AP Assessed from theiscore for shoulder, elbow, wrist, 1 1 1
hands-fingers and stereotype
Additional risk, AR Presence of 2 or more s'udden, jerky movements per minute. 5 ’ ’
Tools cause compression of muscle and tendon structures.
. Assessed from the starting hypothesis (Table 3).
Duration of exposure, DE Net duration of repetitive work, NDRW = 180 min 0.65 0.65 0.65
Check List OCRA Index
(ICKL) 26 15.6 15.6
Level Purple Red Red
Risk High Medium Medium
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Figure 13. Check List OCRA assessment results.

System 1 obtained the highest score (26 points, purple level and high risk) whereas
the score for systems 2 and 3 was lower (15.6 points, red level and medium risk).

The main differences were focused on the FF risk index. System 1 has obtained a worse
result in the FF (24 points) mainly because the working activity requires a more intense
force than systems 2 and 3. The use of a different drive system allows using the mechanical
advantage (leverage) to systems 2 and 3, which obtained a score of 8 points. With regard to
the AP risk index, no significant differences have been found between the three systems.
Despite system 1 having a worse result in the wrist posture assessment, the AP score was
the same for the three systems. This is because this method takes into account only the most
unfavorable body part score, which is finally added to the stereotype. Hence, this method
is not able to detect the postural improvements of systems 2 and 3, mainly in the neck (not
assessed), trunk (not assessed) and wrist posture, with respect to system 1. The postural
improvement in the trunk of system 3 compared to system 2 is not reflected in differences
in scores between them. Additionally, the assessment of new factors, such as RT, AF, AR
or DE, has not led to significant differences between systems 1, 2 and 3.

Therefore, this method allows the analysis of additional factors not included in the
RULA and REBA methods (recovery time, additional risk...) but is less sensitive to the pos-
tural improvements provided by the different mechanical systems analyzed. However, as
in the REBA and RULA methods, a certain ergonomics evolution is observed parallel to
the evolution of the pump drive system.

Finally, it is necessary to point out that the starting hypotheses used to apply this
method are more in line with an activity level based on current labor legislation. These
hypotheses are, therefore, quite conservative. Probably, the number of hours of the shift
would be much higher in the 16th century. If a method with similar characteristics had
been applied at that time, a greater number of risk levels or a redistribution of the rating
scale would have been necessary, considering the existence of harder tasks than those
analyzed. In that case, the results would possibly have been a medium risk level rather
than an extreme one.

4. Conclusions

In the present work, current ergonomics assessment techniques were used to an-
alyze the musculoskeletal disorders risks of a mechanical device (a water pump used
in mining, driven by three different systems) collected in the Renaissance treatise De Re
Metallica. The RULA and REBA methods were used to carry out the postural analysis, while
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the OCRA Check List method was used for the repetitive action analysis. It is intended
to show that there was a certain concern for ergonomics in the Renaissance, long before
the appearance of this concept for the first time. This is the main novelty of this work.
The 3D virtualization of these mechanical systems has allowed an analysis of industrial
historical heritage through images of old engravings. This is also very interesting from
a teaching point of view, since this work allows students to be shown ergonomics examples
in productive areas related to historical context.

Regarding the postural assessment, both RULA and REBA methods have shown
ergonomics improvements in the workplace in a parallel way to the evolution of the pump
drive system. System 1 was the most unfavorable, showing the highest risk level. Systems 2
and 3 showed a better behavior, mainly due to a better wrist, trunk and neck posture, as well
as the mechanical advantage provided by the use of a lever system. However, the RULA
method showed lower sensitivity than the REBA method to the postural improvements
observed between the three systems. This may be because the method mainly focuses
on upper limb postures, giving less importance to other issues, such as the neck or trunk
posture, in which greater differences have been found.

Regarding the repetitive action analysis, the Check List OCRA method also showed
ergonomics improvements between the systems. System 1 showed the worst results (high
risk), due to a higher score in the FF (use of force) risk factor. The results for systems
2 and 3 were better (medium risk) due to the use of the lever mechanical advantage.
However, this method was not able to detect the postural improvements of systems 2 and
3 (neck, trunk and wrist) with respect to system 1. The postural improvement in the trunk
of system 3 compared to system 2 was neither reflected in differences in scores between
them. Therefore, this method allowed the analysis of additional factors, not included
in the RULA and REBA methods (recovery time, additional risk...), but was less sensitive
to the postural improvements provided by the different mechanical systems analyzed.

Therefore, a postural improvement has been observed from system 1 (the worst one)
to system 3 (the best one). Parallel, there is an energy saving of systems 2 and 3 with respect
to system 1, which is proportional to the reduction of the applied force (due to the lever
effect). This reduction depends on the lever arm geometry. The ergonomics behavior can be
improved modifying this geometry. Notwithstanding, the mechanical and morphological
complexity increases from system 1 to 3. It is necessary to point out that more mechanical
and ergonomics improvements are possible in these systems. In fact, the treatise De Re
Metallica collects other extraction systems, based on a chain of buckets and pater noster
systems, the analysis of which is left for further works.

Although the application of these methods requires a real observation of the activity,
the detail level of the figures collected in De Re Metallica allows, in a reasonable way, to
point to a parallel evolution of the machine and the worker health and safety. Agricola
was concerned with analyzing (for the same machine) which drive system allowed a better
operator-machine coupling to achieve, on the one hand, a higher work performance and,
on the other, more favorable working conditions. It is, therefore, an example of practical
and real ergonomics applied to machine design dating from the 16th century, a time long
before the appearance (for the first time) of the concept of ergonomics.

Finally, it is necessary to highlight that this research is aligned with the sustainable
development goals number 3 (Good Health and Well-being), 4 (Quality Education) and
8 (Decent Work and Economic Growth).
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