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Abstract.
BACKGROUND: In the 90s, digital human manikins (DHMs) were introduced in planning of workstations, by static or semi-
static simulations. Modern DHMs can simulate dynamic work and offer a rapid way for a virtual pre-production ergonomic
evaluation. Work-related musculoskeletal disorders may affect surgical performance and patient safety. A prototype of an
open console, which is contrary to the conventional closed consoles and may be seen as a representative for a new generation,
has been designed to reduce workload for robotic surgery surgeons.
OBJECTIVE: The aim of this project was to test a new DHM tool with improved usability to evaluate the ergonomics of a
console of a robotic surgical system in a pre-production stage.
METHODS: The DHM tool IMMA was used together with a 3D model of the prototype console. Twelve manikins who
represented females and males from two national populations were introduced. Manikin-console distances, after console
adjustments per manikin, were compared with a US checklist and Swedish standard for VDU work.
RESULTS: The DHM tool was useful for this case, but the distances of the checklist and the standard were needed to be
obtained “manually”. The automatic functions of the DHM worked smoothly but were not optimized for VDU work. The
prototype fulfilled most, but not all, of the ergonomic criteria of the checklist and the standard.
CONCLUSIONS: There is room for improvements of the adjustable ranges of the console prototype. DHMs may facilitate
rapid pre-production evaluation of workstations for static work; if ergonomic assessment models for VDU work are built-in,
there may be a revival of DHMs in static work situations.
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1. Introduction

In the recent decades, the usability of computer
aided design (CAD) has improved and the tech-
nology, that allows prototypes and environments to
be virtually created, has become popular in meth-
ods for designers to create and visualize design
concepts.

Within industrial engineering, digital human mod-
elling (DHM) tools, linked with programs for CAD,
are commonly used to simulate and assess the
human work in the early planning of products and
production. Three-dimensional digital humans, so-
called computer manikins, that represent workers,
allow the study of interaction between humans and
product/production environment by ergonomic risk
assessments and anthropometric analyses of fit-reach
and viewing options [1, 2]. Virtual testing of alter-
native design proposals allows a faster and more
cost-efficient design process, as well as the ability
to make proactive ergonomics decisions which are
important in the prevention of work-related muscu-
loskeletal disorder (WMSDs) [3, 4].

The development of software for digital human
modeling started in the 1960s with the aim to sup-
port ergonomics decisions related to products and
manufacturing. In the 1980s, several DHM-tools for
commercial use were initiated, such as JACK [5] and
Ramsis [6], which are still in use. The development of
the DHM-tools have since then continued with further
advancement [7].

Initially, DHM-tools were primarily used for
ergonomic assessment of static postures, which often
were represented by so-called worst-case scenarios.
However, since a typical work in general involve a
number of dynamic elements, the static assessment
was criticized to only give a reduced picture of the
work situation. Hence, to in a greater extent be able to
include dynamic aspects of the work, such as differ-
ent tasks and work movements, in the ergonomic risk
assessment, the DHM-tools have advanced to sim-
ulate movements through multiple high frequency
semi-static conditions, by implementing movement
paths planning [8].

An ergonomic assessment of a workstation in the
pre-production stage, means that the station’s setup
and adjustability are studied with respect to princi-
ples of good ergonomics in order to minimize risks
of injuries. This also involves consideration of human
diversity, i.e. that the workstation allows humans
of different anthropometrics to work under good
ergonomic conditions. Ergonomic standards provide

fundamental ergonomic guidelines regarding design
and assessment of e.g. tasks and products.

For simplification of ergonomic evaluations of pro-
duction tasks, checklists are typically used. These
generally consist of a collection of critical expo-
sure factors to be assessed according to predefined
exposure classification criteria. For ergonomic risk
assessments within DHM-tools, checklist based risk
assessment methods such as RULA [9], NIOSH [10]
and OWAS [11], originally developed for observa-
tion, have successfully been adapted to DHM and are
offered as a plug-in in most DHM-tools [6, 12]. The
methods are all designed for industrial assembly or
manual handling tasks.

In most DHM-tools, the manikin is manipulated by
manually setting each joint, which is complex, time
consuming, and the user needs a considerable amount
of training. To overcome this weakness, a new DHM-
tool, IMMA (Intelligently Moving MAnikins), has
been developed for simulation and visualization of
human dynamic work and for ergonomic evaluations
[13, 14]. The IMMA tool simulates body postures and
motions that are required by assigning joint angels
to the internal model of a manikin’s skeleton [15,
16]. Moreover, the tool includes an anthropomet-
ric module that allows the user to run tests with
population-based anthropometric diversities, in the
evaluation, without needing to repetitively set up each
individual manikin. As today’s DHM tools are mov-
ing in this direction, in this study, we use IMMA as
a representative of today’s DHM tools.

Hence, the DHM tools are being developed, but
mainly so to handle more complex dynamic tasks.
There are still static work tasks that cause WMSDs,
examples of such work tasks are found in the
field of surgery, in which the awareness of the
importance of ergonomics has increased. The high
incidence of WMSDs in surgery has been related
to ergonomic related issues such as poor equipment
design, not considering anthropometric diversity
and ergonomic principles. Associations have been
shown between WMSDs among surgeons and the
poor ergonomic design of the clinical instruments,
and design improvements have long been requested
[17–19].

The one-year prevalence of work-related muscu-
loskeletal injuries and pain among surgeons from
different specialties has been reviewed as high (with
high heterogeneity across studies: 9% to 19% indi-
vidually for each examined injury, 35% to 60% for
pain depending on body part) [20]. In a survey among
surgeons in the European Association of Endoscopic
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Surgery, with surgeons performing open, laparo-
scopic and/or robotic operations. It was reported that
62% of 569 practicing surgeons have considerable (3
or higher on Borg’s CR-10-scale) work-related pain
in one or more body parts during the last 7 working
days (52% in the neck) [21]. This is a high prevalence,
also when compared to repetitive/constrained indus-
trial work (neck/shoulder pain: 52% among women,
and 32% among men) [22]. Similar results, i.e. that
work-related pain, fatigue, stiffness and numbness,
especially related to the neck, back and shoulders
are frequent among surgeons in laparoscopic prac-
tice, were found by Alleblas et al. (74%) [23]. It is
also clear that symptoms like these, when they appear
during surgery, can affect surgical performance and
patient safety [21, 24].

Recent years’ introduction of a robot-assisted
laparoscopy approach provides ergonomics bene-
fits for the surgeon [25, 26]. However, the work
still involves constrained and static working postures
associated with risk factors for developing WMSDs
[27].

A new surgical console prototype has been
designed to allow the user more flexible working pos-
tures by e.g., offering an open display. The operation
system will consist of interactive robotic arms which
are in contact with the patient, hand controls, foot
controls, and a 3D monitor which make it possible for
the surgeon to control the robotic arms and monitor
the surgical site. The prototype is of a representative
design of open consoles that is contrary to the con-
ventional closed consoles (see Intuitive Surgical’s da
Vinci in Fig. 1) [28]. The conventional closed con-
soles forces the surgeon to a constrained posture that
gives no possibility to variate the work posture, which
has been assessed as a major ergonomic disadvan-
tage [29]. The open consoles, on the other side, allow
users to move their head freely and to adopt vari-
ous working postures [30], which can bring benefits
regarding eye, head, neck and spine health. There-
fore, the open consoles with today’s high quality
three-dimensional visual display units may be more
common in the future. Moreover, the here presented
prototype is equipped with an armrest frame. For flex-
ibility between various users, the foot controls are
adjustable in forward and backward direction, and
the armrest and the 3D monitor are adjustable in
height. Both screens are also tiltable. The hand con-
trols have several degrees of freedom that allow for
flexible control of the robotic arms. However, the pro-
totype with its promising improvements has not yet
been ergonomically evaluated. Since the prototype is

Fig. 1. Work in a closed conventional robotic console, da Vinci Xi
from Intuitive Surgical, Inc., California, US.

a complex and expensive system, the manufacturing
process can be both time consuming and expensive.
Any defects from the prototype can multiply the total
cost. Therefore, a pre-production ergonomic evalu-
ation is preferable to identify potential risks of the
prototype.

In this project the feasibility of a new DHM tool
(IMMA) was tested in a case of evaluating static work
postures of a digital prototype. The two aims were:

• To digitally evaluate static postures related to
work in a prototype of a robotic surgical console,
in female and male populations. In this digital
evaluation, a US checklist and the Swedish stan-
dard, which both are relevant for visual display
unit work, were used. In addition, for compari-
son, a real case evaluation was carried out for
a conventional closed console, with the same
ergonomic checklist and standard.

• To possibly recommend improvements to DHM
tools to increase their usability in this type
of static or semi-static ergonomic evaluations.
To test the new features of IMMA, this phase
included automatic manikin positioning and the
plug-in implementation of RULA [9].
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An early version of this project was presented at the
20th Congress of the International Ergonomics Asso-
ciation in Florence, 2018 [31]. The present article is
a more detailed description of the full project, with
an enlarged focus on DHMs, with an extended set of
methods, and with the extended and final results.

2. Methods

The open console prototype was evaluated by man-
ually positioning six manikins in each of two families
in a proper ergonomic seated posture. The posture
and its relation to the workstation was then manu-
ally assessed according to ergonomic criteria in the
US checklist for computer work, recommended by
the U.S. Department of Labor’s Occupational Safety
and Health Administration (OSHA) [32] and in the
Swedish standard for visual display unit (VDU) work
[33]. In addition, for comparison, an ergonomic on-
site assessment of a real case of a closed console was
performed, using the same checklist and standard as
in the assessment of the open console prototype.

In addition, to test the potential of IMMA in this
kind of evaluations, automated simulation- and eval-
uation functions in IMMA was tested; an algorithm
that automatically position the manikins in a posture
that is said to be optimal, and an automatic ergonomic
assessment based on the RULA checklist, which is
offered in IMMA as a built-in function.

2.1. Open console prototype simulation setup

A 3D model of a prototype surgery console was
introduced to the virtual environment of IMMA.
Two manikin families were created in IMMA. The
families were based on anthropometric stature data
from the US ANSUR [34] and a Swedish database
[35], to represent the American and Swedish popu-
lations. The manikin families consisted of six digital
manikins each, including three female and three male
manikins, with statures referring to the mean-, the
upper-, and the lower boundary value of a 95% con-
fidence interval of the targeted population.

Since the work in the prototype is intended to be
carried out in a seated position with a user chair with
adjustable height, the manikin families were placed
accordingly. The manikins were positioned according
to recommendations for a proper sitting, which in the
used checklists and standard as well as in ergonomic
literature in general, is described as an upright sitting
posture, where the torso and the neck are vertical and

in-line, the thighs horizontal and the lower legs verti-
cal [32, 36, 37]. In IMMA, this seating position was
set by manual manipulation of each joint for each
manikin in the families, according to definitions such
as: markers of the hip and the knee centres on the same
level (thighs parallel to the ground), upper body in a
straight and upward position, and the feet placed par-
allel to each other and attached on a defined floor in
the virtual environment.

2.2. Ergonomic assessment by checklist and
standard for computer work

Since ergonomic standards within robot-assisted
surgery are lacking, and since the work posture in
the prototype is similar as that in computer work,
ergonomic checklist and standard criteria for com-
puter work were used for the ergonomic evaluation.
The Swedish standard for computer work places
[33] was used for comparisons with geometries
from simulations using the manikins representing the
Swedish population. The Swedish standard refer, in
some parts, to the more general national regulations
regarding workload [38]. An American checklist for
computer workstations [32] was used in comparisons
with geometries from simulations with the US popu-
lation representing manikins.

The Swedish standard was only available in the
Swedish language and was therefore first trans-
lated into English. The text was then condensed and
transferred into a table to facilitate comparison and
presentation of the outcomes. Sections and para-
graphs of the checklist and the standard that were
not relevant for the present evaluation, e.g., details
related to the chair, glare from the monitor or win-
dows as well as placement of accessories, were not
considered in this study.

2.3. Prototype adjustability measures and
assessments

Six pairs of distance-related measures were defined
to enable quantification of the prototype adjustabil-
ity in relation to the anthropometric diversity of the
manikin family. The measures were:

• Height of monitor – Height of eye,
• Height of armrest – Height of elbow,
• Height of armrest (bottom) – Height of thigh

(sitting),
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• Distance of the pedal to the back wall of the
console – Distance of the feet to the back wall of
the console,

• Prototype work range (depth) measured from the
outer edge of the armrest – Outer work range
(depth) measured from the outer edge of the
armrest,

• Prototype work range (half width) measured
from the outer edge of the armrest – Outer work
range (half width) measured from the outer edge
of the armrest

Each pair of distance-related measures consisted
of one measure related to the prototype and one mea-
sure related to the manikin. Both measures within a
pair were defined as the distance of the landmark on
the prototype or the manikin to a fixed reference on
the prototype or in the environment. For example, the
height of eye was measured from the floor, and the
height of monitor was represented by the distance
between the top edge of the monitor and the floor.
In this way, the manikins’ work ranges and the pro-
totype adjustment ranges were paired to cover main
issues in the evaluation regarding visual angle, arm
support, leg space and foot placement.

The lower limit of the seat height of the chair was
pre-defined (43 cm above the floor), and three out of
six measures (height of eyes, height of elbow and
height of thigh) were adjusted according to this limit.
If the optimal seated posture should be lower than
this limit, the seat height was still set to 43 cm.

2.4. Evaluations of outcome measures of
checklist and standard

The prototype console was evaluated to assess
whether the console’s adjustment ranges allowed an
ergonomically proper working position. The evalu-
ation was based on the six pairs of distance-related
measures. Ergonomic assessment criteria were based
on the checklist and standard. For a criterion to be
considered fulfilled, it was required that all manikins
of the manikin family met the criteria.

2.5. Ergonomic assessment of a real case of a
closed console

In a real case, where a volunteering male senior
surgeon of medium stature (177 cm) was working
in a closed console (Da Vinci Xi, Intuitive Surgi-
cal, Inc., California, US, see Fig. 1), the working
posture was assessed by an on-site observation per-
formed by an ergonomist/physical therapist using the

same checklist and standard as used for the ergonomic
assessment of the open console prototype, see Sec-
tion 2.3.

This study is part of a larger program, which is
approved by the Regional Ethics Committee in Stock-
holm (Dnr: 2014/1120-31).

2.6. Work posture optimizations and RULA
assessments by IMMA’s functions

To test the potential of IMMA in the ergonomic
assessment of a static VDU-work situation, the
internal function, that automatically calculates
“optimal” positions for all the manikins in a family,
was used. To use this function, semi-constrained
attach points for both feet, the hip and the head,
were set. All constraints of the attach points were
translational tolerances; they defined a space within
which the corresponding body part of manikins can
be positioned. The constraint space of the attach
point for the left foot was represented by two piled
cuboids with dimensions of 100 × 200 × 60 mm (lat-
erally from sagittal plane × ventrally from coronal
plane × vertically from floor) each that covered the
possible reaching space for the left pedal on the upper
or the lower row; the constraint space of the attach
points for the right foot mirrored the one for the left
foot. The constraint space for the attach point of the
hip was represented by a rectangle on the sagittal
plane with dimensions of 0 × 200 × 120 mm that
was positioned in front of the arm rest with the center
621 mm above the floor. The attach point for the
head was represented by a cuboid with dimensions
of infinite × 200 × 180 mm that was created only to
adjust the manikin’s up-right sitting posture.

The families of manikins were then attached to
the defined attach points (for feet, only the ones for
pedals on the lower row were used). When a family
was attached, all members within the family were
automatically positioned into their optimal sitting
postures by an internal truck-sitting strategy; these
sitting postures were used as initial sitting posture.
The eye heights of all manikins were then measured as
an illustration of the function and to facilitate compar-
ison of these automatically optimized work postures
and the manually set work postures.

The RULA checklist [9] was developed to, by
observation, evaluate ergonomic risk factors for
upper limb WMSDs. The assessment considers bio-
mechanical load of the neck, trunk and upper extrem-
ities. Using the checklist, the user will score body
regions such as the upper arms, lower arms, wrists,
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neck, trunk and legs according to predefined alterna-
tives. Depending on work evaluated, the assessment,
which is performed for one side of the body at time,
may be needed for both sides of the body. The level
of MSD risk can be interpreted by comparing the risk
score with a four-level risk scale, defined and illus-
trated by colors such as 1-2 points: green – negligible
risk, 3-4 point: yellow – low risk, 5-6 points: orange
– medium risk, and > 6 points: red – very high risk.
The original RULA checklist include assessment of
11 items which are related to posture, type of mus-
cular load and muscular use (i.e. static or dynamic).
The RULA version that is built-in in IMMA includes
10 items which are related to postures of the upper
arms, lower arms, wrists including wrist twist, neck,
trunk and legs. The outcome from the assessment is
illustrated by colors representing the risk (see above),
and presented for each manikin in the family.

For further illustration of the built-in IMMA func-
tions, two additional viewpoints were created. The
two viewpoints were set at the upper edge of the main
screen when the screen was adjusted to the high-
est and lowest height, respectively. The families of
manikins were set to perform four tasks: 1) to sit in
the initial sitting posture; 2) to reattach the feet on the
attach points for pedals on the upper row and return to
the initial sitting posture; 3) to view the highest view-
point of the screen; and 4) to view the lowest view-
point of the screen. The RULA checklist was auto-
matically run for all manikins through all four tasks.

3. Results

It was possible to evaluate the prototype console
in the IMMA model manually, i.e. after positioning
each one of the twelve manikins. A few critical design
points were revealed, mainly for short women. To
run the automatized functions in IMMA made the
process significantly smoother and quicker (however
RULA was designed for a wide range of tasks, and is
not, as the checklist and the standard, specialized for
VDU-work).

3.1. Prototype console evaluation with the US
checklist and the Swedish standard

Figure 2 shows the six pairs of distance-related
measures for comparison between the adjustable
ranges of the prototype, and the recommended work
ranges of each nation/population after the manikins
had been positioned manually.

3.1.1. Outcomes from the US checklist
assessments

The US computer workstation e-Tool includes 33
criteria, divided into seven categories, i.e. “work-
ing postures, seating, keyboard/input device, monitor,
work area, accessories and general”, where “gen-
eral” refer to equipment, organisation and condition
of the work station. Sixteen of those criteria were
relevant for the assessment in the present study.
Out of these, 12 criteria were fulfilled and 4 crite-
ria were not fulfilled. The assessments are presented
in Fig. 3.

The criteria that were not fulfilled in the assess-
ment are related to the working postures of the neck,
forearms and wrists, thighs, as well as issues related
to the monitor, e.g. the positioning of the screen, and
are presented below:

#1. Working postures of the head/neck:
Since the top height of the 3D monitor, when

adjusted to lowest position, was in line with
the eye height of the tallest female manikin,
the shortest, and average female manikin, as
well as the shortest male manikin, had to bend
their head backwards to be able to look at the
top of the 3D monitor. For the average male
manikin, the screen was within an adjustable
range for the eye height, but for the tallest male
manikin, the screen, when adjusted to the high-
est position, was too low, which means that that
manikin always has to bend the neck forward
when watching the screen.

#6. Working postures of the forearms and wrists:
None of the female manikins could achieve

a forearm relaxed sitting position when using
the armrest. When adjusted to the lowest
height, the armrest was still too high (53 mm)
to fit the tallest female manikin. For the short-
est male manikin, the situation was similar;
however, both the average and tallest male
manikins could achieve a relaxed sitting posi-
tion. The console did not provide wrist support.

#8. Working postures of the thighs:
While sitting with the thighs parallel to

the floor, none of the manikins was able to
reach the foot controls. The tallest manikin
was within the closest range to reach, but still,
28 mm short in the horizontal direction. This
distance was considerably longer for the short-
est female manikin, i.e., 141 mm. To be able to
reach the foot controls, the leg had to be stretch
forward, i.e. the knee angle between the thighs
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Fig. 2. Comparisons between the adjustable ranges of the prototype and the work ranges of the manikins in the families. Each subplot shows
the paired measures regarding one issue. The dark thick line represents the range of the prototype; the thin grey lines represent the manikin
families of female and male populations of Sweden and US, respectively. Additionally, in the top four subplots, dark dots within the grey
line illustrate the median value of the family in the specific case. In the bottom two subplots, the dark grey lines illustrate work within lower
arm distance (so called “the inner work area”); the light grey lines illustrate full work area, i.e. also work with extended arms. The work
distances, which are measured from the torso for both work areas, starts at 0 cm and ends at the area limit.

and the calves had to be larger. For interest, the
knee angle (i.e. the angle between the calves
and a line perpendicular to the floor), when the
manikin was set to reach the foot control, was
calculated. The result showed that the angle
increased with 6◦ (for the tallest male manikin)
to 30◦ (the shortest female manikin) within the
manikin family.

#1. Monitor, top of the screen:
See #1. “Working postures of the head/

neck”.

3.1.2. Outcomes from the Swedish standard
assessments

The Swedish standard of computer work and the
related standard of workload ergonomics, comprised
in total 45 criteria which were divided into 12 cat-
egories. The categories were: screen and viewing
conditions, lighting and viewing conditions, work
postures and work movements, work height, work
area for the hands, work with handheld controls,
neck, shoulder/arm, back, leg. Twenty-seven criteria
were relevant for the present assessment, of these, 17
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Fig. 3. Outcomes from the assessment of the prototype open console, using the US-checklist for the 2.5th, 50th, and 97.5th percentile
representatives of the US female and male population. The crossed questions are considered irrelevant in this study.
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criteria were fulfilled, 10 criteria were not fulfilled.
The outcomes from the ergonomic assessment using
the Swedish standard and the Swedish population are
presented in Table 1.

The criteria in the Swedish standard that were
not fulfilled in the assessment, are further specified
below:

#3a. All screens, armrest and handles are
adjustable in height, which means that the
work posture, to a certain extent, can be
changed while seating. However, it is not pos-
sible to raise the prototype to a level suitable
for standing work.

#3c. Only the tallest female manikin and the aver-
age and the tallest male manikin are able to
use the armrest properly, i.e., while sitting
with the forearm in a relaxed position. For
the other manikins, the armrest was too high,
i.e., was not adjustable to a lower level.

#3d. The armrest is narrow and tilted inward and
cannot support the entire forearms.

#4a. When adjusted to lowest position, the top
height of the 3D monitor is above the eye level
of the shortest and average female manikins
as well as for the shortest male manikin.
When adjusting the screen to the highest posi-
tion, it is still too low for the tallest male
manikin. For the tallest female manikin and
for the shortest and average male manikins,
the 3D monitor is within the adjustable range
for the eye level.

#4c. The screens are able to tilt but are not suffi-
ciently adjustable in height, see #4a.

#4d. The monitor is not sufficiently adjustable in
height, see #4a.

#5b. The adjustability of the console does not
allow work at an elbow height for all manikins
of the family, see #3c.

#10b. The console’s adjustability does not provide
good arm support for all manikins of the fam-
ily, see #3c.

#11c. The use of pedals does not allow work in a
standing position.

#12c. During surgery work, the foot controls are
used frequently.

#12d. See #11c.

3.2. A real case assessment of a closed console

The real case of a male surgeon of median height,
working in a closed console, which was assessed by
onsite observations with the use of the US check-

list and the Swedish standard showed that 11 of the
15 criteria found relevant in the US checklist, and
16 of the 26 criteria relevant for the Swedish stan-
dards, were fulfilled. In addition to the criteria that
were not fulfilled in the evaluation of the prototype
console for the median male manikin of the two pop-
ulations, in this real case, also criteria regarding neck-
and back postures were not fulfilled. The assessments
are presented in Fig. 4 and Table 2.

3.3. Work posture optimizations and RULA
assessments by IMMA’s functions

To use the built-in positioning function was sig-
nificantly quicker than to position the manikins
manually. All manikins found their optimal posi-
tions without extra adjustment. Also the automatized
RULA assessment was very convenient to run.

An example of anthropometrical measures related
to the automatic positioning in the console, is pre-
sented in Fig. 5. The figure shows the eye heights of
the manikins measured by IMMA’s function when in
the initial sitting posture. The mean eye heights of the
Swedish and the US female manikins, respectively,
(1193 mm and 1205 mm) were less than the mini-
mum height of the top of the screen (1222 mm). The
mean eye heights of the male manikins representing
the Swedish and the US populations (1228 mm and
1250 mm, respectively), were within the adjustment
range of the top of the screen but all manikins were
not covered.

In the automatized RULA assessments, the results
showed, for all manikins, green scores for all body
part postures in all four tasks.

4. Discussion

4.1. Prototype console ergonomic evaluation
with checklist and standard

Both manikin families were within the required
viewing distance range, i.e., the preferred viewing
distance, measured from the eyes to the front surface
of the screen, which according to the US checklist
should be within a range between 50 and 100 cm
while the Swedish standard recommends approxi-
mately 70 cm. Moreover, all manikins “could take
advantage” of the flexibility of the control handles,
which allow the user to work with reduced load, i.e.
with the arms close to the body (within the inner work
area) and with the wrists in a neutral position. How-
ever, adjustability of armrest and screen heights were
not sufficient to suit all the manikins.
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Table 1
The Swedish standard for computer work with the outcomes from the comparisons with manikin- prototype distances. Fulfilled criterion
(“Yes”) mean that the criterion is fulfilled for all six manikins in the family representing the Swedish female and male population. NR

means that the criterion is not relevant

Standard Evaluation # Criterion Criterion
fulfilled

Yes No NR

AFS 1998 : 5
Computer work §2

Screen and viewing
conditions

1 a) The screen is free from flicker, reflections and reflexes. –
b) If characters on the screen, they are sharp, large and

contrasted enough to be easily read.
–

c) There is enough space between characters and rows to
enable good readability.

–

d) Brightness or contrast between characters and the
background of the screen is easy to adjust. Luminance
contrast between characters and background should not
be less than 3 : 1.

–

AFS 1998 : 5
Computer work §3

Lighting and viewing
conditions

2 a) Keyboard has matte finish to avoid glare. –
b) The work surfaces are low reflective. –

AFS 1998 : 5
Computer work §4

Work postures and
work movements

3 a) The workplace is dimensioned, designed and equipped to
enable comfortable and varying work postures and work
movements.

Y

b) It is important that the user can easily raise and lower the
table to adapt the work posture if necessary.

Y

c) The space at the keyboard is large enough to enable
support of arms and hands on the table surface.

N

d) When using a control device, for example computer
mouse, the work can be performed with the forearms
relaxed on the table, so that the shoulder muscles are
supported.

N

e) In “computer mouse work”, the entire forearm is
supported.

N

f) The control device can be placed and used in close
connection to the keyboard to avoid movements with
external rotation of the wrist.

Y

g) Work with extended arm or external rotation in the
shoulder joint can be avoided.

Y

h) For more intensive use of the computer mouse, the
keyboard may need to be slid or moved away easily so
that the computer mouse can be placed directly in front
of the worker.

–

i) An entire desk area in one plane allows keyboard and
computer mouse to be easily placed after use.

–

j) Essentially, the computer mouse has a shape that prevents
work with the wrist in bent position.

–

k) From a load point of view, it is also important that the
user can plan and put up his work and take breaks so that
excessive use of computer mouse can be avoided.

–

AFS 1998 : 5
Computer work §5

Work postures and
work movements

4 a) Screen and keyboard or equivalent are positioned so that
they can be adapted to the individual worker’s physical
dimensions, i.e., so that the working height and viewing
angle of the screen becomes appropriate.

N

b) The distance between the user and the screen is app. 70
cm and the size of characters 3.5–4.

Y

c) As far as possible, the keyboard and monitor are able to
rotate, tilt and move according to the workers’ needs.

Y

d) The monitor is positioned so that the worker’s neck is
straight and slightly flexed when viewing the monitor.
For normal office work or similar work situations, it is
important that the entire display can be placed below eye
level.

N

(Continued)
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Table 1
(Continued)

Standard Evaluation # Criterion Criterion
fulfilled

Yes No NR

Workload ergonomics
§5, Work postures
and work
movements

Work height 5 a) A well-designed workplace is, among all, characterized
by work in an upright position (most of the time) with
lowered shoulders and upper arms close to the upper
body.

Y

b) The work height is approximately at an elbow height for
the person performing the work, whether in the case of
sitting or standing work.

N

Work area of the
hands

6 a) The outer work area of the hands in the horizontal plane
is limited by the length of the arm. Most of the hands’
work is performed within the inner work area i.e., within
a rectangle (measured from the nose of the user) of 30 cm
(forward distance) and 60 cm (side width). (The more
long-lasting and precise work tasks, the more important it
is that the work is performed with entirely relaxed arms
and shoulders close and in front of the body, i.e. central
within the inner work area)

Y

AFS 2012 : 2
Workload
ergonomics §5,
Adjustment of the
work equipment and
work desk

Adjustability 7 a) It is easy and quick to change the setting on the desk and
the work chair if several workers alternately use the same
worktable more than temporarily.

Y

AFS 2012 : 2
Workload
ergonomics §6,
Manual handling
and other loaded
exertion

“Work with handheld
controls”

8 In order to reduce the risk of stress disorder, the employer
should provide the workers with handheld machines and
hand tools that:

a) . . . allows appropriate grips that are adapted to the
requirements of power and precision, with good friction
and where the grip is well spread over hand to avoid
inappropriate point pressure, e.g., no sharp edges.

–

b) . . . fits different users hand sizes. –
c) . . . are possible to use with both the right and left hand. –
d) . . . allows a neutral position in wrist and arm (hands are

relaxed, resting on a table).
Y

e) . . . allows to see and reach the tool/work-piece. Y
f) . . . has pressure gears with reasonable operating

resistance.
–

g) . . . vibrates as little as possible. –
h) . . . is as lightweight as the function allows –
i) . . . are well balanced –

AFS 2012 : 2
Workload
ergonomics,
Assessment model
“sitting work”

Neck 9 a) The neck is in the middle position Y

b) It is possible to freely move the neck Y
Shoulder/arm 10 a) Working height and reaching area is fitted to the task and

the individual
Y

b) There is good arm support N
Back 11 a) There are opportunities for free movements Y

b) The backrest is well-designed –
c) There is possibility to switch to standing N

Leg 12 a) There is free space for the legs Y
b) Good footrest is available Y
c) Rarely leg or foot control work N
d) Possibility to switch to standing N
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Fig. 4. Outcomes from the US checklist assessment of a male surgeon of median stature, working in a closed console.
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Table 2
The Swedish standard for computer work with the outcomes from the on-site evaluation of a male surgeon of median stature, working in a

closed conventional console. NR means that the criterion is not relevant

Standard Evaluation # Criterion Criterion
fulfilled

Yes No NR

AFS 1998 : 5
Computer work §2

Screen and viewing
conditions

1 a) The screen is free from flicker, reflections and reflexes. –
b) If characters on the screen, they are sharp, large and

contrasted enough to be easily read.
–

c) There is enough space between characters and rows to
enable good readability.

–

d) Brightness or contrast between characters and the
background of the screen is easy to adjust. Luminance
contrast between characters and background should not
be less than 3 : 1.

–

AFS 1998 : 5
Computer work §3

Lighting and viewing
conditions

2 a) Keyboard has matte finish to avoid glare. –
b) The work surfaces are low reflective. –

AFS 1998 : 5
Computer work §4

Work postures and
work movements

3 a) The workplace is dimensioned, designed and equipped to
enable comfortable and varying work postures and work
movements.

N

b) It is important that the user can easily raise and lower the
table to adapt the work posture if necessary.

Y

c) The space at the keyboard is large enough to enable
support of arms and hands on the table surface.

N

d) When using a control device, for example computer
mouse, the work can be performed with the forearms
relaxed on the table, so that the shoulder muscles are
supported.

Y

e) In “computer mouse work”, the entire forearm is
supported.

N

f) The control device can be placed and used in close
connection to the keyboard to avoid movements with
external rotation of the wrist.

Y

g) Work with extended arm or external rotation in the
shoulder joint can be avoided.

Y

h) For more intensive use of the computer mouse, the
keyboard may need to be slid or moved away easily so
that the computer mouse can be placed directly in front
of the worker.

–

i) An entire desk area in one plane allows keyboard and
computer mouse to be easily placed after use.

–

j) Essentially, the computer mouse has a shape that prevents
work with the wrist in bent position.

–

k) From a load point of view, it is also important that the
user can plan and put up his work and take breaks so that
excessive use of computer mouse can be avoided.

–

AFS 1998 : 5
Computer work §5

Work postures and
work movements

4 a) Screen and keyboard or equivalent are positioned so that
they can be adapted to the individual worker’s physical
dimensions, i.e., so that the working height and viewing
angle of the screen becomes appropriate.

Y

b) The distance between the user and the screen is app. 70
cm and the size of characters 3.5–4.

–

c) As far as possible, the keyboard and monitor are able to
rotate, tilt and move according to the workers’ needs.

N

d) The monitor is positioned so that the worker’s neck is
straight and slightly flexed when viewing the monitor.
For normal office work or similar work situations, it is
important that the entire display can be placed below eye
level.

N

Workload ergonomics
§5, Work postures
and work
movements

Work height 5 a) A well-designed workplace is, among all, characterized
by work in an upright position (most of the time) with
lowered shoulders and upper arms close to the upper
body.

Y

(Continued)
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Table 2
(Continued)

Standard Evaluation # Criterion Criterion
fulfilled

Yes No NR

b) The work height is approximately at an elbow height for
the person performing the work, whether in the case of
sitting or standing work.

Y

Work area of the
hands

6 a) The outer work area of the hands in the horizontal plane
is limited by the length of the arm. Most of the hands’
work is performed within the inner work area i.e., within
a rectangle (measured from the nose of the user) of 30 cm
(forward distance) and 60 cm (side width). (The more
long-lasting and precise work tasks, the more important it
is that the work is performed with entirely relaxed arms
and shoulders close and in front of the body, i.e. central
within the inner work area)

Y

AFS 2012 : 2
Workload
ergonomics §5,
Adjustment of the
work equipment and
work desk

Adjustability 7 a) It is easy and quick to change the setting on the desk and
the work chair if several workers alternately use the same
worktable more than temporarily.

Y

AFS 2012 : 2
Workload
ergonomics §6,
Manual handling
and other loaded
exertion

“Work with handheld
controls”

8 In order to reduce the risk of stress disorder, the employer
should provide the workers with handheld machines and
hand tools that:

a) . . . allows appropriate grips that are adapted to the
requirements of power and precision, with good friction
and where the grip is well spread over hand to avoid
inappropriate point pressure, e.g., no sharp edges.

–

b) . . . fits different users hand sizes. –
c) . . . are possible to use with both the right and left hand. –
d) . . . allows a neutral position in wrist and arm (hands are

relaxed, resting on a table).
Y

e) . . . allows to see and reach the tool/work-piece. Y
f) . . . has pressure gears with reasonable operating

resistance.
–

g) . . . vibrates as little as possible. –
h) . . . is as lightweight as the function allows –
i) . . . are well balanced –

AFS 2012 : 2
Workload
ergonomics,
Assessment model
“sitting work”

Neck 9 a) The neck is in the middle position Y
b) It is possible to freely move the neck N

Shoulder/Arm 10 a) Working height and reaching area is fitted to the task and
the individual

Y

b) There is good arm support Y
Back 11 a) There are opportunities for free movements N

b) The backrest is well-designed –
c) There is possibility to switch to standing N

Leg 12 a) There is free space for the legs Y
b) Good footrest is available Y
c) Rarely leg or foot control work N
d) Possibility to switch to standing N

4.1.1. Neck posture
Neither the adjustability range of the 3D moni-

tor height was suitable for all manikins. The screen
height was only suitable for the median male manikin.
For all the female manikins as well as the 2.5th
percentile male manikin, the screen was too high.
But for the 97.5th percentile manikin, the screen
height was too low. However, we did not consider

the preferred viewing angle to the center of the
screen, which according to OSHA normally should
be located 15–20◦ below the horizontal eye level
and should not to be greater than 60◦ [37]. Con-
sidering this in the presented assessment, the user
could possibly achieve a suitable working posture of
the neck despite the limitation of screen adjustability
in height.
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Fig. 5. The eye height of the manikins while positioned in an opti-
mal posture according to an internal algorithm of the IMMA. The
red lines define the range where the top of the screen can be adjusted
freely.

4.1.2. Support for the arms
The criteria regarding armrest height were not ful-

filled for all manikins after the manikin had been
placed in an ergonomically proper sitting posture.
Only the median and the 97.5th percentile male
manikins could use the armrest properly, for the other
manikins, the height of the armrest was too high.
However, if working in a position with arms stretched
forward (i.e., upper arms not parallel to the back) the
elbow angles increase, which means that the height
of the forearms (measured from the floor) also will
increase. In such a working position, the lowest height
of the armrest may be suitable for those manikins for
whom the armrests were too high while sitting with
the upper arms ergonomically correct.

4.1.3. Support for the wrists
Even though the armrest will support the fore-

arm, support for the wrists is lacking. In computer
mouse work, support for the wrist is essential, since
long-term work without support is associated with
overload of the wrist, potentially may cause MSDs
[39]. In the present work with handheld controls,
such support can both affect the work in a negative
and positive direction. A wrist support may limit the
flexibility when using the controls and the ability to
move the wrist easily and freely. At the same time,
wrist support can contribute to a more relaxed work
posture for the wrist with reduced muscle activity,
reducing the risk of wrist related MSDs.

4.1.4. Reaching the foot controls
To reach the foot controls, the legs must be

stretched forward. Since at least one of the foot
controls is used every minute, it is likely that the

forward-stretched leg position will be maintained,
which means difficulties in maintaining an ergonom-
ically proper sitting position. Long time stretch of the
legs in combination with a forward bent sitting pos-
ture may negatively affect the nervous system (e.g.,
the sciatic nerve) causing long-term nerve irritation
or/and back pain [40].

4.1.5. Flexible work postures
The limitation of the adjustability of the 3D moni-

tor and the armrest height also affects the possibility
to work in a standing position. If a surgeon’s major
work task each week is to work within this type
of console, it would be an advantage if the console
allows a standing posture, since long time sitting work
is a risk factor associated with cardiovascular dis-
order, lower back pain and diabetes [41, 42]. This
speaks for further investigation of the possibility to
switch between sitting and standing work. However,
then the use of foot controls while standing would
need a feasible solution.

4.1.6. Recommendations for prototype
improvements

To include anthropometrical diversity and to facili-
tate proper ergonomic postures for 95 % of the female
and male populations, the adjustment ranges of the
prototype console need to be wider. The adjustable
range of the monitor height need to be increased
in both directions. The armrest needs to be further
adjustable in height to allow for a lower position. The
horizontally adjustable range of the foot controls is
too short and needs to be extended.

Wrist support may contribute to a more relaxed
work posture of the arm and should be considered
in the further development of robotic consoles. At
last, today, there are no robotic consoles that offer
the flexibility to switch between sitting and standing
work. Such a possibility should be advantageous and
may be further investigated.

4.2. Real case ergonomic assessment of a closed
console

The onsite observation-based assessments of a
median height male surgeon showed a higher number
of unfulfilled criteria than were found in the corre-
sponding assessment of the median male manikins in
the digital prototype. In the real closed console case,
there were also forward bent and static postures of the
neck and back, which are risk factors that are highly
associated with WMSDs [43–45].
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A previous ergonomic evaluation of an conven-
tional closed console, which also was based on the
OSHAs ergonomics recommendations for computer
workstations [46], showed that the adjustability of
the setting of the console mainly provided proper
height of armrest and positioning of the foot controls
for individuals between 163 and 185 centimeters in
height, and hence not proper ergonomics for short
and tall surgeons.

A literature review concluded that, because of the
static and constrained work postures of the closed
consoles, there is a need for improvements regarding
robot-assisted surgery consoles [47].

4.3. The usability of the automated functions in
IMMA

Two different positioning- and analysis strategies
were tested to simulate the console prototype, 1)
the manual manipulation of the manikin to work in
an ergonomically advantageous posture, which was
evaluated by a manual analysis of ergonomic criteria,
and 2) the automatized positioning of all manikins’
work postures, and automatic evaluation by the built-
in RULA-checklist.

The manual positioning of the manikins to a correct
ergonomic posture was time-consuming and difficult
to perform, since each manikin adjusted separately.
The anthropometrics of the manikins was supported
from the model, but analysis and the ergonomic
assessment were complex and time consuming.

The automated strategy was simple and quick to
perform. However, only the predefined work posi-
tion “truck sitting” was available, which has not been
recommended for VDU work. Hence, the upright-
sitting posture was not available. For IMMA and other
DHMs to be advantageously useful tools in different
work areas, the tools should offer more positioning
strategies and easy settings for grips. For example,
implementing the different sitting strategies defined
in ergonomic standards, such as upright sitting and
declined sitting, would be highly valuable for the sim-
ulation set up and for the ergonomic assessment and
seated static work conditions [36].

The RULA checklist assessment was convenient
to implement via the built-in function, and the scores
were green. Models like RULA [9] and Strain index
[10] are mainly designed for dynamic task as man-
ual handling and assembly, and are not specialized
for VDU work. Even though RULA and Strain index
have been used for assessments of work in a closed
console [26, 29, 48], we recommend the usage of

VDU work models, like the checklist and the stan-
dards used in the present evaluation in this kind of
work, which also would facilitate usage of automatic
assessments functions.

4.4. Methodological considerations

4.4.1. Accuracy of populations anthropometrics
The population databases that were used are from

1989 (for the US) and 2008 (for Sweden). It is known
that anthropometry of a certain population evolves
over years. Therefore, there could be minor errors
in the set-up of the percentile representing manikins
due to outdated data. These minor errors should not
influence the results of the prototype evaluation.

4.4.2. The evaluated sitting posture
In the present study, we only assessed the manikins

in an “upright sitting” posture. This was in accordance
with the used checklist and standard. However, there
are other ergonomically correct sitting alternatives,
e.g., the declined sitting posture [37] where the but-
tock is higher than the knee and the hip angle, i.e., the
angle between the thigh and the spine is larger than
90◦. In such a sitting position, the armrest of the con-
sole, which in the upright sitting posture was slightly
too high, may be in a suitable position.

4.5. Gender aspects

The trend of using robotic surgeries in urology
and gynecology has increased [49, 50]. In 2009,
21.3% surgeons in US were females, and the percent-
ages of female surgeons within urology, colorectal
surgery, and obstetrical and gynecological surgery
were 5.6%, 16.4% and 47.1%, respectively [51]. In
Sweden, there were 23.4% female surgeons among all
the surgeons by 2015, and the percentages of female
surgeons in urology, and obstetrical and gynecologi-
cal surgery were 18.3% and 66.4%, respectively [52].
Gynecological procedures using robotics consoles
has been associated with a higher rate of physical
symptoms, especially among female surgeons [47].
A likely reason for the higher rate among women is
the poor design of the equipment for shorter surgeons,
which among other involves the table height [53].
Generally, female surgeons are a minority. However,
the fraction has increased over years, and naturally,
the equipment should be designed also for women
[52].
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5. Conclusions

The evaluated prototype open console has a num-
ber of possible adjustments, i.e., the height of the 3D
monitor, foot controls, handles and armrest frame.
After adjustments, the majority of the ergonomic cri-
teria of the US checklist and the Swedish standard for
all manikins, i.e. representatives of two populations,
were fulfilled. However, a few of the criteria were
not fulfilled for all manikins, because of too limited
adjustable ranges that restricted, especially for the
shortest manikins’, work in recommended postures.
Hence, considering the design revisions, there is still
room for a few improvements. The commonly used
closed console was assessed in a real case, which also
showed unfulfilled criteria.

The DHM tool IMMA (which may be seen as a
representative of today’s DHM tools) provided the
possibility to compare static surgery work in the
digital prototype phase to ergonomic checklists and
standards for visual display unit work, considering
human diversity. This evaluation approach should
be efficient in pre-production stages of technically
advanced tools, for which late changes are expensive
and causes release-delays. The present limited vir-
tual measurement tools of IMMA restrained the time
efficiency in this type of ergonomic assessments of
static work conditions. IMMA has built-in functions
for automatic manikin positioning and for automatic
application of (as do other DHM tools) ergonomic
risk assessment methods. However, these automatic
functions are not designed for VDU work. Improve-
ments should also be made to DHM tools. If models
for VDU work are added, there may be a revival of
population-representing digital human manikins in
static work situations.
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MP, van Dieën JH. Position sense acuity of the upper extrem-
ity and tracking performance in subjects with non-specific
neck and upper extremity pain and healthy controls. Journal
of Rehabilitation Medicine. 2010;42(9):876-83.

[25] Zihni AM, Ohu I, Cavallo JA, Cho S, Awad MM. Ergonomic
analysis of robot-assisted and traditional laparoscopic pro-
cedures. Surgical Endoscopy. 2014;28(12):3379-84.

[26] Lawson EH, Curet MJ, Sanchez BR, Schuster R, Berguer R.
Postural ergonomics during robotic and laparoscopic gastric
bypass surgery: a pilot project. Journal of Robotic Surgery.
2007;1(1):61-7.

[27] Yu D, Dural C, Morrow MM, Yang L, Collins JW, Hallbeck
S, et al. Intraoperative workload in robotic surgery assessed
by wearable motion tracking sensors and questionnaires.
Surgical Endoscopy. 2017;31(2):877-86.

[28] Gosrisirikul C, Don Chang K, Raheem AA, Rha KH. New
era of robotic surgical systems. Asian Journal of Endoscopic
Surgery. 2018;11(4):291-9.

[29] Craven R, Franasiak J, Mosaly P, Gehrig PA. Ergonomic
Deficits in Robotic Gynecologic Oncology Surgery: A
Need for Intervention. J Minim Invasive Gynecol. 2013;
20(5):648-55.

[30] Hares L, Roberts P, Marshall K, Slack M. Using end-user
feedback to optimize the design of the Versius Surgical Sys-
tem, a new robot-assisted device for use in minimal access
surgery. BMJ Surgery, Interventions, & Health Technolo-
gies. 2019;1(1):e000019.

[31] Fan X, Rhén I-M, Kjellman M, Forsman M, editors.
Ergonomic Evaluation of a Prototype Console for Robotic
Surgeries via Simulations with Digital Human Manikins.
Congress of the International Ergonomics Association;
2018: Springer.

[32] OSHA. Occupational Safety and Health Administration, US
Department of Labor. Computer Workstations eTool Check
lists – Evaluation. Downloaded 2018 from: https://www.
osha.gov/etools/computer-workstations/checklists.html
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