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Abstract: This study explores the challenges and solutions related to improving the interior ergonomics of a
small street sweeper, with a specific focus on redesigning the steering column and brake pedal system. The initial
design faces issues such as obstructed field of view and limited space in the operator's knee area. The primary objective
is to enhance comfort and safety for the operator within the constraints of the existing design. The proposed solution
involves a new steering column structure that integrates the brake pedal system. Siemens Jack software was employed
for ergonomic analysis, revealing improved operator comfort and larger field of view with the modified design. Dy-
namic analysis using ADAMS View confirmed that the new brake pedal system met the requirements outlined in the
ECE R13 regulation. This solution improves ergonomics, offers larger field of view, and ensures optimal brake perfor-
mance.
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JAU3AJH, AHAJIM3A U OIITUMHU3AILINJA HA YITIPABYBAUKHOT CTOJIb
HA EJIEKTPUYHA MAIIINHA 3A YUCTEILE YJINIHA

AmcTpakT: OBa HCTpaXyBame I'M HCTPaXyBa NPEIU3BHIIMTE U PEIICHH]aTa IIOBP3aHU CO MOA00pyBabe Ha
€proHOMHjaTa Ha MallliHa 32 YICTeHhE Ha YIUIH, co (QOKYC Ha pe3ajHUpakhe Ha YIIPAByBaYKHOT CTOJIO U IEAATIOT Ha
conupaukara. [Jo4eTHHOT An3ajH ce COOUyBa CO OrpaHNYYBamba KaKo IITO C€ HAMAJICHOTO BUIHO 110JI€ M OTPaHUYEHHOT
IPOCTOP BO MPEZENOT Ha KOJIEHAaTa Ha onepaTopot. [IpumapHara nen e aa ce nogo6pu ynooHocta u 6e30eaHoCcTa Ha
OIepaTopoT BO PaMKHTE Ha OTpaHMYyBamarTa Ha MOCTOJHUOT Iu3ajH. [IpeioKeHOTO penieHne BKIydyBa Moaudu-
IIMPaH MOJIEN Ha YNPaByBauKHOT CTOJO BO KOj € MHTEIPUPaH MENAJIO0T O CUCTEMOT 3a CTOIHpame. [IporpaMckuoT
makeT Siemens Jack e KOPHCTEH 3a eproHOMCKa aHaIN3a, MOTBPAYBAjKH Jeka HOBHOT IW3ajH NMa noxodpa yxo0HOCT
1 IIOTOJIEMO BHIHO 1oJIe. JlmHaMmrukaTa aHaian3a co nomom Ha ADAMS View moTBp/yBa Jieka eaaoT ¥ IPEeHOCHUOT
MeXaHW3aM Ha COIMPAvYKHUTE TH UCIIONHYyBaaT OapamaTa HaBeneHH Bo perynatuBata ECE R13. Hooto pemenwe ja
noo0pyBa eproHOMujaTa, HyAM 3rojieMyBambe Ha BHAHOTO Moie W 00e306eayBa ONTHMaiHH HephOpMaHcH Ha
COMHMPAYKHTE.

Knyunu 300poBu: ynpaByBauku CTONO; AT O CHCTEMOT 3a CTONHUPAkE; EproHOMHja Ha BO3HUJIA,
MallIiHa 33 YUCTEHhE YIUIN

1. INTRODUCTION

Ergonomic methods are applied in the earliest
stages of the vehicle design process since they in-
clude considering crucial points which determine
the comfort and safety of both the driver and occu-
pants, such as: the driver's body position, intuitive
interactions at workstations, unobstructed field of
view, easily reachable and useable controls, etc. [1].

The goal is to achieve an optimal “fit” between the
drivers and the vehicle in a manner that eliminates,
or greatly reduces, the risk of mistake and misuse
that might lead to system failures and injuries [2].
Ergonomics is what makes the design safe, comfort-
able and convenient. However, the ergonomic tasks
can be quite challenging when designing the vehicle
interior subsystems — seats, controls, pedal systems,
dashboards, and other elements, within the very


https://doi.org/10.55302/MESJ24421005a
mailto:martin.petreski@mf.edu.mk

6 E. Angeleska, V. Cangoski, B. Nestorovski, A. Vasileva

limited space. Moreover, the vehicle interior design
encompasses various aspects and standards [3]. In
that sense, a systems approach is commonly used
which includes analyzing the driver, the vehicle and
the environment as interconnected systems with
specific characteristics [2]. The input information
required to help these systems function and
exchange information successfully is a combination
of multi-disciplinary data — ergonomic guidelines,
anthropometric measurements, vehicle regulations,
recommended practices for car interior design, etc.
[2, 4]. The input information directly influences the
interior design process.

The design and placement of the pedal systems
is among the top priority vehicle ergonomic tasks
since the accelerator, clutch and brake are the most
frequently used controls in a vehicle. Authors Garg,
Bhide and Gupta [5], emphasize that ensuring their
proper positioning in alignment with human anthro-
pology is of paramount importance, particularly
concerning driver comfort. In their research, the au-
thors highlight that the particular SAE standards
(J1100, J1516, J1517) which provide the ideal pedal
point position do not fully consider the differences
in drivers of various percentiles. Therefore, they
provide a model for optimizing the pedal points ac-
cording to several inputs and packaging constraints:
effective H30 value, pedal plate angle, pedal lever
angle and length, anthropometric data, and also seat
travel and torso angle [5].

In the study of Zarizambri bin Ahmad [6], an
analysis was conducted to enhance and further opti-
mize the pedal box system for a small race car (For-
mula SAE Third Race Car). The author takes into
consideration the ergonomic recommendations for
accessibility of controls, the dimension constraints
of the specific vehicle type, seat and safety features,
the requirements for the pedal systems and relevant
regulations. Based on all considered parameters, the
author designs a new pedal box and evaluates it
through virtual ergonomic tools, FEM analysis and
kinematic and dynamic simulation tools [6]. Simi-
larly, in the project of Evan Beery the pedal box as-
sembly for the electric formula SAE racecar team’s
2016 racecar was designed and produced [7]. The
design is based on interior measurement standards,
as well as durability, manufacturability, and cost re-
quirements [7].

The work of Ravan et al. [8], on the other hand,
is the design and ergonomic considerations pre-
cisely for a clutch pedal assembly. The research as-
sesses the subjective comfort levels experienced by
various drivers of different stature percentiles when

using the clutch pedal. Additionally, the study aims
to analyze the pedal lever and its mounting arrange-
ment using software tools. Conclusions include that
the H-point (hip-point) to AHP (accelerator-heel-
point) distance should be 650 mm so that the pedals
can be optimally used by different stature drivers by
adjusting the seat placement. In addition, prefer-
ences regarding all pedal clearance and dimensions
are given — clearance of 30 mm between clutch and
steering column, 47.5 mm between steering column
and brake, and 60 mm between brake and accelerator
[8].

Slightly differently, the paper of Zhang et al.
[9] proposes a kind of pure mechanical lifting pedal
applied to rail transit vehicles. This pedal is engi-
neered to accommodate various vehicle structures
and operators, significantly enhancing its versatility
and reliability across applications.

The review of existing scientific literature on
the ergonomics of vehicle pedals has furnished val-
uable insights. This research includes several of the
previously stated methodological approaches with
the goal to design, analyze and optimize a brake pe-
dal system according to ergonomic requirements
and packaging constraints given by a street sweep-
ers’ manufacturer. This paper elaborates a case
study and an evaluative research involving compar-
isons of performance in using different vehicle
brake pedal system designs and determining the
most convenient to use, with a focus on a user —cen-
tered approach. Input data is used from several
sources (vehicle characteristics; specific production
requirements; required performance according to
the ECE R13 regulation; anthropometric data; ergo-
nomic recommendations; 1SO standards for physi-
cal dimensions of operators, minimum operator
space envelope, zones of comfort and reach of con-
trols; etc.) to design a brake pedal system assembly
incorporated in the steering column construction.
Furthermore, this research utilizes a combination of
ergonomic and dynamic assessment tools.

The main objectives of this research, the used
methodology, as well as the multi-body and ergo-
nomic simulation, optimization results, and discus-
sions, are elaborated in the following sections.

2. PROBLEM STATEMENT

The research elaborated in this paper is the out-
come of the work on a specific engineering task
where the main requirement was to improve the in-
terior ergonomics of a small street sweeper. Due to
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very limited cabin interior space there was insuffi-
cient clearance around the vehicle operator, uncom-
fortable use of the brake pedal and obstructed field
of view. The issue with the field of view was due to
the size of the new steering column which was po-
sitioned higher in order to incorporate (beside the
steering wheel components) the given brake pedal
cylinder and two control screen holders. Therefore,
there was a need to redesign the brake pedal system
while keeping the same type of master brake cylin-
der and achieving the required brake performances

Table 1

and brake pedal force according to the ECE R13
regulation, but incorporating all components in a re-
duced steering column construction that does not in-
vade the operator space envelope and the view of
the road while the sweeper is working. In addition,
the rules for an ergonomic brake pedal, in terms of
pedal size, angle and placement needed to be fol-
lowed.

Table 1 displays all the general input data re-
quired for the steering column and brake system de-
sign.

Input data

Vehicle characteristics

Vehicle type

Brake cylinder

Max pedal force

Cabin interior size (height x width x depth)

Vertical distance between the accelerator heel point (AHP) and the seating reference point

Street sweeper
Single master cylinder
700 N
1365 x 990 x 1160 mm

(SgRP) - H30 440 mm
Horizontal distance between accelerator heel point (AHP) and seating reference point
(SgRP) — L53 720 mm
Vertical distance between accelerator heel point (AHP) and steering wheel midpoint — H17 710 mm
Horizontal distance between accelerator hell point (AHP) and steering wheel midpoint — L11 125 mm
Ergonomics parameters [2, 10, 11]
Foot angle 6.5°
Ankle angle 96.5°
Knee angle (for comfort and reaching the brake pedal with a force of 338 — 507 N) 110°
Spine angle from the thigh bone 100°
Comfortable head tilt 30° up and down
Brake resistance 445-222.4 N
Pedal travel 13-64 mm
Height above accelerator (for unassisted foot operation) 91 mm
Pedal dimensions — minimal (height x width) 25.4 x 76.2 mm
Pedal spacing About 50 mm

ISO 3411:2007 Physical dimensions of operators and minimum operator space envelope

Horizontal sitting surface height
Eye height sitting

Buttock—knee length

Knee height, sitting (with shoes)
Hip breadth, sitting

Width within space for legs

Clearance between enclosure and operator’s shoe working pedal

400-495 mm
690-858 mm
530-670 mm
500-627 mm
320-456 mm
>560 mm
>30

1SO 6682:1986 Zones of comfort and reach for controls

Foot control location comfort zones, forward from the SgRP (side view)
Foot control location comfort zones, from the SgRP to the floor (side view)
Foot control location comfort zones, left and right from the SgRP (top view)

600-900 mm
150-500 mm
300 mm

Maw. unore. nayu. ciiuc. 42 (1), 5-14 (2024)
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This research is based on the application of the
given input data in the design of a new solution that
will have an improved steering column and brake
pedal system of the street sweeper, from both ergo-
nomic and brake performance perspectives.

The main research questions that were ad-
dressed are:

1) What do the results of the ergonomic anal-
ysis reveal about the comfort assessment
and field of view of the initial steering col-
umn design?

2) Does the modified model of the steering
column and brake pedal offer improved
cabin ergonomics?

3) Does the modified brake pedal system
achieve satisfactory brake performance
while adhering to the given require-
ments?

Addressing these questions was essential to
understand the limitations of the initial brake pedal
design and to establish guidelines for improved so-
lutions. Furthermore, a new modified model was in-
troduced, in which the shortcomings of the initial
design were addressed. Additionally, in this re-
search a verification process is conducted to con-
firm that the ergonomic and dynamic parameters of
the modified model adhere to acceptable values.

n Research 2

background
- Literature review;
- SAE Occupant packaging;
- ISO standards

- Objectives;
- Constraints.

Problem
statement
—»- Requirements;

3. METHODOLOGY

The diagram in Figure 1 outlines the steps
taken to address the main research questions. First-
ly, data was extracted primary from academic litera-
ture and publication, as well as SAE recommended
occupant packaging, ISO standards and other ergo-
nomic recommendations. Next, the problem was
thoroughly defined with all the critical parameters
that need to be optimized. In this stage, the object-
tives were listed and all the input data regarding the
vehicle characteristics, required brake pedal fea-
tures, as well as the extracted ergonomic infor-
mation were systematized (Table 1). The following
step was the development of the new design. The
initial model served as a base, and according to the
input data modifications were made and a new brake
system and steering column were modeled using
SolidWorks. To validate the modified model, two
types of analysis were made. For generating a sim-
ulated workspace to evaluate the driver's comfort
and the field of view and compare the ergonomics
of initial design and the proposed solution, Siemens
Jack software was chosen as a virtual ergonomics
tool. The ergonomic tests were followed by a dy-
namic simulation of the brake pedal model in AD-
AMS in order to test the brake pedal and master cyl-
inder performances and to conduct an optimization.
Finally, the results were analyzed and conclusions
were drawn.

Analysis and
verification

ca

concept design

—» - Comupter-aided design —»

- Ergonomic analysis;
- Dynamic analysis;

model using SolidWorks
software

M Conclusion Q—H Results and discussion

Fig. 1. Research methodology flowchart

4. CAD CONCEPTS

The CAD model of the initial design is given
in Figure 2 (a and c). The height of the steering
wheel column construction is 651 mm, or 800 mm
including the steering wheel and screens. The
distance between the steering column and the seat
in this case is 300 mm. This increased height of the
column construction is due to the design of the
brake pedal system which has a cylinder positioned
in an upward direction. In addition, two screens are
incorporated, with their holders connected to the
column, positioned to the left and right side of the
operator.

In the modified design, given in Figure 2 (b
and d), a new orientation of the brake cylinder is
chosen to create a more compact design and as a
result the column is significantly reduced in height.
The new height of the column is 400 mm. The
screen holders are also removed from the column
construction and added to the left and right main
profile of the cabin. This results in additional field-
of-view-obstruction clearing. The steering column
is also shortened in the front for more clearance
around the operator’s knees, and the new distance
achieved between the column and seat is 330 mm.

Mech. Eng. — Sci. J., 42 (1), 5-14 (2024)
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b) New design — steering column

d) New design — brake pedal system within the column design

Fig. 2. SolidWorks model of the initial and new design of the steering column and brake pedal system

5. ANALYSIS AND RESULTS

As previously explained, this research includes
two types of validation analysis — ergonomic and
dynamic. The obtained results and comparisons be-
tween the two models are elaborated in this section.

5.1. Ergonomic analysis

A total of four simulations were conducted us-
ing Siemens Jack, by using two different tools for
both the initial and modified model. The street
sweeper cabin together with the steering column
and the brake pedal were imported in Jack’s soft-
ware. The default male mannequin, with a height of
175 cm, belonging in the 50" height percentile, was
used and adjusted in a static position that helped to
conduct ergonomic analysis for comfort assessment
and field of view of the initial and modified design.
In the first case, the mannequin was positioned in
the vehicle cabin with the initial steering column de-
sign, in a seated position. The right leg was placed
on the brake pedal, while the left leg remained free,
and both hands were firmly placed on the steering
wheel. After that, from the Occupant Packaging
Toolkit, the Comfort Assessment tool and Obstruc-
tion Zones tool were applied. The Comfort Asses-

Maw. unore. nayu. ciiuc. 42 (1), 5-14 (2024)

sment tool helps to check whether a given Jack
model is in a comfortable seated posture based on
individual joint angles and overall body posture. It
generates bar graphs which indicate if the body parts
and joints are within the comfort range (green bars
— comfort values; yellow bars — outside of the rec-
ommended range; red bars — extreme positions).
The Obstruction Zones tool, on the other hand, re-
quires the selection of the mannequin’s eye point
sight, and the obstruction segment (in this case the
whole steering column) to generate planes which il-
lustrate the obstructed part of the field of view. In
the second case, the same procedure (same manne-
quin placement and same tools) was conducted us-
ing the new design as well.

The results of the Comfort Assessment analy-
sis are given in Figure 3 (a — initial design; b — new
design). The comparison of these results shows that
the initial model exhibits worse outcomes and dis-
comfort in the right thigh muscle, right knee, as well
as the right calf muscle of the leg (shown with yel-
low bars). These less favorable values are a conse-
quence of limited space and minimal room for ac-
commodating a steering column. In contrast to that,
the results from the comfort assessments for the
modified model show better outcomes, falling
within the range of allowable values.
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Fig. 3. Comparison of results from the ergonomic analysis using the Comfort Assessment tool
in the Occupant Packaging Toolkit in Siemens Jack software

The results of the Obstruction Zones analysis
are given in Figure 4 (a — initial design; b — new de-
sign). Since for the street sweeper operator an im-
portant task is to constantly monitor the road ahead
the field of view should be as clear as possible.
From the field of view comparison of both models,

it is clear that with the second variant, where the
steering column is reduced mostly due to the new
pedal system design, the operator has a better field
of view. This is visible from reduced angle of the
planes illustrating the obstructed part of the field of
view.

Mech. Eng. — Sci. J., 42 (1), 5-14 (2024)
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b) Obstruction Zones results for the new design

Fig. 4. Comparison of results from the ergonomic analysis using the Obstruction Zones tool
in the Occupant Packaging Toolkit in Siemens Jack software

5.2. Kinematic and dynamic analysis

In order to ensure the effectiveness of the brak-
ing system, a multibody dynamic analysis was
conducted using ADAMS View. To fulfil the ECE
R13 regulation, a 60 bar hydraulic pressure is
needed to be achieved and the minimum needed pis-
ton stroke was determined to be 16.5 mm. There-
fore, the minimal required actuation force of the cyl-
inder had to be 1710 N.

The ECE R13 regulative mandates that the
pedal force should not exceed 700 N, thus the

Maw. unore. nayu. ciiuc. 42 (1), 5-14 (2024)

applied force of the virtual model is equal to the
maximum one allowed, in order to test the braking
performances in extreme conditions.

The results of the original design can be ob-
served in Figures 6 and 7 where it can be obtained
that the results are satisfactory and the required
goals for minimal cylinder force and piston stroke
are achieved. But, for the purpose of achieving im-
proved braking performances and reducing the nec-
essary pedal force, an optimization was conducted.
Due to the design space limits, and defined required
ergonomic parameters, limited number of changes



12 E. Angeleska, V. Cangoski, B. Nestorovski, A. Vasileva

were available to the design of the system. The pe-
dal and master cylinder positions were not changed,
while the attachment position of the pedal (Point 1
— P1) and the connecting point (Point 2 — P2) be-
tween the master cylinder rod and the connector
plate were modified. These positions are presented
in Figure 5. P1 was chosen to be the origin of the
coordinate system.

Fig. 5. Virtual multibody model

Table 2 presents the created design variables
(DV) and their range. The range was determined
based on the limits of the column construction.

During the optimization process, 3 iterations
were made to determine more optimal position of
the connecting points. The results of the optimiza-
tion and the position of the connecting points is pre-
sented in Table 3.

Table 2

Design variables parameters

Design Initial
variable position

Position change range

Point1-DV 1 0 (-25, 20) translation along y axis
Point2-DV 2 -71.84 (-130,-50) translation along x axis

Point2—-DV 3 20.94 (-30, 40) translation along y axis

Table 3

Optimization results
Iterations Ma]f;errcg{:\il’;der DVl DV2 DV3
Original design 2129.7 0 -71.84 20.94
Iteration 1 2710.9 -8.2 -50 —40
Iteration 2 3282.2 18.493 -50 -30
Iteration 3 3369.3 17.895 -50.04 -30

The optimization results show increase in
braking force by 58% (Figure 6). This shows that
even the minor modifications in a tight space can
improve the braking performance. Although this
force is almost two times higher than the minimal
required one, it must not be forgotten that the simu-
lation is conducted with maximal pedal force of
700 N. Therefore, the required minimal force can be
achieved by applying smaller brake pedal force,
thus increasing driver’s comfort and satisfaction.

The only negative side is the need for bigger
piston stroke of the brake cylinder (Figure 7), but
fortunately the current master cylinder can achieve
that.

4000.0
3000.01
z
g 2000.0
£ | —Original Design
1000.0 | —lteration 1
- - -lteration 2
| —Iteration 3
0.0
0.0 0.0625 0.125 0.1875 0.25

Time (sec)

Fig. 6. Master cylinder braking force output
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Fig. 7. Master cylinder piston stroke

6. CONCLUSIONS

This study is based on a specific methodologi-
cal approach used in order to develop, assess, and
enhance a brake pedal system that complies with
specified ergonomic and packaging constraints.
This paper presents a study and evaluation that com-
pares the performance of two vehicle brake pedal
system designs, aiming to identify the most user—
friendly option. The main goal was to utilize the
available input data (such as vehicle specifications,
manufacturing requirements, ECE R13 regulation
for necessary performance, anthropometric data, er-
gonomic guidelines, ISO standards, etc.) to create
an alternative brake pedal system assembly inte-
grated into a steering column structure which is de-
signed in a manner that does not cause insufficient
clearance around the operator, or uncomfortable use
of the brake pedal, and does not obstruct the field of
view.

There were two main challenges of the task:
(1) solving the issue with obstructed field of view
and limited space in the knee area of the operator
due to the initial design of the steering column, and
(2) redesigning the brake pedal system to fit in a
smaller steering column while keeping the same
type of master brake cylinder and achieving the re-
quired brake performances and brake pedal force
according to the ECE R13 regulation.

To respond to the given requirements, a modi-
fied steering column structure was proposed with an
integrated brake pedal system which featured a new
orientation of the brake cylinder chosen to create a
more compact design and reduce the size of the
steering column. To verify the new design, ergo-
nomic and dynamic analysis were made using Sie-
mens Jack and ADAMS View.

Based on obtained results, it is evident that the
ergonomic issues were successfully reduced. Ac-
cording to the Comfort Assessment analysis, more

Maw. unore. nayu. ciiuc. 42 (1), 5-14 (2024)

natural positions of the operator’s body and joints
while using the steering wheel and brake pedal were
noted with the smaller steering column. Issues with
discomfort of the thigh muscle, knee, and calf mus-
cle of the right leg were overcome with the new de-
sign which is more compact and allows more space
for leg movements. In addition, based on the Ob-
struction Zones analysis, we can see a reduced angle
and height of the generated obstruction plane, mean-
ing that a clearer view over the street and sweeper
brushes will be possible with the new steering col-
umn.

The results from the multibody dynamic anal-
ysis of the new brake pedal arrangement were also
satisfactory and the required goals for minimal cyl-
inder force and piston stroke were achieved. More-
over, an optimization of the new brake pedal system
was done to achieve improved braking performance
which was conducted by varying the attachment po-
sition of the pedal and the position of the connecting
point between the master cylinder rod and the con-
nector plate. No other optimization modifications
were made since the rotated orientation of the brake
cylinder and limited interior space did not allow a
possibility for more drastic variations. However,
even with a small modification in the previously
mentioned points, the optimization results showed
an increase in the braking force and improved brak-
ing performance.

In the end, the new steering column with opti-
mized braking system was implemented in the street
sweeper and the solution was verified on the real
model. The same brake cylinder was used, but with
the new orientation the interior became more ergo-
nomic. In addition, as previously elaborated, due to
tested variations of the attachment position of the
pedal and the connecting point between the master
cylinder rod and the connector plate, optimum brak-
ing force output was achieved.
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In conclusion, we can state that the initially
given research questions were successfully addres-
sed: (1) the ergonomic analysis revealed specific
issues about the comfort assessment and field of
view of the initial steering column design; (2) the
modified model of the steering column and brake
pedal did offer improved cabin ergonomics; and (3)
the modified brake pedal system achieved satisfac-
tory brake performance while adhering to the given
requirements and reducing the needed brake pedal
force applied by the driver.
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