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Abstract

Because of their technical advantages over ordinary metal springs, gas springs
find usage in wide range of applications from furniture to aerospace industry
as lifting, lowering or damping assists. Their integration to the tailgate opera-
tions in automotive industry is a challenging area, where not only the funda-
mental gas spring characteristics but also the mounting settings, working en-
vironment and tailgate body structure should be considered. The design and
integration of these components will determine manual force exertion of op-
erators thus the consideration of ergonomic characteristics of different popu-
lations is crucial. This paper introduces a recent visual academic software
package, entitled TEM-SOFT, which is developed as a part of this research to
perform ergo-mechanic simulations of tailgate operations with a fast, reliable
and contemporary engineering approach and it is suitable for engineers and
under-post graduate level students of mechanical and industrial engineering
programs in the universities. The software developed and presented in this
paper features all aspects of tailgate-gas spring operations considering the as-
sembly scheme, tailgate mass center, gas spring type and working tempera-
ture in order to compute the required manual forces and the individual and
combined impacts of acting parameters. Sufficient amount of scenarios were
considered and the results were evaluated and discussed extensively. In addi-
tion to the other key findings, conducted research has shown that stronger
gas springs, more effectively tend to move the critical tailgate position an-
gle—where no operator force is needed to keep the tailgate opening—to the
initial phases of the opening operation. A trade-off of this benefit is a superior
initial manual force during closing.
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1. Introduction

The terms design, analysis, sensitivity, rapidity and cost raise the stress on au-
tomotive engineers in today’s global industrial challenge. Especially when the
task becomes the simultaneous consideration of the mechanic force level, ergo-
nomic suitability for the operator part, proper industrial actuator/damper selec-
tion and the assembly strategy of the actuator/damper on the vehicle body,
scientific support expectation of the engineer becomes inevitable. Among the
several application areas, such as safety mechanisms [1], medical equipment [2]
and even for overload protection and force regulation [3], gas springs are also
widely employed as both actuators and dampers in the automobile industry in-
cluding cars, buses, trucks and construction machines. The cooperative function
of the gas springs with the operators, structures the related research frame in the
present scientific vision mainly on the following four key topics:

1) Concerns on force and ergonomics, covering the interaction of the rigid
body dynamics parameters with operator functions.

2) Integration of automotive design with human factors, aiming to fit the
structural design with anthropometric data.

3) Principles and design fundamentals of gas springs, including the physical
description, compressible gas specifications and flexibility of assembly adapta-
tion in the employed mechanism.

4) Computer aided design scopes in current engineering studies, indicating
the advantages such as reliability, sensitivity, rapidity and scenario based adap-
tability.

With the progress of ergonomics as a science branch, the concepts of force
and ergonomics are accustomed to be recognized in conjunction. Marcus et al.
[4], indicating the significance of characterizing the associations between specif-
ic postures and musculoskeletal health, carried out a statistical investigation on
various contributors to propose a suggestion system for reducing the risk of
musculoskeletal symptoms and disorders. Mukhopadhyay et al [5] as well inves-
tigated the discomfort measures on human body parts due to torque exposure
during industrial activities. Due to the need on the development of a regression
model for the ergonomic orientation of shoulder operation, Groot and Brand [6]
worked on the recorded position data of a group of subjects, where the input
parameters were the pre-defined posture of the subjects and the magnitude and
direction of the external forces applied. To determine the maximal voluntary
isometric forces for a variety of finger pulling tasks, Cort and Potvin [7] worked
on seven operating conditions with a number of force application location and
interface characteristics; their outputs have the potential to contribute to pro-
tecting worker health and safety and ensuring manufacturing quality. Lin et al
[8] explored the applications of a new model for predicting power threaded fas-
tener-driving tool operator response and capacity to react against impulsive
torque reaction forces for use in tool selection and ergonomic workplace design.

To quantify the relative effect of the magnitude and direction of the exerted push
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force and of trunk inclination on the mechanical load at the low back using a re-
gression analysis for correlated data, Hoozemans et al [9] not only explored the
effects of handle height and type of pushing activity when pushing a four-
wheeled cart on a treadmill but also investigated the kinematics and measured
the reaction forces on the hand to calculate the net moment. Due to the lack in
the low cost predicting methods for observing biomechanical load on an opera-
tor during production in a workplace, Laring ef a/. [10] developed an ergonomic
complement system that gives a first insight into the future ergonomic quality of
a planned production; such that by initially identifying the events causing high
biomechanical load on the operator, the production engineer gains the opportu-
nity to redesign the process. Duprey et al [11] discussed the challenge of mea-
suring electromyographic (EMG) data in the field for the estimations of the
muscular activations to ergonomically assess occupational tasks. The upper limb
musculoskeletal (MSK) model from anybody was used for the prediction of joint
reactions and muscle activations during a push force exertion task. The esti-
mated results were compared with recorded ones performed by five healthy sub-
jects equipped with EMG surface electrodes on the biceps, triceps, trapezius, an-
terior deltoid, and medial deltoid muscles. The results revealed that the patterns
of the simulated activations from more recruited muscles were similar to the
measured patterns. They concluded that the recorded signal patterns can cor-
rectly be reproduced by the MSK model for the shoulder muscles which are the
most required in a lateral push task.

Automotive, being the leading industry in the global world, serves as an inte-
gration platform of several engineering disciplines. Among them kinematics,
mechanics and ergonomics are accepted to be more pronounced when the focus
is the physical interaction of the humans with car body parts. Reuding and Meil
[12], by examining the ergonomics evaluation of a vehicle interior, which is a
complex activity relying heavily on know-how gained from personal experience,
investigated the predictive value of virtual reality and virtual environments when
used for engineering assessment tasks. An integrated framework for vehicle inte-
rior design using a digital human model (DHM) was developed by Moonki et al.
[13]. They implemented the knowledge-based parametric modeling function of
vehicles using a commercial computer-aided design (CAD) system and reported
the beneficial background attained by combining the DHM and the CAD sys-
tems which enables the designers into carrying out ergonomic evaluations of
various human-vehicle interactions and understand the effects of modifications
of vehicle design parameters on occupants during the design phase. Similarly in
another study, researchers implemented virtual reality for the evaluation of car
interiors and seating position of the driver. For their ergonomic assessments,
digital human models were formed representing American male population in a
semi-immersive virtual environment. They were able to make recommendations
on driver’s seating position without the need of physical prototypes [14]. Lam-
kull et al [15] studied the factors owing to the appearance of virtual human

models in the determination of the working posture; they not only demonstrated
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the difference between the showing and visually evaluating options of the human
modeling tool, but also recommended a combination of visualizations and ob-
jective ergonomic assessment methods to minimize subjective effects. Joung et
al. [16] developed a neutral schema to extend the abilities of a product lifecycle
management system which utilizes an ergonomic simulator to analyze video re-
cordings of the worker by managing forward-inverse kinematics and check-
list-type ergonomic analysis techniques. They claim even a non-expert can per-
form ergonomic simulations by using this system. Fritzsche [17] declared the
significance of the deviations among the digital human model simulations and
real-life assessments; he suggested the incorporation of the comprehensive me-
thods with simulation software to enhance the efficiency and the validity of dig-
ital ergonomics risk assessment. Gilad and Byran [18] emphasized the visual
awareness of the driver when operating and controlling a vehicle. They devel-
oped a method for measuring and mapping the Field-of-View of the driver, in-
corporating computer simulations of a cockpit model and DHM positioned in-
side. Their approach differs from the previous methods by displaying quantita-
tive data rather than qualitative results, thus the designer do not need to interp-
ret the result in many ways, and take actions based on a trial and error, versus a
scientific approach. A 3D worker simulation, in which DHM motions are auto-
matically generated from textual descriptions, is currently being developed as
part of an EU-funded project. Busemann et al [19] suggested breaking down
imperative sentences into a sequence of elementary actions, such as walk, pick,
or place, carried out by virtual manikins using and manipulating objects in a 3D
virtual car assembly shop-floor. Authors stated that their work promises an un-
equalled level of support to both plant planners and workers. A hierarchical
controller framework was developed by Mérdberg et al [20] for manikin motion
planning aimed to reduce the time needed to perform virtual ergonomic assess-
ments of manual assembly sequences. They realized and tested a general
whole-body path planner in a virtual car manufacturing plant, which ensures
collision-free and ergonomically sound motions that accomplish the assembly
tasks. Wilder et al [21] studied to determine whether a truck seat with a gas
spring in its suspension, is superior to the standard spring seat in slowing the
onset of muscle fatigue and reducing the level of discomfort experienced during
road vibrations while maintaining typical driving postures. They concluded that
fatigue and comfort measures can be used to detect postural defects, but the
more sensitive measures of seat-driver interactions remain the mechanical ones,
using motion-measuring techniques such as accelerometry and correcting the
heavily damped nature of the system.

Scientists as well involved in industrial applications, where gas springs take
part in the execution sequences. Besides, a number of researches also served to
develop significant knowledge on the principles and design fundamentals of gas
springs. Two different gas spring designs for a free-piston application were in-
troduced by Pohl and Ferrari [22]; on the basis of thermodynamic calculations

they analyzed a mass-variable and a volume-variable gas spring for different op-
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erating points. Cho et al [23] carried out a work to satisfy the conditions for op-
timum design and recorded that the friction loss between the cylinder bore and
the piston increases. In a supporting design work, Pereira and Deschamps [24]
pointed out not only the significant impact of the proximity between the piston
and the cylinder head on the flow field, but also the additional viscous friction
force associated with the radial flow through the very narrow clearance left in
the cylinder when the piston is close to the top dead center. Kornhauser [25]
presented an elastic model, which is an improved prediction subroutine, with a
series of dashpots and proper spring selection guidelines and damping constants.
The combined effect of orifice flow and heat transfer on piston power dissipa-
tion of a gas spring has been evaluated within the framework of a small pertur-
bation theory by Mirels [26], who figured out the relationship between piston
displacement and gas spring pressure perturbation. In an accompanying heat
transfer concern based study, Kornhauser and Smith [27] performed experi-
ments on a piston-cylinder gas spring, by varying the speed, cyclic mean pres-
sure, gas, bore/stroke ratio, volume ratio, and internal extended surface geome-
try. They measured hysteresis loss, pressure wave magnitude and pressure-volume
phase shift.

Due to the complexity of the analysis and the design procedures in automotive
industry, tackling with certain problems and detailing the comprehensive phe-
nomena strongly confirm the need of specialized computer software support.
Waterman [28] put forward the present industrial fact that, several global car
manufacturers cut down the prototype expenses through trustable and robust
virtual tests on simulated crash, suspension fatigue, fluid flow, performance, er-
gonomics, assembly sequencing, mold-flow, formability and welding. Aparicio et
al. [29] developed a vehicle dynamics simulation program, which is capable of
carrying out sensibility analysis of a 14-degrees of freedom system and justifying
the effects using theoretical concepts. A software, to provide knowledge and to
promote the experience of engineers and experts on the vehicle performance
calculations, was developed by Calvo et al [30]. Their new computational struc-
ture allows the design and calculations of dynamic mechanisms, which can be
continuous-time, multi-rate discrete-time or virtually any combination of the
two, with enough accuracy and by modifying the parameters that influence the
performance values. Bylund [31] presented a software, which can support the
design engineer, by carrying out the complex and iterative design and analysis
processes of multipart mechanical structures faster and with high sensitivity. The
main goals of the software are specified for the cases when considering the stiff-
ness and interaction of the joints at the interior panels of the car body. A ma-
thematical model, to analyze the hybrid vehicles and their components in detail
was developed by Jimenez et al [32]. The achievements of the model are ex-
plained as the possibility of modifying the internal parameters of the program,
such as the vehicle energy, the flow control strategy and studying each compo-

nent in detail. Fabian ef a/ [33] introduced an experimental vehicle, where its
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body was designed by means of 3D modelling using the CAD system CATIA V5.
They used a module of the software to utilize materialization of the product im-
ages by simply pulling of the boundaries of a virtual sphere which is situated in
the “control cage”. They concluded that, with the help of newest CAx technolo-
gies together with printing possibilities of the 3D printers, even people short of
practical skills in the area of CA-simulation processes can shorten the innova-
tion time not only during development of the new motorcars, but also in all
branches of the engineering industry.

The above defined past scientific investigations not only clearly identified the
simultaneous presence of the issues related to force, ergonomics and automotive
design based on human factors, but also formally denoted the broad industrial
fields where the gas springs are employed with specific expectations. The con-
temporary scientific perspective strongly puts forward the reliable, sensitive, sta-
ble and fast progress of computer aided courses due to the quality and credibility
of the results obtained. Especially for multi-factorial and interdisciplinary na-
tured research frames of automotive design and engineering scopes [34] [35],
similar to the coverage and aims of the present study, special simulation software
support has become a custom industrial practice. Keller et al [36] aimed to in-
vestigate the physiological and subjective responses of workers under different
working conditions. The subjects volunteered to work with dry and oily hands
and different type of screwdriver handles was examined. The handle with mi-
cro-textured single component surface shows the best results in terms of maxi-
mum torque exertion. Simultaneously physiological cost yielded by subjects
examined through recording electromyographic activities of 4 muscles involved
in the working tasks. It could be seen by all screwdrivers that m. flexor digito-
rum was the dominantly involved muscle in screwing tasks. In another screw-
driving task, mostly indigenous made handles were investigated. Additionally
the subjects were asked to wear glove in screwing in and unscrewing tasks. EA
activities from 5 different muscles were measured and subjective responses were
also recorded through questionnaires. Significant differences were determined
between maximum torque values produced during inward and outward rota-
tions for the three operational cases. Maximum torque values exerted by 12 sub-
jects using industrial gloves were substantially higher than the values obtained
by dry and oily hands during both supination and pronation. EA results show
that physiological cost values during supination is clearly higher contrarily to
pronation [37].

In the present research, gas spring integrated tailgate operation of a vehicle,
with the complete set of geometric, component based and operational parame-
ters is investigated. Since the principle concern is the variation of manual forces
of the operators during the opening and closing operations from ergonomic
point of view, the major industrial and scientific aims and the novel contribu-
tions of the work are set as:

1) To establish the impact of assembly scheme of the gas spring with the ve-
hicle and tailgate, from the point of manual force, human factors and self-lacking
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ability.

2) To identify the influence of the tailgate mass center location on the rigid
body dynamics issues of the overall tailgate assembly.

3) To examine the task of gas spring nominal force level, in conjunction with
the assembly scheme and the resulting manual force level.

4) To inspect the role of working temperature on the gas spring output force
level and the corresponding outcomes.

5) To detail the individual and combined consequences of these agents.

This paper as well introduces a recent visual academic software package, en-
titled TEM-SOFT, which is developed as a part of this research, to accomplish
the above objectives with a fast, reliable and contemporary engineering ap-
proach. TEM-SOFT computationally integrates the industrial and scientific
knowledge of several disciplines on the simulation platform. TEM-SOFT pro-
vides the users to ® Design and investigate the operation of the assembly scheme
of the mechanism, which performs the opening and closing tasks of the tailgate,
e Analyze the rigid body dynamics concerns of the mechanism to identify the
component based force values, ® Inspect the appropriateness of the complete
assembly from the point of both physical functionality and ergonomic expecta-
tions,® Evaluate the manual forces during the opening and closing tailgate oper-
ations, @ Compute the variation of the internal force values of gas springs, based
on compressible gas principles, not only with working temperature but also
during the tailgate operation, @ Carry out tailgate analysis with real time gas
spring alternatives, through the dynamic database link, ® Update the contents of
the gas spring database, in accordance with the arising technological and scien-
tific necessities, ® Report the computed outputs in terms of both graphical and
documental means. In the present software-age, the outlined specifications are
unique to TEM-SOFT, which clearly identifies its novel contribution to both

academic purposes and industrial applications.

2. Basics of Tailgate Operation

2.1. Current Situation

As shown in Figure 1(a) the structure of the tailgate-gas spring assembly is cha-
racterized with a number of geometric definitions, such as the vehicle-tailgate
hinge (VTH), tailgate side (TSH) and vehicle side (VSH) hinges of gas spring,
tailgate mass center (TMC), handles for opening (OH) and closing (CH). The
tailgate rotates around the axis of VTH during operation; as the VSH of the gas
spring is fixed to the vehicle (Figure 1(b)), the TSH chases the tailgate body in
the two-dimensional plane. The location of the TMC is a consequence of tailgate
design and is not necessarily be within the rigid boundaries of the tailgate. The
positions of the OH and CH are decided by the simultaneous consideration of
the tailgate’s physical outline and the ergonomic necessities of the design expec-
tations. Besides, the locations of TSH and VSH considerably depend on the
magnitude of the gas spring moment (Mgs) required on the tailgate. Mgs is
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Figure 1. Structure of the tailgate-gas spring assembly.

primarily produced by the nominal force value (F,,,) and the dimensions of the

gon
gas spring. Moreover, at the closed position (6= 0°) of the tailgate, the length of
the gas spring () is at its shortest measure; however expands with the relative
motion of the pressure tube and the piston sections (Figure 1(b)) during the
opening operation. Accompanying this mechanism action, the assembly strategy
must satisfy the condition that the ¢ attains its maximum possible physical ex-
tent (& ,) at the fully open position of the tailgate.

The geometric design of the tailgate must basically satisfy the aerodynamic
integrity of the overall vehicle body form, the aesthetic expectations and the
need for the luggage compartment volume. Consequently its structural con-
struction brings about the total weight value and the center of gravity, which are
the closely inspected tailgate characteristics while selecting the most appropriate
gas spring for the opening and closing operations. Although not recognized as a
priority, the tailgate operation must encompass and ensure the ergonomic ne-
cessities as well. Since the weight exerts a moment on the tailgate in the closing
direction, the manual force of the operator must be provided in accordance. In
other words, the weight and the location of the mass center of the tailgate
(TMC) need to be regarded as coupled-parameters. As the tailgate designs
mostly resemble curved shapes, the mass centers may not be in the solid domain
and on the symmetry axis but can lay within the area bounded by the arc-formed
structure (Figure 1(a)). Besides, the positions and proportions of the glass and
metal sections are as well significant on this issue.

The structural design process of the tailgate-gas spring assembly must satisfy
the following 3 key points: 1) The negative value of the operator’s manual force
(Fhan) at the fully open position (6 = ) expresses that the tailgate will remain
open; 2) During the opening process, at tailgate position angles above the critical
value (6 > 6,,) the condition of F_,, < 0 indicates that the tailgate will keep on
opening without the manual force application of the operator; this condition is
accepted as one of the essential specifications in the ergonomic design aspect; 3)
In the closing operations, the tailgate is expected to self-lack without the applica-
tion of F_,,, where this engineering prerequisite can be interpreted as F,,, < 0 at
0=0".
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2.2. Theoretical Basics

The analysis of tailgate operation with gas spring installation is based on the theo-
ries and approaches of compressible gas principles, mechanism guidelines and ri-
gid body dynamics. Essentially, compressed nitrogen (N,) in the pressure tube
(Figure 1(b)) activates the force generation mechanism of the gas spring. The
pressure level in the tube is specified at T = 20°C and together with the piston

cross-section area (Figure 1(b)) defines the nominal force of the gas spring (F,,.,).

W1y (T-20), 341297
10 100

=F

gsn = LgsnT=20°C (1

The grade of nominal force not only labels the gas spring in the market, but
also acts as the primary decisive parameter on the gas spring output force (F,,).
Due to the augmentation of the pressure intensity of N, in the tube with higher
temperature, F,, , as well varies with working temperature where the relationship
is characterized by Charles’ Law as given by Equation (1) [38]. The compression
coefficient (Cy,), defined as the ratio of the tube pressure at the closed and fully
o Lhe
sp—Equation (2)) [38]
with gas spring length change (A, —Equation 3(a)), where the gas spring max-

open positions of the gas spring, is the second parameter, acting on F

amount of compression is assumed to vary linearly (C

imum length change (A ) is the difference among the fully open (¢ ) and
closed (¢ ) lengths of the gas spring (Equation 3(b)).
(C.—1)*AE,
p = A—+1 (2)
é:gs-max
Aégs = ggs _égs-fo ’Aé:gs-max = ggs-fo _fgs-c 3(a)-(b)

As a consequence, the internal force of the gas spring (F,), at any instant of

gs-i
the operation, is defined by Equation (4). Equations (2)-(4) reveals the depen-
dence of F,; not only on the structural positioning of the gas spring in-between
the vehicle and tailgate, but also on the tailgate operation oriented structural

dynamics of the gas spring itself.
E . =F__*C (4)

gs—i gs—n gs—p

Third parameter, characterizing the F,, ,, is the friction force (F () arising due
to the relative motion of the tube and the piston during operation. The F,, , be-
comes enumerated with the co- or counter-directional contribution of F,; as
demonstrated in Figure 1(a) and Figure 1(b); where the resulting formulations
are Equations (5a) and (5b) for opening and closing respectively.

The tailgate operation is a mechanism phenomenon, where the rotation action
of the tailgate is followed by the two-dimensional response of the gas spring sti-
mulated at the TSH. Mechanism analysis is carried out covering the complete
angular domain starting from the closed, ending with the fully open (6= 0°>6,)
position of the tailgate; such that the locations of TSH, TMC, CH and OH are

computed in the two-dimensional domain for the entire & range. Evaluating
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TSH not only leads up to the identification of ¢, A{,, C,, and F,,, but also the

line of action of F,, , for 0= 0"->6,.

gs-02

E.=FE_.-FE . FE _=F_.+F

gs-0 gs-i gs-f 2~ gs-o gs-i gs-f

5(a)-(b)

Since the aim is to compute the magnitude of the manual forces needed to
operate the tailgate, the basic moment balance principle of rigid body dynamics

is applied to every position (€ = 0°>6,,) during the operation (Equation (6)).
(ZMVTH )19:0"».9fu =0 (6)

Remembering the facts that the direction of the manual forces (F,,,) depend
on the operation type and keep their perpendicular act to the moment arms for
0 = 0°>06, (Figure 1(a)), the moment balance equation, in vector form, is de-
veloped in accordance with the related issues of opening (Equation (7a)) and

closing (Equation (7b)) operations.

0 (7a)

Fman-op =

VTH=TSH|xE, , +[VTH-TMC|xW; +[VTH-OH|x

‘VTH —TSH‘ xF,_ + ‘VTH - TMC‘ XW, + ‘VTH - CH‘ xF_ =0 (7b)

In Equation (7), as the first term on the left is the gas spring moment
(M,,—Equation (8)), the second one expresses the weight moment of the tailgate
(M,y—Equation (9)).

M,, =|VTH-TSH|xF,, ®)
M, =|[VTH-TMC|x W, 9)

3. TEM-SOFT: The Simulation Platform

From not only industrial, but also scientific and academic perspective, tailgate
operations with gas spring implementation cover; not only the investigation but
also the design of the complete tailgate mechanism; not only the computation of
force values of the assembly components but also the evaluation of the manual
forces; not only the confirmation of the ergonomic suitability of the tailgate as-
sembly but also the verification of its functionality; not only the estimation of
working temperature dependence of internal force values of gas springs but also
their variation during the tailgate operation based on compressible gas prin-
ciples. The comprehensive theoretical content and its interdisciplinary character
make it impossible to tackle with tailgate operations through custom methods or
analytical calculations; thus a special software support appears as a contempo-
rary requirement. Due to these facts, to numerically investigate the tailgate oper-
ations, the new software TEM-SOFT is developed as a part of this research.
TEM-SOFT is structured to respond to the current technological and scientific
requirements for the ergo-mechanic simulations of tailgate operations; which
distinguishes it to be valuable both in the industrial and academic fields.

The code development of TEM-SOFT covers the scientific formulations go-
verning the principles of compressible gas, mechanisms and rigid body mechan-
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ics; thus the computational necessities arise from the point of both run-speed
and sensitivity. Due to these facts the basic PC-configuration, to run TEM-
SOFT, requires Intel i5 Processor with 4 GBytes RAM. TEM-SOFT is developed
on Visual Basic. NET [39] programming domain; a dynamic database is as well
constructed to carry out the analysis/design studies of tailgate operations with
real-time gas springs.

To fulfill the overall requirements of the considered engineering problem, the
algorithmic notion of TEM-SOFT is structured on five independent, but also
linking, frameworks (FM). As shown in Figure 2, the FMs serve not only to car-
ry on the tasks of “Project Orientation”, “Database Operation”, “System Confi-
guration”, “Analyze” and “Output Presentation”, but also to guide the user and
direct the analysis/design assignments by avoiding computational inconve-
niences and technical irregularities. Figure 2 further shows the sub-functions
and the primary related parameters of each FM explicitly. Moreover, a private
“Help Module” is also built in TEM-SOFT, to serve the users on possible queries.

The courses of the subroutines, fitted in each FM, communicate with the users
through visual interfaces. The “Main Menu” and the “System Configuration” of
TEM-SOFT are displayed in Figure 3. It can be seen from the figure that the com-
plete geometric configuration and the supplementary data (Figure 2) can be input
through the available text boxes of the specially designed interface. This input
procedure is additionally accompanied and controlled by the “Internal Supervision
Network™ (ISN) [31] [32] of TEM-SOFT, which is not only responsible for the
structural appropriateness of the input data, but also commanding the flow-order
of the project management and subroutine integration of the FMs (Figure 2).

The access to the dynamic database (Figure 4) is provided through the asso-
ciated link in the “Main Menu” (Figure 3); the already stored gas spring alterna-
tives are available with their complete information on force scales and geometric
sizes. Figure 4 further identifies the dynamic character of the database; such that
as a new gas spring can be added to the database, the available alternatives can
be deleted or updated as well. The “Analyze” FM not only takes the compressible

gas phenomena into account, but also performs the calculations on mechanisms
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Figure 2. Frameworks of TEM-SOFT.
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Figure 3. Main Menu—System Configuration of TEM-SOFT.
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Figure 4. Database interface of TEM-SOFT.

and rigid body mechanics theories. The solution logic is mainly based on parti-
tioning the angular operation domain of the tailgate into 1000 equal and sequen-
tial sub-cells and transmitting the neighboring cell information in-between. This
computational attitude provides not only the continuous data integration in the
solution domain, but also the investigation of the complete operation without
discontinuities or instabilities. Lastly, the “Output Presentation” FM of TEM-SOFT
is capable of delivering the computed outputs in the mostly recognized methods
of documentation, plots, image generation and video encoding (Figure 2). In

spite of the substantial output opportunities, TEM-SOFT brings out the “Major
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Functional Results” interface at the end of each run for technical inspection
(Figure 5).

The described FM based algorithmic notion of TEM-SOFT assures the ® de-
sign and investigation of the complete tailgate mechanism assembly, e evalua-
tion of the component based force values with the rigid body dynamics analysis,
o determination of the manual forces during the opening and closing tailgate
operations, everification of the functionality and ergonomic appropriateness of
the complete tailgate assembly, ® compressible gas principles based computation
of the internal force variations of gas springs with working temperature and
during the tailgate operation, ® execution of tailgate analysis with real time gas
spring alternatives, through the dynamic database link, ® possibility of perform-
ing modifications in the gas spring database, ® archiving of the computed out-
puts in terms of both graphical and documental formats. The overall structure of
TEM-SOFT shows a distinctive integration of several capabilities, which as well
identifies its novel task in the present software-age. Besides showing parallelism
to other related software, they are mostly manufacturer’s applications and de-
signed for selecting gas springs from their inventory. Differently, TEM-SOFT
enables user to develop custom gas springs through its “Database Operations”
interface. Also the “System Configuration” FM where opening and closing han-
dles are configured is highly comprehensive, which is significant in terms of er-

gonomic evaluations of operator manual forces.

4. Results and Discussion

Not only to demonstrate the computational capabilities of TEM-SOFT, but also
to identify the individual and combined impacts of assembly scheme, mass cen-
ter, gas spring type and working temperature a serious of successive computa-

tions are performed. The structural parameters such as the length and weight of
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Figure 5. Major Functional Results interface of TEM-SOFT.
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the tailgate, closed and fully open positions, y-coordinates of the vehicle side
(VSH) and tailgate side (TSH) hinges of the gas spring, the opening (OH) and
closing (CH) handle locations, the friction intensity and the compression coefti-
cient of the gas spring and the number of gas springs assembled to the tailgate
are kept fixed throughout the study, where the corresponding values are shown
in Table 1. As the impact of assembly scheme of the gas spring with the vehicle
and tailgate are studied by varying the x-coordinates of the hinges on both the
vehicle (VSH) and tailgate (TSH) sides, 3 different mass centers are as well tested
to identify the related variations. Besides, it is also aimed to work on the influ-
ences of gas spring type and the temperature conditions on the overall opera-
tional characteristics of the tailgate operation; thus the gas spring nominal force
wn = 100, 150, 200 N
and T = -10°C, 20°C, 50°C respectively. The structural alternatives of the as-

and the working temperature are assigned the values of F

sembly schemes (A, B and C), the component based and environmental data of
the investigations are introduced through Table 2; moreover the closed (6= 0°),
fully open (€= 90°) and mid-way (€= 45") position appearances of the complete
tailgate-gas spring assemblies are demonstrated in Figure 6 for assembly
schemes A and C. The outputs of the numerical evaluations are displayed and
discussed in terms of the variations of the weight moments, gas spring output
forces, gas spring moments and the manual forces for different assembly
schemes, tailgate mass centers, gas spring types and working temperatures in the
complete angular operation range of the tailgate.

Figure 7 demonstrates the influence of the mass center location on the weight
moment (M,,). The primary determination from the plot comes out to be the

elevating role of the distant mass centers (TMC A->C) from the vehicle-tailgate

Table 1. Fixed parameters in the analysis.

Length of Tailgate: 600 mm Weight of Tailgate: 147.15N
Tailgate Closed Position: 0° Tailgate Fully Open Position: 90°
GS TSHy: —-10 mm GS VSH: =50 mm
OH,: 605 mm OH,: 0 mm
CH,: 590 mm CH,: —30 mm
Compression Coefficient: 1.3 GS Friction Force: 80N
Number of Gas Springs: 2

Table 2. Scenario alternatives in the analysis.

Type Assembly Scheme MassCenter Gas Spring  Temperature
TSH, = 60 MC, =300
A GS TSH, = 60 mm & MR 100N T=-10°C
GS VSH, = 155.5 mm MC, = 0 mm &
B GS TSH, = 120 mm MC, = 360 mm F_Z150N T =20°C
GS VSH, = 293.1 mm MC;, = -80 mm &
GS TSH, = 180 mm MC, =420 mm .
C F,.,=200N T=50°C
GS VSH, = 427.8 mm MC, = -160 mm §
DOI: 10.4236/jsea.2018.118024 396 Journal of Software Engineering and Applications


https://doi.org/10.4236/jsea.2018.118024

B.T. Ozalp

B3

0=90° TAILGATE ANGLE 0 °

VSH: Vehicle Side Hinge
TSHE: Tailgate Side Hinge
TMC: Tailgate Mass Centre
CH: Closing Handle

OH: Opening Handle

TMC-A
— CcH - OH
- C
™ / s
0=0°
VTH \\ _—TMC-B

TSH \-VSH

TMC-C

*¥ie=90° TAILGATE ANGLE 0 °

VSH: Vehicle Side Hinge
TSH: Tailgate Side Hinge
TMC: Tailgate Mass Centre
CH: Closing Handle

OH: Opening Handle

*¥ 16=90° TAILGATE ANGLE 45 °

VSH: Vehicle Side Hinge
TSH: Tailgate Side Hinge
TMC: Tailgate Mass Centre
CHE: Closing Handle
OH: Opening Handle

——CH
TMC-B
/ ——TMCC

S TMC-A

VTH L
N\
TSH - VSH
(a)

¥ 1o=0° TAILGATE ANGLE 45°

VSH: Vehicle Side Hinge
TSH: Tailgate Side Hinge
TMC: Tailgate Mass Centre
CH: Closing Handle

OH: Opening Handle

- OH
\~
——CH
TMC-B
7 1 —r1Mece
“TMC-A
\
Lrsu VSH

(®)

~——OH

*¥ 16=90° TAILGATE ANGLE 90 °

oH

cH

~——TMC-C
-——TMC-B
TMC-A

VSH: Vehicle Side Hinge
TSH: Tailgate Side Hinge
TMC: Tailgate Mass Centre
CHE: Closing Handle

OH: Opening Handle

0=0° Yy | 0=0°

+x
o=0°

\

LTSH —VSH

*y 40=%° TAILGATE ANGLE 90 °

_—OH
S CH
- TMC-C
-——TMC-B
- TMC-A
————TSH

- 'VSH: Vehicle Side Hinge
. TSH: Tailgate Side Hinge
TMC: Tailgate Mass Centre
CH: Closing Handle
OH: Opening Handle

o=0¢

AN
- VSH

Figure 6. Schematic representation of tailgate-gas spring assembly; (a) Assembly
scheme-A; (b) Assembly scheme-C.
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Figure 7. Variation of weight moments for different mass centers.

hinge on M, Besides, classifying the mass center locations, from the point of

relative position with the tailgate body, result in distinct M,, characteristics dur-

ing the angular rotation of the tailgate. As mass center-A coincides with the tail-

gate body (Figure 6), the moment arm continuously decreases during the open-
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ing operation (€= 0°->90"), thus the M,, values come out to be consistent with this
physical fact. On the other hand, in scenarios with the mass center alternatives of B
& C, augmentations in M,, are evaluated at the initial stages of the opening opera-
tion. The growing attitude of M,, with the rotation of the tailgate mainly depends
on the so developing orientation of the longer perpendicular moment arm (Figure
6). Computations identified the maximum M,, positions as 8= 12.5° and 6= 20.9°
for the mass centers B and C respectively. The enhancement of M,, is significant
from the point of the probable compensating manual force level. It can be said that
M,, is deterministic on the manual force; however it must also be remembered that
the selection of the appropriate gas spring stands as the chief design focus, based
on both mechanic and ergonomic considerations.

) with tail-

gate position angle (6) during the closing and opening operations of the tailgate,

Figure 8 displays the variation of the gas spring output force (F,,,
for 3 gas spring types and working temperatures. It can be inspected from the

figure that, in both opening and closing operations, F_, increases with temper-

gs-0

ature. The descriptive measure of F_, is associated with the fully open position

gs-0
of the gas spring; however as can also be seen from the plot, stronger gas spring
selection exhibits higher gas spring output forces in the entire operation route of
the tailgate (6 = 0°>90°). The variation in the output force mainly depends on
the gas spring length (¢,), manipulating the internal pressure level, but on the
direction of the friction as well. As the gas spring becomes shorter, the internal
pressure, thus the output force, rises, where the contrary structural variation de-
creases the output force. The evaluations on the continuous increase and decline
of the gas spring output force can be clarified depending on this engineering
phenomenon. Comparing the numerical values at the critical phases of the tail-
gate operation for different gas spring types and temperature levels enlighten the

individual and combined roles of the acting parameters more clearly. Such that

as the (ng_o )9=00 / (ng_o )9:90“ ratio offers the values of (3.76>1.16) T=T, and

(2.09>1.17) T=T. (opening->closing) for gas spring type-A, they become
(1.54>1.21) T=T, and (1.47>1.22) T=T. with stronger gas spring
(Type-C). These values put forward that the influence of working temperature is
more influential in weaker gas spring types and becomes more pronounced

during opening. On the other hand, the role of temperature can be most critical
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Figure 8. Variation of gas spring output force for different gas spring types and working
temperatures.
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at the onset and final positions of the tailgate operations. To clarify this pheno-
mena (F ) /(F q_O) is evaluated as (1.73>1.14) =0 and
T=Tc 85°0 /=T,

gs-0

(3.10>1.12) 6=90" for gas spring type-A and (1.35>1.17) €=0" and
(1.41>1.16) 6=90" for gas spring type-C. These values are in harmony with the
above comparisons from the point of the comparably more pronounced impact
of temperature on weaker gas spring type and during opening. They further
imply that the output force is more remarkably influenced by temperature at the
fully open instant (€ = 90°) during opening; however the ratios for closing ap-
pear in the narrow band of 1.12 - 1.17 at the closed (€= 0") and fully open posi-
tions. As defined by Equation (5) the friction force of the gas spring is one of the
deterministic parameters on the deviation of the opening and closing forces.
Developing the contributing analogy of (Fy,,)a/(Fy.,)., for gas spring types A->C
generates the data of (5.36>2.04) T=T, and (3.53>1.77) T=T,

for the closed tailgate position of § = 0° and (17.393>2.61) T=T, and
(6.29>2.14) T=T,. for the fully open tailgate position of & = 90°. The more
particular gaps among the closing and opening forces appear in the weaker gas
spring application (Type-A) and with lower operation temperature (T = T,).
The basics of this outcome can be detailed by 2 facts: 1) The level of the friction
is mostly characterized by the interior force transmitting structure of the gas
spring and do not vary with the nominal force (F
(T). 2) The dependence of the F

ture is decisive on the above ratios; lower F_.__ causes more remarkable friction

gs-n

) or working temperature

gs-n.
os-n ON the gas spring type and working tempera-
influence on the gap of the closing and opening forces.

Variation of gas spring moments (M,,) with tailgate position angle (6) during
the opening and closing operations for 3 assembly schemes and working tem-
peratures and for 2 gas spring types are shown in Figure 9. In the complete set
of the scenarios considered, the M, are in counterclockwise (CC) direction (Eq-
uation (8)); thus get the minus sign. As displayed and discussed through Figure
8, the F

however the M, exhibit rather a varying trend. The initial ascends in CC direction

values continuously decrease in the opening direction (8 = 0°>90°);

gs-o

up to the maximum value (M ) are due to the elongation of the moment arm;

gs-max.
the following descends depend on the so occurring shorter moment arm orienta-
tion with rotation (Figure 6). Computations indicated the angular positions of

the maximum gas spring moments ((Q)M ) as (34.9°>40.1%)gs 1ype.a and

(45.4°>46.4")gs 1ype.c (T = Ty>Tc) for assembly scheme-A, (37.2°542.0%) s 1ype-a
and (47.2°>48.2°) s rype.c for assembly scheme-C during opening; whereas dur-
ing closing these positions become (53.8°>53.4") s rype.a and (52.3">51.9%) 5 1ypec
for assembly scheme-A, (55.6°>55.1)gs 1ype.a and (54.1°>53.7%)gs 1ype.c for

shifts in the

assembly scheme-C. These evaluations reveal that the (H)M
gs-max

direction of the tailgate rotation with stronger F, , both in opening and closing

gs-0

operations; moreover the ascertained impact is more sensible during opening.
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Figure 9. Variation of gas spring moments for different gas spring types, assembly
schemes and working temperatures.

Besides, gas spring type and working temperature cause similar consequences on
M, (Figure 9) as on F,,, (Figure 8); more explicitly defining outlines that with
stronger gas spring (Type-C) and higher temperature (T¢), more potentially be-
having M, are exposed. The superior nature of the closing gas spring moments
(Mg, ) to those of the opening (M,
the gas spring, which as well created the identical affect on the F,,, (Figure 8).

) can directly be attributed to the friction of

On the other hand, the performed analyses shown that the impact of assembly
scheme on M, is dependent on the angular position, whereas independent from

the type of operation and gas spring and the level of working temperature as

well. More specific reporting offers the (MgS )AS-C / (Mgs )AS-A ratios of 1.36,

2.95 and 3.01 at the angular positions of =07, (9) and 90° respectively.

Mg max

Figure 9 further demonstrates the magnitude of M, variation during tailgate
operation. Comparing the M, values of the closed (6= 0°), fully open (6= 90°)
and M, ., generates the tabulated data of Table 3. The records identify that the
assembly scheme design has potential to encourage the M, values both in open-
ing and closing; moreover higher temperature (T = T) and stronger gas spring
(Type-C) progresses the scale of M, only in opening scenarios. More precise

denoting brings forth the (Mgs )0:900 /(M ratios of (1.03->1.86)s rype s and

(2.5252.64) 65 1ype.c (T = T,>T¢) in assembly scheme-A and (2.30-54.13) g5 1ype 4
and (5.61-5.87)¢s 1ype.c in assembly scheme-C during opening (Table 3(a));
these values rise to (3.36>3.31)gs 1ypes and (3.22->3.19)gs 1ypec in assembly
scheme-A and (7.46-57.36) s 1ype.a and (7.15>7.08)s 1ype.c in assembly scheme-C
during closing (Table 3(b)). Table 3 further shows that the maximum gas spring

moment values (M, ..,) become more provoked with temperature, strong gas

gs-max
spring and assembly scheme during opening; however only with assembly
scheme during closing.

Due to the significance in identifying the success of the overall design of the
tailgate mechanism, computation of the manual force (F,,) in the physical op-
eration range (6= 0" - 90°) is considered as the key issue. Figure 10 displays the
variation of F_,, with tailgate angular position for different gas spring types,
working temperatures, mass centers and assembly schemes during the opening
and closing operations. As the principle ergonomic design criteria in tailgate

operation is to satisfy the F_,, = 0 condition at the appropriate angular position,
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Table 3. (a) Gas spring moment comparison table for opening operation; (b) Gas spring
moment comparison table for closing operation.

(a)

Assembly Scheme-A Assembly Scheme-C
GS Type-A GS Type-C GS Type-A GS Type-C

T Tc T Te Ta Tc T Te

(Mgo)pmso/ (Mgy)ous 1.03 1.8 252 264 230 413 561 587
M max! (Mg oes 307 334 361 367 669 727 787  7.99
(b)

Assembly Scheme-A Assembly Scheme-C

GS Type-A GS Type-C GS Type-A GS Type-C
Ta Tc Ta Tc Ta Tc Ta Tc
(Mg)o=so/ (Moo 336 331 322 319 746 736 715  7.08

M, e/ (Moo 4.04 4.02 3.97 3.95 8.83 8.77 8.65 8.61

comparisons among the alternative constructive designs and component selec-
tions need to be discussed comprehensively. Figure 10 demonstrates that the
level of working temperature and the location of the mass center generates con-

trary consequences on F__ during opening and closing operations. As discussed

through Figure 7, moving the mass center away (A->C) from the vehicle-tailgate
hinge causes the M,, values to advance. This phenomena results in the need for

stronger F, ., during opening; however the opposite while closing the tailgate.

man
Similarly, the encouraged F,,, values with temperature (Figure 8) support the
purpose of F_ . during opening; however the resistive-action opposing the F_,.
in the closing phase gives rise to the necessity in the grow of F_,, with tempera-
ture. Figure 10 further displays that, being independent of mass center, working
temperature and assembly scheme, stronger gas spring (Type-C) selection result

man

in lower F,,, while opening and higher F,_,, during the closing operations of the
tailgate. The impact of GS-Type is most remarkable at the fully open position
(6=90°) where the (F,,., 65 type-a/ Fman 65 Type-c) o9+ Tatio is evaluated in the assem-
bly scheme-A (Figure 10(a)) as 0.10>0.22 (T = T,>T,) for mass center-A and
1.76>2.42 for mass center-C during opening and 0.65-0.63 for mass center-A
and —1.18>-0.34 for mass center-C during closing. These proportions become
0.10-0.22 and -2.31>-0.62 for mass centers -A and -C during opening and
0.65-0.63 and 0.52->0.52 for mass centers -A and -C in the closing operation of
assembly scheme-C (Figure 10(b)). These numbers identify that the influence of
the nominal force specification of the gas spring on the manual force depends
primarily on the type of the assembly scheme, secondarily on the mass center
location and to some extent on the working temperature. The identical ratios in
either of the assembly schemes (A and C) for mass center-A reveal the fact that
the structural design of the tailgate mechanism has no additional impact on the

variation of F_,, with gas spring at &= 90°. This outcome for mass center-A can
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Figure 10. Variation of manual forces with (a) Assembly scheme-A and (b) Assembly
scheme-C for different gas spring types, mass centers and working temperatures.

Table 4. Critical position angles of the tailgate.

Assembly Scheme-A Assembly Scheme-C

Mass Center-A Mass Center-C Mass Center-A Mass Center-C

T = T, T T =T,>T, T = T, T T =T,>T,

GS Type-A  88.6°>85.3° -—>- 84.9°572.2° ->-
Opening

GS Type-C ~ 72.5°>63.4° ->- 27.2°>17.9° 74.9°>42.3°

GS Type-A  60.2°>55.7° ->- 18.7°>15.8° 40.7°>32.6°
Closing

GS Type-C  40.7°33.2° 84.3°377.7° 10.0°>7.9° 18.5°>14.6°

be clarified by 3 interconnected concepts: 1) Mass center-A is located inside the
tailgate body thus the weight vector is coaxial with vehicle-tailgate hinge (VTH)
at 0=90°, 2) The weight moment of the tailgate vanishes at = 90°

(M,, = 0—Figure 7), thus the only moment to be balanced by F,,, is that of the

gas spring (M —Figure 9), 3) Since the moment arms of F,,, are fixed (Table

man

1), the growing rates of the gas spring moments are exactly reflected to the ap-
plied manual forces. Moreover, it should be inspected from the above ratios that
numerically comparing the manual forces with reverse direction results in the (-)
signs, which as well puts forward the additional need in deeper discussion from
the ergonomic point of view. Figure 10 further enlightens the F_,, = 0 positions
as @, zones in conjunction with the working temperature range, being the most
decisive information from the point of ergonomic design considerations. As
presented in Table 4 all the scenarios considered in the analysis are not capable

of possessing the F ., = 0 condition in the opening and closing phases; indeed
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this fact is as well the fundamental source of the negative

(Frnan G Type-a Finan Gs Type-c) 9o+ Tatios defined above. It can be inspected from the
table that assembly scheme-A appears not to be eligible in satisfying this ergo-
nomic necessity especially with distant mass center (C) possibilities. Moreover,
the 6., (F,., = 0) positions of 88.6°>85.3" (T = T,>T) for gas spring type-A and
72.5°>63.4° for gas spring type-C can be considered as late tasks of assembly
scheme-A for opening. Besides the corresponding 6., positions for closing are
evaluated as 60.2°>55.7" and 40.7°>33.2°, which can be regarded as early phases
of operation, probably causing undesirable acceleration of the tailgate before
locking. On the other hand, designing the tailgate structure with assembly
scheme-C modifies the F,_,, = 0 positions to €., = 84.9°>72.2°, in the case with
mass center-A for gas spring type-A and 27.2°>17.9" for gas spring type-C dur-
ing opening and to 18.7°>15.8° and 10.0°>7.9° while closing. These positions
identify the appropriateness of the combined-form of gas spring type-A and as-
sembly scheme-C for tailgate design with mass center-A. However, the investi-
gations on the structural model with the shifted mass center (C) bring about the
appropriate 6., positions of 74.9°>42.3° for opening and 18.5°>14.6° for closing
with the gas spring type-C. This record reveals not only the significance of the
gas spring selection in conjunction with the complete set of structural design
and operating parameters but also the fact that the distance between the mass
center and the vehicle-tailgate hinge is the most prominent parameter defining
the specification on the nominal force level of the gas spring that is to be assem-
bled to the tailgate system.

The overview of the discussions on F_,, = 0 positions indicate that stronger
gas springs (Type-C) shift the 8, closer to the initial phases of the opening oper-
ation. Although this outcome creates the feeling of a design success, the accom-
panying need on a superior initial manual force during closing (F,,, ¢00-) can
also be declared as a design incompetence from the point of ergonomic expecta-

tions.

5. Conclusions

The present paper has introduced the new visual academic software TEM-SOFT
and discussed the results of the comprehensive numerical investigations on the
gas spring integrated tailgate operation with the complete set of geometric,
component based and operational parameters. The major findings can be sum-
marized as follows: 4 In tailgate designs with mass centers outside the solid do-
main, the growing attitude of M,, at the initial stages of opening operation mainly
depends on the so developing orientation of the longer perpendicular moment
arm. ¢ The working temperature is more influential on the output force values of
weaker gas spring types and becomes more pronounced during opening. ¢ Both

in opening and closing operations the (9 ) position shifts in the direction

M gs-max

of the tailgate rotation with stronger F,_ ; moreover this impact is more re-

gs-o

markable during opening. ¢ The distance between the mass center and the ve-
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hicle-tailgate hinge is the most prominent parameter defining the specification
on the nominal force level of the gas spring that is to be assembled to the tailgate
system. Besides, the gas spring selection, in conjunction with the complete set of
structural design and operating parameters, is as well determinative on the ma-
nual force level. ¢ Stronger gas springs shift the 6., closer to the initial phases of
the opening operation. Although this outcome creates the feeling of a design
success, the accompanying need on a superior initial manual force during clos-
ing (Fan.0-0-) can also be declared as a design incompetence from the point of
ergonomic expectations.

As future work, investigation of multi-link mechanisms for the tailgate opera-
tion will be essential. Four-bar or six-bar mechanisms find usage in vehicle tail-
gate design and they enable greater movement opposed to simple hinge design
which is presented in this study. Additionally, the analysis of kinematics and

synthesis of these mechanisms should be embedded into the software.
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Nomenclature

C,: Gas Spring Compression Coefficient

C,p+ Gas Spring Position Based Compression Coefficient
F, ¢ Gas Spring Friction Force (N)

F,,;: Gas Spring Internal Force (N)

gs-n: Gas Spring Nominal Force (N)

o0 Gas Spring Output Force (N)

F
F
Fan.at Manual Force during Closing (N)

Fan-op: Manual Force during Opening (N)
M: Moment (N.m)

M,,: Weight Moment (N-m)

M,,: Gas Spring Moment (N-m)

T: Working Temperature (°C)

W.: Tailgate Weight (N)

Symbols

A, Gas Spring Length Change (m)

Ay mex: Gas Spring Maximum Length Change (m)
¢ Tailgate Position Angle (Deg)

6..: Tailgate Critical Position Angle (Deg)

6,,: Tailgate Fully Open Angle (Deg)

¢ Gas Spring Length (m)

{gs.c Gas Spring Length at Closed Position (m)

(g ro- Gas Spring Length at Fully Open Position (m)
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