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ABSTRACT

Analysis of test results concern variable torsional stiffness which is realized in a middle part of
a new type of active stabilizer. In mentioned area a classic rod was replaced by two or four profiles
with rectangular cross-section which are constantly connected with not-changed parts of stabilizer
(with its arms). Specially designed mechanism is responsible for changing stiffness and it performs it
so that the profiles are expanded for the same distance in opposite direction. An article contains brief
description of elaborated design of new type of a stabilizer, an expanding mechanism and a test bench.
It includes comprehensive analysis of results obtained during tests. Additionally it describes
preliminary analytical analysis which include occurring phenomena of pure torsion and warping under
torsion. Warping phenomena results from the method of fixing tested profiles.
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1. INTRODUCTION
1. 1. A new type of vehicle stabilizer

Analysis of the existing design solutions of active stabilizers and the requirements
imposed on them, were the basis for development in the Department of Vehicles and
Fundamentals of Mechanical Engineering at the Technical University of Lodz a simple
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concept of stabilizer with variable torsional stiffness. It is protected by the patent application
no 2016P00954 FR. It can be used both on front and rear axles. Developed stabilizer uses a
special design of the central portion (Fig. 1 on the left), which consists of a package at least
two profiles (1) with rectangular or approximately rectangular cross-section.

Figure 1. On the left side: Conception of variable torsional stiffness stabilizer. On the right
side: Conception of expanding mechanism.

They are connected fixedly to the arms, the shape of which is adapted to the space
between the driven running wheel, brake mechanism and the wheel carrying components, in
the case of the front axle. For rear axle, a shape of arms may be simpler, due to not steered
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wheels provides more space between wheels and its driving components. Stiffness increase is
achieved by expanding a packet of profiles. A device which expand is fixed on the middle of
the package, specially designed mechanism (2) may be driven by an electric motor (3) or
other medium. A package of profiles with expanding mechanism, depending on the possible
space to install in a vehicle, can be freely angularly adjusted or rotated about the longitudinal
axis of the package relative to the arm stabilizer.

Exemplified expanding mechanism (Fig. 1 on the right) is controlled by the use of
electrical current with a specially programmed processor connected to the appropriate sensors.
The DC motor (1) may change the direction of rotation by changing the polarity. The engine
is connected to the worm gear consisting of a worm (2) and worm wheel (3). Torque, by a
gear, is transmitted to the shaft equipped in lever (4). The shaft is ball raced in the upper plate
(5) of expanding mechanism. Rotating shaft by lever (4) pushing on two sliding pins (6)
which may move axially in plate (5). The plate is fixedly connected with the upper half of the
packet of test profiles (7). The opposite, lower ends of the pins (9) are fixed in a permanent
manner to the bottom plate (8) of expanding mechanism. The mentioned plate is connected
permanently to the lower half of the packet of test profiles (7). The sliding pins (6) causes
evenly expand of profiles, in the same direction but in opposite ways. Use of worm gear
provides that after the cessation of operation of the working medium (in this case current)
preset position of profiles will be maintain until it obtains next signal from a control device.

2. MATERIALS AND METHODS
2. 1. A test bench for testing torsional stiffness

The test stand for determining stiffness characteristics of twisted elements should
provide reproducible, easy to write and edit, research results. A multitude of samples in
different sizes, packetized in a variety of configurations shall enable a quick disassembly and
reassembly of the unit in which tests are conducted.

The test bench is equipped with two sensors: torque and incline (providing a measure of
sample twist). Obtained analog signals are directed to the measuring card National Instrument
NI 9215 BNC type, which forwards them in a digital form to the PC. Special software allows
to record measurement results and to their subsequent processing for the purpose of further
analysis.

Figure 2a shows the test bench. It consists of five main units. Number (1) indicates a
computer set for signal recording and data processing. The mechanic drive unit (2), equipped
with a helical gear coupled with an electric engine of constant current, is used to twist the
profiles (fig. 4 presents old, currently not used system equipped with hydraulic drive). The
screw driven by electric engine (through three speed planetary shift) cause axial movement of
the nut which takes place in mechanical single arm lever. The lever causes the rotation of
particular elements of the bench. They are connected each other in a series and they are
respectively: torque meter MI50 (3), bi-articulated shaft and a set of testing profiles
(minimum of two) which are mounted in a special test unit (5). Number (4) indicates an
inclination sensor (which is a part of the test unit).

The test unit is shown in Fig. 2b. It has two supports: fixed (3) and movable (2). The
fixed support is placed in an extreme position of a bench and it aim is to permanently
immobilize a sample (1). The movable support acts as a base on which is mounted an
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inclinometer (7) Posital Fraba type ACS0802SV20HE2PM (tilt sensor). It allows on profiles
rotate and on their axial shortening and lengthening during twisting and changing expand. An
expanding mechanism (4) consists of two halves. Each of them is mounted on a
corresponding profile in a way which prevents movement. Test elements are extended in the
middle of their active length, by distancing both halves from each other. The distance is
adjusted by wrenching two screws M12x1 (5) into the upper part of mechanism. These screws
press on two sliding pins (6) which are fixedly mounted in the lower part of mechanism. In
this way, both halves move away from each other by an equal distance in relation to the
longitudinal axis of the examined profiles.

(a)

(b)
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Figure 2. A test bench for testing torsional stiffness. a) Pictorial view. b) Test unit at working
position.

2. 2. Samples

It was expected to carry out a series of studies of profiles with variable amount (from 2
to 4 pieces in sample) and following varieties in torsion length: 428, 478, 528 mm, width:
22.5, 30, 35, 40, 45, 50, 55, 60 mm and height: 3, 4, 5, 6 mm. Figure 3a shows an exemplary
test element — two profiles welded at its ends with following dimensions of singular part
4x40x650 (torsion length 528 mm).

Procedure for enforcement a test kit included following operations:

-15-



World Scientific News 73 (2017) 12-23

1. Laser cut of the test profiles for an appropriate shape and an appropriate amount. They
were cut by metal sheets made of spring steel 50HF.

2. Milling symmetrically on each profile, the two beveled edges (Fig. 6b), along the
longitudinal axis of a sample.

3. Performing a package of research components through permanent connection of

profile ends by welding method.

Hardening samples up to 46 — 48HRC.

5. Eventual straightening performed packages which could warp after release internal
stress in the material during hardening.

&

The holes shown in Fig. 3a were used to set the profiles each other during welding
process and then to ascertain unequivocally them on a test bench.

Beveled edges, presented in Fig. 3b, were used to provide permanent attachment with
expanding mechanism.

Figure 3. The test kit before hardening.
a) upper view; b) a perspective view of central part with beveled edges.

2. 3. The test procedure

Sample, after installation and customization, was subjected to seven series of tests. For
each of these there were recorded generated torque and incline angle during twisting from 0 to
approx. 22°. After every series a distance between two halves of expanding mechanism was
increased for 5mm, up to reaching 30mm and the procedure was repeated.

Sample, during typical test, was installed for 528 mm of active twist length, but there
were also performed investigation for shortened length, respectively 478 and 428 mm. They
are described in further part of an article.

Mentioned, on two last paragraphs, values resulted from previously adopted initial
assumptions. Fig. 3 presents a sample which is twisted and expanded for 30 mm.

3. RESULTS
3. 1. Analysis graphs of torque as a function of twisting angle

After the digital processing results obtained, it has been developed graphs of generated
torque [Nm] in function of the angle of rotation [°]. In first measurement series, obtained
curves had been similar in shape to a straight line, but in all subsequent attempts (increasing
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expand) was observed a gradual bending curves, that well-image polynomial trendlines 2-row.
The graph for a test component with dimensions 4x60x650 mm (twisted length amounted 528

mm) is shown in Fig. 4. It contains the measurement results from 1%t and 7'" test series, and for

example, from 5 (to show how increase a gradual bending of the curves). The area of

changing stiffness is concluded between extreme curves.

In subsequent series of

measurements are observed hysteresis torque during loading and unloading profiles. Their
causes are foreseen in the phenomenon of friction between the investigated profiles, in the
expanding mechanism and inindividual elements of a test bench. Is also observed decrease in
the total angle of twist while increasing torsion torque, ie according to increasing expand of
profiles. This phenomena can be explained by the susceptibility of test bench elements —
mainly in bi-articulated Cardan shaft.
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Figure 4. A graph of varying torsional torque for a set of two twisted profiles with

dimensions 4x60x650 (twisted length 528 mm).

On the basis of known functions of trend lines from 1% and 7™ series there were
determined a maximum and minimum torque acting for twisting 20°. Then, using the formula
(1), stiffness growth indicator Kxo was calculated and it amounted 103,1%.

K20 [%]
Mmax, Mmin [NmM]

M
Ky = (% * 100) — 100

min

stiffness growth indicator for the sample twisted by 20°
maximum torque, minimum torque
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Calculated Kzo indicator (for 30 mm expand and 20° of twist) for different samples has
been presented in the table 1. Its values, for the other investigated expands, depict graphs later
in this article.

Table 1. Summary of geometric parameters of samples and the test results.

Torque that
Torque that rotates an
Singular  Singular Cross- Twisted rotates a not expanded Stiffness
No Number of  profile profile sectional  length of expanded sarrF: le for growth
profiles n height width dimension the sample sample about 20 30mm2bout 20 indicator
H[mm] B[mm] ratio B/H L[mm] degrees Tmin Kao [%]
[Nm] degrees Tmax
[Nm]
1 2 5 22,5 4,5 528 93,2 108,1 15,9
2 2 5 22,5 4,5 478 100,5 120,7 20,0
3 2 &) 22,5 4,5 428 117,1 142,8 21,9
4 4 5 22,5 4,5 528 181,5 212,9 17,3
5 4 5 22,5 4,5 478 2115 254.,6 20,4
6 4 5 22,5 4,5 428 251 328,2 30,8
7 2 10 22,5 2,3 528 502,5 537,0 6,8
8 2 4 30 75 528 66,6 102,5 54,0
9 2 4 35 8,8 528 82,4 138,6 68,3
10 2 4 40 10,0 528 100,7 175,8 74,5
11 2 4 45 11,3 528 117,1 218,9 87,0
12 2 4 50 12,5 528 132,7 258,7 95,0
13 2 4 55 13,8 528 155,9 310,9 99,4
14 2 4 60 15,0 528 171,3 347,9 103,1
15 2 3 30 10,0 528 30,5 56,4 85,1
16 2 3 35 11,7 528 38,4 74,7 94,7
17 2 3 40 13,3 528 45,4 93,6 106,3
18 2 3 45 15,0 528 53,7 114,8 113,7
19 2 3 50 16,7 528 60,1 133,7 122,5
20 2 3 55 18,3 528 68 154,5 127,3
21 2 3 60 20,0 528 71,3 166,6 133,7

4. DISCUSSION
4. 1. Analysis of the research results

Analysis of the data from table 1 shows that a trend of increase in stiffness indicator Kzo
is a result of the shortening of their active length. This is evidenced by tests 1 — 3, wherein the
ratio Kzo increases from the value 15.9% at a length 528mm to 21.9% at 428 mm in length.
Tests 4 — 6 also confirm this trend. However, it should be noted that increasing the number of
twisted, the same, profiles from 2 to 4 also affects on increase the stiffness indicator Kzo from
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21.9% to 30.8% (test 3 and 6), ie relatively for 40.6%. Possible that, it is associated with
increasing distance of extreme profiles from the axis of rotation.

Comparison of tests no 1 and 7 indicates on a reduction of Kzo ratio during increasing
the thickness of the samples (from 5mm to 10mm), while maintaining constant dimensions of
width and length. Increasing the thickness of the samples resulted in a reduction in the
stiffness indicator Koo from 15.9% to 6.8% (relative reduction for 57.2%).

The objective of tests from 8 to 14 and from 15 to 21 was to investigate the effect of
changing width B on the increase of Kz indicator, depending on expand while maintaining a
constant thickness and length of the sample (thickness equal 3mm and 4mm and for every test
constant length 528 mm). On the basis of results have been performed charts shown in fig. 5a
and 5b in the indicated earlier order.

At the elaborated graphs may be observed that the value of Kz indicator increases with
the width of the profiles. Can also be observed that the increase in stiffness is the greater, the
more expanded are profiles (the largest increase is for 30mm). These trends for individual
expands are well imaged by the curves of polynomials 2-row (thin black line). In the case of 5
and 10mm distance between profiles, for both graphs, became revealed the influence of
manufacturing inaccuracies of a test bench and also the method of installation of expanding
mechanism, which made it difficult to fit convergent curve of a trend line.

To sum up, it should be noted, that on the stiffness increase of twisted and expanded
profiles impact, except for the value of their expand, its active torsion length (the shorter
profiles became more stiffer), its width (the wider profiles became more stiffer) and its
amount (if the amount larger, the stiffening is higher).
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Figure 5. Graph of changing stiffness index Kzo in function of width B for two packets of
profiles. a) for thickness 3 mm. b) for thickness 4 mm.

4. 2. Analysis of the phenomena occurring during the test

An analysis of loads shows that the vital role may have bending around an axis which is
parallel to a shorter edge of the rectangular cross section of expanded profile, which occurs in
addition to bending around an axis which is parallel to a longer edge of the cross section
(during expanding). The influence of the mentioned bending (around an axis which is parallel
to a shorter edge of the rectangular cross section) increases according to growing value of
expand. Further considerations indicates that the reduction of cross-sectional warping around
supports and expanding mechanism effects on stiffening of twisted samples and causes the
formation of tangential stresses. This phenomenon is called constrained twisting [Gawecki A.
1998]. A theory developed Anatoly Vlasov in 20" century. It assume that [Librescu L., Song
0. 2005]:

e The shape of cross-section and all its geometrical dimensions remain invariant in its
plane.
e The transverse shear strains are uniform over the beam cross-section

The calculation procedure consist of two main parts:

1. Calculating pure torsion Ty (according to Saint-Venant theory)
2. Calculating constrained torsion Tw
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To determine the value of pure torsion Ty calculated the inertia moment of cross-

section:
2
komeb® | o063+ 2022
=K *— % *| ——
T
b
and then value Ty:
_axG ] 3)

T, l

where:

b [mm] Profile height

h [mm] Profile width

k [mm] Number of profiles

a [rad] Assumed torsion angle of profiles
G [MPa] Kirchhoff modulus

[ [mm] Torsion length

To determine the value of constrained torsion Ty calculated the fragmentary inertia
moment of cross-section:

4)
Jw = f w?dA
A

and then, for appropriate adopted boundary conditions, determinate 2" derivative for
following function of torsion angle:

@(x) = Dy + D,x + D5 * sinh(9x) + D,cosh(9x) (5)
where:
o |6 ©
~ JEJw
E
E, = a—v (7)

On the basis of above function calculated bimoment function B(x) which allow on
calculating Tw value:
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B(x) = Ey * ]y * " (x) ®)

T, = —B'(x) ©)

where:
A[mm?]  Cross-section area
w [mm] Main fragmentary coordinate
D,,D,,Ds;,D, Constants of integration
@ [rad] Torsion angle under warping
9 [mm] Calculation constant
E, [MPa]  Calculation constant

So that the total moment T which loads considered profiles is a sum of calculation
results from two mentioned parts:

T=T,+T, (10)

Table 2 include, for selected cases, comparison between values obtained from
experiment and calculated by means of described method. The comparison subject situation
where two profiles are installed on a test bench and expanding set isn’t mounted. In the last
column there is deviation from the calculated value. For any cases it doesn’t exceed more than
10% (maximum deviation reach 7,2%). These differences may be explained by varying
pressing force resulted from installation method (profiles were screwed and warping may be
not absolutely constrained — Fig. 2b), shape of samples in which stress distribution was differ
(they were hardened and they required to be straightened), occurring friction between twisted
profiles and from test bench performing inaccuracies. Anyway, the deviation is in the
assumed permissible range and the test results may be regarded as correct.

Table 2. Comparison between values obtained from experiment and calculated by the use
of Vlasov theory.

Torque value

Torquevalue 1o by

Cross-sectional obtained from

No dimensions experiment the use of Deviation [%]
HxB FENm] Vlasov theory
[Nm]
1 3x40 36,9 37,0 -0,14
2 3x60 55,7 58,0 -3,92
3 4x60 128,2 135,9 -5,72
4 5%60 258,7 262,7 -1,53
5 6x60 416,7 449,0 -7,20
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5. CONCLUSIONS

The studies confirmed the occurrence of the phenomenon of increasing stiffness of the

package of twisted flat bars with a rectangular cross-section under the influence of expanding
their in the middle of its active length. They lead to the following conclusions:

1.

&

It is possible to increase the torsional stiffness of the elements with rectangular cross-
section by expanding them in the middle of their active length. It was verified by
investigation of twisted and expanded profiles (results summary — Table 1).

Increase in torsional stiffness results from the composite state of loads which occurs
while sample is simultaneously twisted and expanded.

To the increase of torsional stiffness has influence, beside a level of expand, their
amount, length and cross-sectional dimensions.

Performed calculations for constrained torsion confirmed correctness of test results.

The obtained results confirm justification for applying the expanded profiles with
rectangular cross-section, as principles for construction an active vehicle stabilizer.

Further work will include the investigation of more experimental profiles so that the

obtained results enable the development of a theoretical relationship describing the change of
torsional stiffness of expanded components. It is predicted to designation of eventual an
empirical correction factor which determine the change in stiffness of torsion bar elements
under the influence of expand. It is planned to create a digital model and test it by using finite
element method in the ANSYS 16.2 program. Properly constructed model will allow to
analyze more samples in various combinations with selected dimensions. It will allow also on
reduction of the costs of its preformation, implementation and duration of the study.
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