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MODELING AND VALIDATION OF A BRAKE HOSE
Jai Thomas, M.S.E
Western Michigan University, 2004
Various computer aided design (CAD) softwares have the capability to depict
rigid bodies in space accurately. However, the same is not true for the flexible
components. This is because flexible components in an automobile are subject to
large elastic deformations during the movement of the rigid components to which
they are attached.
This research details the application of the principles of computation of the
orientation of entities in a simplified coordinate system, vector mathematics, the file
I/O features and structured C++ programming to view the rubber hose in CAD after
modeling the hose using simulation software. Further validation of the o 0 and 180°
twist position of a brake hose was performed by comparing the deviations of the hose
model from the actual location of the real hose obtained by using ATOS II scanning
equipment. Deviations in the hose model were reduced by incorporating off-axis
spring elements in the model. The modeling technique has resulted in the mean
deviation at the 0° position below Imm and at 180° twist position below 6mm. A
regression analysis was performed for generalization of force deformation values
characterizing the non-linear behavior of the springs. This analysis makes this
modeling technique applicable for validation of hose lengths in the range of
227.8mm-2474mm between any two attachments in space.
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CHAPTER!
INTRODUCTION
Various Approaches to Flexible Element Modeling
Identification of hose routing problem in automotive and aerospace industry
Various components in an automobile have to be designed and tested prior to
their actual production and assembly. Computer aided design (CAD) software
programs have the capability to depict rigid bodies accurately in space. Thus, all rigid
components in a vehicle, such as the chassis, brackets, canisters and engine, are
accurately depicted in CAD. The result is CAD models give an accurate prediction for
building physical prototypes made from rigid components. However, the same is not
true for flexible components.
Flexible components, such as rubber hoses, are subject to large elastic
deformations during movement of the rigid components to which they are attached.
Currently, there is no inherent capability in any solid modeling software to accurately
depict the shape of the hose between any two attachment points. Further, effect of
twist on the hose shape cannot be predicted. Hence, it is impossible to define the
envelope that a hose is going to occupy during the movement of an automobile's
suspension. The result is that hose geometry is approximated with a "best guess"
length to avoid rubbing against other components such as reservoirs, canisters and
electronic modules, all of which are in its immediate proximity.
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A more accurate estimation occurs when fabricated components are available.
Then different lengths of hose are cut and twisted in an attempt to discover rub points
against any of the components as the actual suspension moves through the limits of its
motion. Once an "appropriate" length is identified in this tedious and time-consuming
method, hoses are ordered. This. activity takes place when the automobile is on the
verge of shipping and often leads to delays.
The Virtual Reality approach
The virtual reality software called VRHose developed by Virtual Reality
Applications Center at Iowa State University has sought to overcome limitation in the
CAD softwares in modeling of flexible elements. The VRHose program was
developed using a virtual reality software tool called VRJuggler, which provides a
framework for the development of Virtual reality applications (Chipperfield, 1999).
"VRJuggler provides support for many input and display devices including gloves,
wands, head mounted displays and immersive projection rooms" (Chipperfield,
. 1999,p.68). The attempt to solve the problem of hose routing in virtual reality
environment required the knowledge of the space availability for the hose and the
locations of the adjacent components. The user would then define the points in
available space through which the hose could pass without hitting the adjacent rigid
components. The curvature between these points was restricted by a minimum bend
radius, which was supposed to incorporate the strain limit of a hose that prevented it
from being bent any further. Based on the constraint of curvature, the points are
repositioned in the available space. The straight lines connecting these points were
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modified to a B-spline representation after making the necessary calculation to dr;iw a
smooth path, which sought to represent a hose. However, the authors' realized that
there was a need to validate the resulting hose path with actual data, which would
depend on the physical properties of hoses.
Modeling of hoses using flexible beam elements
Sugiyama (1992) made a brake hose model by dividing it into flexible beam
elements and particles. The shape of hose was determined by solving the equations of
static equilibrium resulting from the element forces on the particles. The final hose
shape was sensitive to initial conditions. The paper focused on ease of computation of
the element forces and claims to have reduced the time required for solving equations
for static equilibrium.
Keil (2001) made the hose model in ADAMSNiew using its ability to model
flexible beams and orient the translational, revolute and fixed joints. The feature of
ADAMSNiew used to create the hose is the "discrete flexible link" function. This
function creates the flexible massless beams between the user-defined cylinders.
The Society of Automotive Engineers (SAE) Handbook gives many
specifications for the design and connection of rubber hoses. It gives details regarding
performance tests and corresponding manufacturing procedures to verify a hose's
ability to stay within acceptable limits for pressure and volumetric expansion. The
handbook gave suggestions for preventing rupture of a hose due to obstruction with
adjoining structures. The document has identified some preventive measures, which
were based on practice rather than on a rigorous analytical procedure. The guidelines

4
applied to static conditions gave the minimum clearance values to be incorporated in
order to prevent the rubbing of a hose against adjacent rigid structures in the chassis
(SAE, 1994). However, there was no method given to verify clearances in a dynamic
condition. Thus, it is difficult to identify properties that are relevant to determining
the hose shape in bending and twist from existing data.
Keil has placed his prime concern in accurately predicting the properties of the
hose and used it as a driving force in predicting hose geometry. He conducted tests in
order to determine the bending and torsional stiffness of a hose, and concluded that
the stiffer hose in bending is not the stiffest in torsion. Also, there is a variation by a
factor of two for bending and torsional stiffness in a single batch of hoses with the
same specifications (Keil, 2002). The bend and twist properties of the flexible beam
had been used to predict the position of a particular length of hose in bending and
twisting, by a particular twist angle. The bending and torsional stiffness, mass and
area moment of inertia properties of a hose were specified as the properties of the
flexible beams.
Chipperfield and Vance (2002) also modeled a rubber hose in ADAMS using
its capability of modeling flexible beams. Due to the cumbersome procedure of
making the large number of beams, Chipperfield and Vance (2002), used a program
called "C_hose" in order to write the code for the generation of the flexible elements
in the ADAMS command language, and then used it as an interface between the
ADAMS/Solver preprocessor and postprocessor. The postprocessor subsequently
generated the output file with the desired hose path. Chipperfield and Vance have
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considered weight per unit length in order to calculate the point masses along
individual hose sections, which have been modeled as flexible beams. Chipperfield
(2002) concluded that the hose model could be improved by checking the ability of
his hose model in predicting the actual shape of a hose with moving end points taking
into consideration the dynamic movement of the hose on the chassis.
Keil's (2002) flexible element model had the capability of being integrated
into the suspension model in ADAMSNiew. Subsequently, a full dynamic simulation
was performed in ADAMS with the suspension model. This modeling technique was
able to check the hose shape with moving ends of the hose during a dynamic
simulation as suggested by Chipperfield (2002).
VRHose has been used to facilitate modeling of a hose in the Jack™ software
due to its suitability for virtual reality applications, with its enhanced feature of
supporting other CAD file formats (Fischer, 2002). The research has used the ability
of VRHose to modify the hose geometry using the ADAMS preprocessor and then
importing the same into the Jack™ software, in which the adjacent CAD geometry
has already been imported and is present. At first, the user defines the control points
inside Jack™ in order to prevent the hose from touching the other structures. Next,
these control points serve as the new input to the VRHose program, which uses the
ADAMS preprocessor and obtains the more accurate hose geometry with associated
bending properties. The authors have not presented any experiments to validate the
model in the Jack™ software with a real hose assembly.
Elliot (1996) made a hose model in ADAMS and studied the effects of
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pressure and temperature on the stiffness properties of hydraulic hose. A linear
regression was done on the force-deflection data of the hose to determine the values
of stiffness parameters for a particular temperature and pressure.
Deficiencies in flexible element modeling
The research of Chipperfield and Vance relied on the assembly skills of
experienced users in order to determine initial intermediate control points that
determine the hose route. Thus, due to user errors in the initial definition of control
points, there is a possibility that the final hose shape is inaccurate. It would be more
appropriate if the hose properties would govern the initial control points. Validation
of the hose model has been carried out for a real hose deflected in one plane. This
model could not predict the hose shape due to twisting through a user-defined angle
of twist. Further, the hose shape of varying hose lengths between two fixed
attachment points cannot be predicted. This is because the hose model is based on the
initial assumption of approximate intermediate points along the hose path.
Sugiyama (1992) used a contact method for measuring deviations of his model
from that of a real hose. Chipperfield (2002) has not reported the actual deviation
values of his hose model from the real hose. In the present research, the validity of
Keil's model (referred to as base model) was checked by measuring the deviations
accurately in CAD from the point cloud data of a brake hose using a non-contact
method of measurement. This measurement technique is more reliable than a contact
method.
The uniform properties of a hose determine the hose geometry in bending and
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twisting in the present flexible element model. Thus, the hose shape is not sensitive to
initial conditions as is the case with Sugiyama's (1992) model neither is its accuracy a
function of initial approximations of points along hose path as in Chipperfield's
(2002) modeling technique.
Keil (2002) noted that it 1s imperative to be very precise regarding the
orientation and attachment points of the hoses. He stated that it is a very time
consuming and cumbersome process to set up the model with the flexible beams and
its associated joints for modeling of a flexible body without any user errors.
The research presented in this thesis proposed to automatically build a
flexible element model using the principles of spatial orientation and vector
mathematics. These accurate mathematical principles would maintain the precision in
the flexible element model as suggested by Keil while reducing the time for building
a hose model to minutes from hours. The deviation in Keil' s model is sought to be
reduced by the incorporation of off-axis spring elements in the flexible element
model. The process of incorporation of the spring elements in the flexible model is
proposed to be automated. This would ensure the precision in depiction of the
uniform properties of a hose. Further, it would reduce time for performing the
numerous trials to determine the properties of the flexible body in the model that
would reduce deviations from its actual shape in bending and twisting.
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CHAPTER II
AUTOMATIC GENERATION OF A FLEXIBLE ELEMENT MODEL
Principles relevant to the definition of geometric entities in the model
The automatic generation of the flexible body model in simulation software
involved the following steps:
1. Extracting the location of attachment points
2. Establishing a mounting convention
3. Specification of orientation of the geometric entities
Extracting of mount point data
The Initial Graphics Exchange Specification (IGES) format is a text file,
which incorporates the data of the geometric entities in the CAD file. The format of
the IGES file is very structured, with certain standards for each geometric entity. The
spacing between the numeric and alphabetic fields in the IGES file is crucial. There
are 81 fields in a line of the IGES text file, and the spacing has to be honored so that it
can be read and interpreted by the different CAD softwares for drawing of the entities
with their associated data.
The entity type number for a point is 116. The user makes four points (for
example A, B, C and D) in CAD. A sample IGES file with the location of the four
points is given in Appendix A. The C++ program searches for the location of the
points in the IGES file in the midst of innumerable other entities and extracts the
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numerical values of the x, y and z coordinates of the points and stores them in an
array.
Establishing a mounting convention
The attachment points of the flexible element could be any pair of points
among A, B, C and D as shown in Figure 1. The vector direction is important for the
desired flexible element path as per the requirement of the designer. A change in the
vector direction at the attachment points at either end can result in different
geometries as shown in Appendix B. As an example, the hose is made in the vector
direction from A to B and D to C as shown in Figure 1. In this case B and D are the
attachment points. It is essential that there be no other entities that are named A, B, C
and D in the CAD file.

f

F

(xl, yl, z 1)

/Fr=e
(x2, y2, z2)

I

f

(x 4, y4, z4)

1c (x3, y3, z3)

Figure 1. An example of vector directions for the attachment points.
Specification of orientation of geometric entities of the flexible element model
The end connectors can be modeled as the cylinders from A to B and D to C,
in simulation software using a combination of vector mathematics and rotation of
bodies. A brief review of the rotation of bodies in space in the global coordinate
system and the computation of their orientation served as the foundation in the
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determination of the orientations of the entities necessary for the generation of the
flexible element model.
The true rotation of a body about a vector in space is performed around it by
having a line of sight along the vector. However, it is necessary to know the true
length of the line in order to determine its point view. The computation of the various
angles keeping in view these concepts are given below. The vector is brought in line
with the global z-axis and then the rotation of the body in space (for example 03 ) is
made around the point view of the vector. The representation of a vector in space is
ax + by + cz, where a, b and c are the coordinates of the vector on the x, y and z axes
respectively. The first rotation is made around the global z-axis by an angle (0 1) given
by the equation:
(1)

b
Tan8 1 =a
A rotation by this angle would get the vector in the X-Z plane. The rotation by

the next angle (02) around the global Y- axis would bring the vector in line with the
global Z-axis. The length of a vector whose one end is the origin, as in this case, is
given by:

This is also the length of the hypotenuse. Because the true length of the adjacent side
is c, therefore, by the Pythagorean theorem, the opposite side is

Hence, the second angle of rotation about the global Y-axis 1s given by:
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(4)
Now, since the true length of the line is along global z-axis, the point view of the line
is known, with the line of sight being along the global z-axis. The true rotation (03)
can now be made about this vector, and then the body is placed back into the space
along with the vector. This is accomplished by having a reverse order rotation to the
vector through the angles -02 and -0 1 • The negative sign denotes the opposite direction
of rotation according to the right hand rule. Hence the vector is back in its original
place with the body, however rotated through the angle (0 3) around the vector (Keil,
1990).
The Z-X-Z body rotation sequence was used for orientation of geometric
entities in space. This means that the first rotation is given around the local Z-axis,
then the local X-axis, and finally, once again around the local Z-axis of the body. If
the Z-axis of a geometrical entity (for example a cylinder) is initially aligned with the
global Z-axis, then a vector AB can be assumed to lie along the Z-axis of the body.
The rotations are given in order to orient the vector in the final position as in reality.
The angles for the Z-X-Z global rotations could be found by using the computations
described previously. In this case, the z-axis of the cylinder had to be aligned with the
global z-axis through a rotation around the global z-axis, then around the global x .:
axis, and finally, around the global z-axis. The last rotation around the global z-axis
was o0 as the previous two rotations were enough to line up z-axis of the cylinder with
the global z-axis.
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The first rotation had to bring the vector AB (ax+ by+ cz) to the YZ plane.
The angle (0 1 ) through which it had to be rotated is:
(5)

a
Tan01 =-.
b
The next rotation around the global x-axis, which brings the vector AB in line

with the global z-axis is:
(6)

✓

(a 2 + b 2 )
Tan0 2 =----.
The global rotations for orienting the cylinders in space could be found by the

above equations. However, the relationship between the Z-X-Z-body transformation
and the Z-X-Z global rotations had to be found for specifying the orientation of the
entities of the model. A Z-X-Z-body orientation of � 1,
�1

�2 ,

and �3 angles indicates that

is the value of the first angle to be rotated around the body z-axis, �2 the second for

rotation around the body x-axis, and �3 the last angle of rotation around the body z
axis. These three rotations specify the placement of the entities belonging to a
geometrical entity in space in the flexible element model. The angles for aligning the
axis of the cylinder with the global z-axis are 0 1, 02 and o0 as per the equations 5 and
6. The rotation angles for the orientation of the cylinder in the global coordinates are
-0 1 , -02 , and o0 , which means that the reverse rotations would put the cylinder back in
space. Here the cylinder, which is assumed to be initially lying along the global z
axis, would be first rotated by o0 about the global z-axis, then by -02 about the global
x-axis and finally, by -0 1 about the global z-axis for placing the cylinder in its

appropriate position. The relationship between the Z-X-Z global orientation and Z-XZ body orientation is � 1 = 180 + (-0 1), �2 = - (-82), �3 =180 + (0). For example, a
cylindrical rod with Z-X-Z body rotations of l l l .8014°,79.84°,180° (Rod A) and the
other one with Z-X-Z global rotations of -68.1985 °, -79.48°, o0 (Rod B) would have
the same final position as shown in Figures 2a through_2(f).
Side view

Front view
y

y

Local and global axes are coincident
Rod A and B at an initial orientation

of0° ,0° ,0°

z

X

z

X

Figure 2a, 2b. Front view and side view of rods A and B in the initial position.
Rod B after the rotation
around the global x/ axisby-79.48°

X

y

Local x-axis

I

Local z-axis
X

Rod A aftec the rotation around th:

local z-axis by 111.8014°

L..-Y'---________

y

Figure 2c, 2d. Front view and side view of rods A and B after the first rotations of �1
and -82 respectively.
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14
X y

Rod B after the rotation
around the global z-axis by
-68.1985 °(-01)

y

Figure 2e. Front view ofthe final position ofrod B after second rotations of-0 1•
X y

Rods A and B are coincident after
the rotation ofrod A around the
local x-axis by 79.48°(�2)

Local x-axis

z

z

Figure 2f. Top view showing rod A at the same final position as rod B after the
second rotation ofrod A by �2 around the local x-axis.
There are some cylinders in the model that have their z-axis aligned with the
global x-axis. The equations for the values of the rotation angles for aligning the z
axis of the cylinder with the global x-axis are different from equations 5 and 6. In this
case, the z-axis of the cylinder has to be aligned with the global x-axis through the
first rotation around the global z-axis; (this rotation is o0 as the next two rotations are
enough to line up the z-axis of the cylinder with the global x-axis), then the global x-

15
axis, and again around the global z-axis in keeping with the Z-X-Z global rotations.
The second rotation about the x-axis has to bring the vector AB to the XY plane. The
angle (01) through which it has to be rotated is given by the equation:
(7)

C
Tane l =
b
The next rotation around the global z-axis, which brings the vector in line with

the global x-axis, is given by the equation:
(8)

Tan0 2

✓(b + c )
= ----.
2

2

a
AC++ program was used to write the text file containing the global locations

and orientations of the geometry of the flexible element model. The length of flexible
body and angle by which it is to be twisted is specified by the user in the GUI
dialogue box of the program.
The values of the x, y and z coordinate of the center of mass locations of the
twisted flexible body were captured by a secondC++ program. TheC++ program also
wrote the iges text file, which would make points at each of the center of mass
locations, make lines (polyline curve) between adjacent points and define a plane
normal to the curve.
Once the base model has been generated it can be viewed m CAD by
importing the iges file.
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CHAPTER III
REFINEMENTS IN THE BASE HOSE MODEL
Incorporation of the Spring Elements for Increasing the Fidelity of the Model
Deviation measurement of hose model from point cloud data
Experiments were conducted by Keil (2002) for validation of the base hose
model using a fixture, which duplicated the environment of a brake hose in a vehicle.
The lack of space made it difficult to access all the measurement points using the Faro
arm. Moreover the contact method of measuring was prone to user error. These
inestimable errors in the data collection had reduced the confidence in the deviation
results in the large deflections between the model and the real hose.
A simpler fixture for the deviation measurements was considered. A length of
hose was firmly attached at one end of a fixture. The hose was bent and inserted into
the hollow recess at the other end of the fixture. This represented the 0° twist. The
hose was scanned using the ATOS II scanning system. This machine is capable of
performing scanning of parts without any physical contact with it. This non-contact
means of taking measurement was essential in eliminating the errors in data
collection. The scanned section is automatically transformed into the correct body
coordinate position based upon the reference marker position (Capture3D, 2004).
The measuring volume of 250 x 200mm was used for scanning the hose. The
calibration of the camera for this volume was performed using the procedure
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described by the manufacturer. Subsequently the targets were placed along the length
of the hose and point cloud data of the hose in a coordinate system was obtained
through successive scans with the help of the Atos II camera sensor. The end of the
hose in the hollow recess was rotated through 180°. Again, the hose was scanned
using the aforesaid mentioned procedure. The two files, one containing point cloud
data at 0° twist and the other at 180° twist was imported in ADAMS and merged
image of the two positions are as shown in Figure 3.
Hose without any twist (0° twist)

Hose position after twisting it by 180°

Fixture for holding the hose
Hose twisted at this end
Hose fixed at this end in the
fixture

Figure 3. Scanned images of the hose at the o0 and 180° twist.
Accurate measurement of deviations of the base model
It was observed that the o0 twist position of the mathematical model matched
up with the scanned image. However the 180° position deviated significantly from it.
The accurate values of these deviations were measured using the procedure below.
Cylinders were fit into short sections of the point cloud data of two positions
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to determine the centerline of the hose. The best-fit cylinders (as per ATOS II manual)
were created at three locations (1,2,and3) at 0° twist (Figure 4) and three (4,5 and 6) at
the 180° twist position (Figure 5) where the base model seemed to visually deviate the
most from the scanned images of the hose at the two positions. The coordinates of the
reference points made at the midpoint of the axis of each of the cylinders at the six
locations were noted.
Cylinder 2

ence point I
�
Reference point 2

Reference
point 3

Cylinder 1

Figure 4. The location of the three cylinders at the 0° twist position.
Cylinder4
Reference point4
Cylinder 6

Reference point 5
Reference point 6

Figure 5. The location of the cylinders and the reference points on the scanned hose at
the 180° twist position.
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The center of mass markers of the base model (at the o and 180 position)
along with the polyline curve (which represented the axis of the base hose model)
were imported into CAD as shown in Figure 6 (0° position) and Figures 7, 8 (180°
position). The shortest distance between the reference points and the point on the axis
of the base model was found in CAD and is shown in Table 1.

Reference point 2

Figure 6. Front view of the axis of the hose model in CAD and the location of the
reference points 1,2 and 3 of the scanned image.
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Axis of the hose model

Deviation

Figure 7. Front view of the axis of the model at 180° in CAD and the reference point
6 on the axis of the scanned hose .

.__ Reference point 4

Deviations

.-- Reference point 5
Reference point 6

Figure 8. Location of the reference points 4, 5 and 6 at 180° twist from the side view.
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Location

1

2

3

4

5

6

Deviation
(mm)

1.942

2.412

1.585

15.837

10.152

4.974

Table 1. The deviation of the base model at the five locations.
Use of stiffeners (off-axis spring elements) for the 180° twist position
The hose model did not match up with the 180° twist position in reality with
modification of the young's modulus, shear modulus and the torsional stiffness. The
least deviation was observed when the torsional stiffness was increased 7.24 times. A
further increase in the torsional stiffness made the hose bend down further in the final
position as shown in the Figure 9.

Scanned image of the hose at 180° twist
position
Hose model at 180° twist position

Figure 9. The effect of increased torsional stiffness (25 times) of the beams.
Another approach that was thought of implementation was that of having offaxis strand elements in the hose model. It was proposed that these elements would
mimic the behaviors of the two strands, which were wound through two angles of 50°
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and 52 respectively with the horizontal throughout the length of the hose. The
stiffeners were in the form of spring elements, which would in effect stretch in
tension and get compressed during the twisting of the hose. It was assumed
henceforth that the deficiency in the mathematical model in accurately predicting the
hose configuration at the 180° twist angle could be overcome with the incorporation
of stiffeners.
The objective of placing the stiffeners was to get the accurate matching with
the scanned image of the hose at the o0 to 180° positions making sure that there was
no sudden acceleration during the twisting from o0 to 180°. The smooth motion of the
hose model would instill more confidence in its fidelity for the intermediate positions
for any twist angle between o0 and 180°. These intermediate positions were also
sought to be validated with more scanned images after finding the right spline
characteristic for the stiffeners.
Methodology for the incorporation of the stiffeners in the hose model
The strands in the hose run through out the length of the hose. These were
approximated with spring elements between the 50 hose elements. The restriction on
the number of hose elements was placed to facilitate faster simulation of the twisting
motion. Initially eight springs were used in between the adjacent hose elements. The
springs were placed in the form as shown in Figure 10 in the two views.
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Hose dia

Top View

Side view

Figure 10. Geometric placement of the stiffeners.
Ideally the stiffeners would have to be placed at an angle of 50° and 52° for
the accurate depiction of the strands of fiber in the hose. However, initially all the
stiffeners were placed at the angle of 52° with the horizontal. The variables in the
equations 9 through 12 signify the following:
Hoserad = radius of the hose
lhose= length of the hose
len_h = Length of the adjacent side of the spring angle.
noel = Number of elements in the hose
len_h = (lhose/noel)/tan(sprang* acos(-1 )/180)
ang_top = Angle subtended by the spring element in the top view
The above variables above have been depicted in Figures 11 and 12. ·
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Spring element

/hose
noel

I.-I .

len h

--.J
I

Figure 11. Simplified line diagram of the front view of the springs.
Two springs
connecting two
consecutive
elements
Markers are made at these
positions

Len h

final_ang

Figure 12. Top view of the spring elements and the relevant parameters for
calculation of the coordinates of the attachment markers of the springs.
(9)

ang_top = asin((len_h/2)/hoserad)

(10)

final_ang = 45-ang_top

(11)

x-coordinate of the marker = hoserad x sin(final_ang )

(12)

y-coordinate of the marker =hoserad x cos(final_ang)
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Procedure adopted for arriving at the optimum force-deformation values
The deformation of the springs during the twisting motion through a particular
length induced a force in it that depended on a table that could be defined in ADAMS
as a spline function. The format of the spline function is as shown in Figure 13 with
the deformation of the spring as the x-values and the resulting force in the spring as
the y-values. This allowed modeling the non-linear behavior of the springs. Negative
x-values signify compression and positive values tension.
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-100.0
0.0
130.0
150.0

I

Type
View as
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.:I

:g

.:J

Linear extrapolation

Figure 13. Spline function table for the spring elements with deformation as the X
values and the resulting force as the Y-values.
The forces induced by the spring elements in achieving the lesser deviations at
the reference points were investigated. These forces during the various twist angles
depended on the force deformation curve and are defined in the spline table. The ideal
model would be the one in which the spline definition of the springs would be such
that it would result in the minimum deviations of the model from the scanned image
at the six locations. This served as the performance measure for the model. The
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deviations of the base model (without the stiffeners) at the o and 180 were chosen as ·
0

the baseline value for the performance measure. It was very difficult to keep track of
the values of the 392 forces during the twisting motion as shown in Figure 14. Thus
the springs connecting the elements that were near the reference points 4 and 5 were
considered. The spring forces near the reference point 4 were those connecting the
hose elements 13 and 14. It was hoped that increasing the magnitude of the forces of
those springs in this region, which had a direction towards the reference points during
the twisting motion would result in the minimum deviations at the 180° position. The
springs near the reference point 5 considered were those connecting the hose elements
33 and 34. These were considered to see the effect of the force-deformation values at
the other end of the hose. Since the maximum deviation occurred at reference point 4
these were given the primary importance as to having the maximum magnitude of
force in the direction of the reference point 4. The graphic display for the forces was
switched on in ADAMS to indicate visually the increase or decrease of these forces
(Figure 15). Accordingly the deformation values in the spline table were changed. The
spline was defined for more deformations to increase the magnitude of the forces in
the direction of the reference point.
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Figure 14. Arrows showing the direction of all the forces and the length showing their
magnitude.
131 .1725

132.8864

51.4135

74.5743

Spring forces between
hose elements 13-14.

Spring forces between
hose elements 33-34

Figure 15. The magnitude and direction of the forces in the region near the reference
points.
However the motion of the hose was not smooth during the twisting action
from o0 to 180°. As shown in the Figure 16 the hose model traveled much further

°

during twisting from 100 -160°. It came back near the reference points during the
twisting from 160°-180° . The final position at 180° was closer to the scanned image as
shown in Figure 17. The high acceleration at the intermediate positions reduced the
confidence in further investigation of values of the force-deformation curves with
eight springs between adjacent elements.

Figure 16. The position of the hose model at 158° further beyond the 180° position.
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Figure 17. The position of the hose model at 180° closer to the scanned hose.
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Figure 18. The spline table for eight springs between adjacent hose elements.
Effect of increasing the number of springs
The fibers were densely wound in the periphery of the hose and hence it was
assumed that more number of springs would have to be incorporated into the model

for the appropriate depiction of the fibers in the hose. It was assumed that placing

sixteen springs between the adjacent hose elements could minimize the large
acceleration that was seen in the model with eight springs and the spring angle of 52°.

The configuration is as shown in Figure 19 (Front view), Figure 20 (Top view) and

Figure 21(Top view). The variables in the equations 13 through 16 signify the
following:

lhose= length of the hose

len_h = Length of the adjacent side of the spring angle

sprang = Angle of the spring with the horizontal (could be varied from 52° - 90°)
noel = Number of elements in the hose

subang = Angle subtended at the center of the octagon
b_angle = base angle of the isosceles triangle

(13)
(14)

rad = radius of the circle circumscribing the hexagon
len_h = (lhose/noel)/tan(sprang*acos(-1)/180)
subang=360/stside

Spring element

!hose
noel
sprang
r-- len h
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31

Two springs
between the
hose elements

Hose element 2

Hose element 1

Figure 19. Springs made between the adjacent hose elements throughout the length of
the hose.
(15)

b_angle = (((180-s_ang)/2)*acos(-1))/180

(16)

rad= len_h/(2*cos(bangle))

Len h

Springs in side view
(depicted as lines)

Horizontal
plane

Two springs connecting two
consecutive elements in the hose

f=====t===:Z:���Markers are made at the coordinates of these points for all
the 16 springs forming the octagon (here springs
connecting two elements are shown)
sprang

Figure 20. The geometry of the placement of the springs in top view.
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Figure 21. Top view of the springs.
Increasing the number of stiffeners from eight to sixteen required a much
larger memory and computing capabilities. Time required for loading the model and
its simulation for twisting through a specified angle increased significantly. The
equations 13 through 16 for setting up the springs were incorporated in the C++
program to facilitate automatic building of the springs in the base model. The
acceleration of the hose model with eight springs between hose elements was thought
to be because of sudden high value in tension at the deformation of 0.28mm (see
Figure 18). It was assumed that some spring forces in the region (hose elements 1317) near reference point 4 were deforming at this value at around 100° twist angle and
this effect cascaded to the other springs ( especially those near reference point 5)
deforming them by a large amount (0.3mm and above) and the resultant force takes
the hose geometry beyond the scanned position at 180° for twist angles from 100°160°. Keeping this in mind the force-deformation values for the configuration with
sixteen springs was sought to be found.
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The force deformation values were modified such that the tension values for
the spline were kept at a minimum for spring deformations near the reference point 4
for the twisting from o0-180° . It was known from spline table for eight springs (Figure
18) that tension forces had to be low for deformation values more than 0.28mm.
However, the exact value of the deformation till which the tension value had to be
low was obtained at the end of numerous trials. The value of 0.7mm resulted in
minimum deviation of hose model for 52° and 50 elements as shown in Figure 22.

Higher deformation value
for the increase in tension

-1.75
-1.1
-0.9
-0.75
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0.0
0.2
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0.75
0.8
0.9
1.0
1.2
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-500.0
-400.0
-300.0
-2.0

·- -�□-

0.0
2.0
2.0
100.0
150.0
300.0
600.0
1200.0 I
2400.0
4800.0

I

y=f(x] (2D]

J Tabular D ala

. Units

j no_un�ts

r Linear extrapolation

Figure 22. The optimum spline values for the model with sixteen springs between
hose elements.
Some of the springs in the region near the hose elements 35 and 36 (Figure 23)
deformed by 0.7mm during the twisting from 100°-180°. The tension forces were low
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(2N) for the springs near the reference point 4 for the entire motion from o0-180°
based on the spline table in Figure 22. The previous assumption regarding the adverse
effect of high forces in the springs near reference point 4 were found to be valid.

Springs joining the 35 th and
36th elements

Figure 23. The spring forces that were considered for the model with sixteen springs
between adjacent hose elements.
There was no sudden acceleration in this case as was observed for the model
with eight springs between the hose elements. It was noted that the higher
compression values resulted in higher deviations in the no twist and the 180° position.
This was very encouraging because in reality the fibers of the hose have very low
compression strength and a higher tensile strength. · The next step was to get the
minimum deviation at the 180° position after reducing the compression forces. It was
assumed that the high tension values in the springs in the proximity of the reference
point 5 would counter the effect of the increased torsional stiffness of the beams (as
shown in Figure 9). Thus the tension values and torsional stiffness were increased

35
gradually and the deviations noted. It was seen that the minimum deviations occurred
when torsional stiffness was increased by a factor of 25 times. Then the number of
elements in the hose model was varied and it was seen that the minimum deviations
from the reference points occurred when the number of hose elements was 41.
The spline table for the minimum deviations is_ shown in Figure 24. It can be
seen that the compression values are at a minimum and the tension values have been
increased from those in the Figure 22 to counter the effect of increased torsional
stiffness.

Lower compression values

(RI

1 Modify spline ...
Name

SPLINE_ 1
X
-7.0
:,·.1
-0.9

6.o

Higher
tension values

0.12
0.35
o·.1
1.0
1 �,

... f25
1.26
2.0

OK

Figure 24. Force deformation values for 52° spring angle with increased torsional
stiffness.
Effect of varying the spring angle on the hose geometry
Next, the effect of the spring angles in reducing the deviations at the 180°
twist position was investigated. It was hoped that the changes in the angle would alter
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the direction of the spring forces towards the reference points. The angle of the
stiffeners was varied in order to find out the angle that would minimize the deviation
between the model and the scanned image. The torsional stiffness was kept constant
at the factor of 25. Young's modulus and the shear modulus for the beams were kept
constant at the values, which yielded the best result for the base model without the
stiffeners.
Two reference points at the 180° position along the length of the scanned hose
image in ADAMS were chosen for the deviation measurement. The locations of the
reference points on the scanned image of the hose were chosen at the places where the
maximum deviation of the base model occurred. The positions of the reference points
on the hose have been signified as massless spheres for visualization purposes as
shown in Figure 25 and Figure 26. The movement of the hose during the simulation
was observed and the points that came diagonally opposite to the reference points at
the 180° twist position were chosen as the locations on the hose for deviation
measurement. The distance between the point on the hose and the corresponding
reference point was measured. It was ensured that the force deformation values for the
spline were specified till the maximum deformation during the twisting motion of the
hose. Thus there were no error messages during the simulation run of an "out of
range" deformation value being encountered. The measuring of the deviations in
ADAMS was a more scientific method of arriving the optimum force deformation
values for a particular spring angle than visual interpretation of the deviations.
Further, very small changes in the deviation were imperceptible to the naked eye.
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Re erence point 1
Hose model in ADAMS at the 180° twist

Scanned image of the hose at 180° twist

Distance measured
(deviation).

Figure 25. The location ofreference point I chosen along the scanned hose and the
deviation ofthe point on the model from the scanned image at 180° twist position
(Top view).

-----

Scanned image of the hose at 0° twist

Reference point 2 on the
scanned image of the hose at
180° twist

Distance measured
between the points is
(deviation).

Figure 26. Shows the location of reference point 2 chosen along the scanned hose and
the deviation of the point on the model from the scanned image at 180° twist position
(front view).
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Measuring deviations in ADAMS for various trials with different sprmg
angles shortened the time for finding the best spline values for a given case. However
it was not a very accurate means of measuring the deviations since it was partly based
on visual interpretation of the spheres on the scanned image and the hose being
"diagonally opposite". The more accurate method of measuring deviations in CAD
was done for the model with a particular spring angle that gave the least deviation
values measured in ADAMS.
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CHAPTER IV
RESULTS AND CONCLUSIONS
Regression Analysis for Generalized Force-Displacement Values
Deviations results corresponding to increase in spring angle
The deformation value for which the tension force had to be high was found to
be a function of the spring length. The spring length depends on the length of the
hose, the number of elements that make up the hose and the angle with the horizontal
that is specified for the stiffener. It was observed that the deviations reduced as the
spring angle was increased. These deviations were measured in ADAMS and are as
shown in Table 2. The length of the hose element also had to be increased
corresponding to an increase in spring angle for keeping the deviations to a minimum
in the o0 and 180° twist positions.
The minimum deviations were observed for the spring angle in the range of
70° to 75 °. A further increase in spring angle beyond 75 ° resulted in increased
deviation at the location 6. A reduction below 70° resulted in an increase of deviations
at location 4. The more accurate procedure of measuring the deviations in CAD as
explained in Chapter II was carried out for the deviation measurements for the models
with the least deviations at the spring angles and they are given in Table 3.
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Deviations at 180°

Spring
Angle

60
65

At location I
(near start) in
mm
8.582
5.848

At location 2
(near end) in
mm
4.183
7.245

70
71
72
73
74
75

4.525
4.794
4.268
4.136
4.078
4.154

5.482
5.128
5.435
5.622
5.840
6.216

80

5.36

11.06

Table 2. Deviations at the locations measured in ADAMS for the model with
stiffeners (locations 1 and 2 are as shown iri Figures 25,26).
Spring
Angle

Deviations at 0° (in mm)
At
location I

At
location 2

At
location

52
60
65

0.059
0.21
0.301

0.773
0.42
0.648

0.78
0.86
1.137

70
71

0.566
0.525
0.576
0.568
0.542
0.531

1.025
0.415
0.673
0.658
0.583
0.525

0.604
0.326
0.449
0.46
0.419
0.442

72

73
74
75

80

0.540

0.565

3

0.45

Deviations at 180°(in mm)
At
location

At
location 5

At
location 6

10.148
8.297
6.243

8.169
7.455
8.243

3.456
3.948
6.866

4.769
5.011
4.744
4.782
4.848
5.064

6.705
5.986
6.206
6.067·
5.929
5.825

5.278
5.016
5.243
5.377
5.555
5.899

4

6.339

7.576

10.657

Table 3. Accurate deviations for the different spring angles at the six locations
measured in CAD (the reference points are at the locations mentioned in chapter III).
ANOVA analysis for finding range of spring angles for regression
The one-way ANOVA analysis was done for the deviations at the three
locations at the180° twist position versus spring angle. The result showed that there
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was some difference (p-value = 0.344 at 95% CI) in the deviations when the range of
the values from 52°-80° was considered.
The mean deviation for range of spring angles from 70°-75° was consistent at
being below 6mm. Further the one-way ANOVA analysis showed that there is no
significant difference (p-value = 0.987 at 953/o CI) in the deviations at a given location
for the range of the spring angles between 70°-75°. Tukey's pairwise comparison at
95% confidence interval was also carried out with similar results.
Below6mm

Spring angle
Mean of the
deviations at the
180° twist position

52

60

65

7.258

6.567

7.117

r
70

71

72

73

74

75

80

5.584

5.338

5.398

5.409

5.444

5.596

8.191

Table 4. The means of the deviations at the three locations for the 180° twist.
However there was a significant difference (p-value = 0 at 95% CI) in the
deviations at the three locations for the angles between 70°-75° as shown in Table 5.
Location number
Mean of the deviations at the 180" twist
position for the angles 71 °-75°

4

5

6

4.8898

6.0026

5.4180

Table 5. The mean of the deviations at the three locations for spring angles 70°-75°.
Regression Analysis
The specification of the deformation values varied on the basis of the spring
lengths for the different angles. The spring length is a function of element size and
spring angle. Table 6 gives the optimum hose element sizes corresponding to a certain
spring angle.
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The second-degree regression equation (R-sq = 100 %) for the relationship
between the length of the element (len_el) as the independent variable and the spring
angle (ang_sp) as the dependent variable on the basis of Table 6 is,
(17)
Length

of

element
8.1966

ang _ sp = -16446.9 + 3937.17 x !en_ el - 234.48 x !en_ e/ 2
Spring
length
8.6688

8.2073

8.6296

8.2195

8.571

8.23171

8.563

8.2454

8.5362

Angle

x5

X6

x7

X8

x9

xlO

xll

-8

0

0.19

0.2

0.21

0.22

0.23

0.24

2.02

2.3

5.5

-8

0

0.18

0.19

0.2

0.21

0.22

0.23

2.0

2.2

5.4

-8

0

0.125

0.135

0.145

0.155

0.165

0.175

1.92

2.15

5.3

0.15

0.16

0.17

1.98

2.1

5.2

0.12

0.13

0.14

1.887

2.1

5

4000

6000

8000

xl

71
72
73
74
75

For all the above

Deformation values (mm)

x2

x3

x4

-8

0

0.12

0.13

0.14

-8

0

0.09

0.1

0.11

0

2500

0

0

Force values (Newton)
2501

2503

2504

2600

Table 6. Values for the regression analysis showing the relationships between
parameters.
The regression equation for the relationship between the deformation values as
the dependent variable and the spring length as the independent variable was carried
out next. It can be noted that the force deformation values for 70° spring angle has not
been incorporated in Table 6 though the mean deviation at that angle is less than 6mm
(Table 4). This was because the spline values for 70° were significantly different from
those for the angles between 71°-75°. Hence regression equation for force
displacement values for the 71°-75° range had a higher R-square value than with 70° 75°. The regression analysis for the force deformation values for the element sizes
8.1966mm - 8.2454mm for the angles between 71°-75° was carried out on the basis of
the force-displacement values as shown in the Table 6. The force values in the spline
were constant for all the angles. The relationship as defined with the quadratic
equations yielded the highest R-sq values as compared to the linear and cubic
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equations.
The deformation values (xl through xl1) for any spring length (sp_len) in the
range of 8.6688mm - 8.5362mm are as per the regression values (in mm) given
below. The first two values for deformation are constant.
(18)

xl = -8mm

(19)

x2 = 0mm.

(20)

x3 =-307.974+ 70.8547xsp _len-4.07276xsp _len2 (R-sq = 99.4 %)

(21)

x4 = -307.964+ 70.8547xsp _len-4.07276xsp _len2 (R-sq = 99.4 %)

(22)

x5 = -307.954+ 70.8547xsp _len-4.07276xsp _len2 (R-sq = 99.4 %)

(23)

x6 = -307.944+ 70.8547xsp _len-4.07276xsp _len2 (R-sq = 99.4 %)

(24)

x7 =-307.934+ 70.8547xsp _len-4.07276xsp _len2 (R-sq = 99.4 %)

(25)

x8 = -307.924+ 70.8547xsp _len-4.07276xsp _len2 (R-sq = 99.4 %)

(26)

x9 =-464.698+ 107.589xsp _len-6.20050xsp _len (R-sq = 78.5 %)

(27)

xl0 = 585.2- 137.022xsp _!en+ 8.04956x sp _len2

(28)

xl1 =-2192.54+ 507.583xsp _len-29.3037 xsp _len2 (R-Sq = 95.3 %)

2

(R-Sq = 96.3 %)

Estimation of the range of lengths divisible by feasible range of hose element size
A given length of the hose was divided beginning with the higher value
(8.2454mm) of the range of the length of each element that gives the minimum
deviation and subsequently in decrements of 0.00001mm using a C++ program. The
constraint is that the number of hose elements should always be an integer value i.e.,
the division of the length of hose by any value in the range of 8.1966mm - 8.2454mm
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should yield an integer value. The maximum length of hose in the model that could be
simulated with the available computing capabilities was 2474mm (8.2454mm times
the maximum number of hose elements). The lowest value of the length of hose was
16.5mm (2 times 8.1966mm).
Sensitivity Analysis for finding the optimum rounding off value. The rounding
off value to the nearest integer signifying the number of elements was to be found.
The optimum value would be the one, which resulted in the division of all the values
in the 16.5mm - 2474mm (accuracy of 0.hnm) by a value between 8.1966mm 8.2454mm. Trials were performed by changing the rounding off value in the program.
It was also to be determined if the new length of each hose element found by dividing
the length of the hose by the integer value lay in the range of 8.1966mm to
8.2454mm.
Rounding off
value to the
nearest integer

Lengths outside
the range of
8.1966mm to
8.2454mm

Minimum hose Maximum hose
element size after element size
rounding off

±
±
±
±
±
±
±
±
±
±
±
±
±

7917
7555
7321
6813
6802
6780
6769
6763
6761
6760
6760
8724
21513

5.8
5.7
5.66667
5.53333
5.53333
5.53333
5.5
5.5
5.5
5.5
5.5
5.5
5.19725

0.1
0.07
0.05
0.005
0.004
0.002
0.001
0.0005
0.0003
0.0002
0.00019
0.0001
0.00001

8.65
8.5
8.45
8.25
8.25
8.25
8.2454
8.2454
8.2454
8.2454
8.2454
8.2454
8.2454

Table 7. Effect of rounding off values on divisibility of hose lengths.

'
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The output of the program showed that all the lengths in the 16.5mm 2474mm range could not be divided by element sizes in the 8.1966mm - 8.2454mm
range. From Table 7 it can be seen that lower value of the hose element range
required to divide some of the lengths was far less than 8.1966mm.
It was found that the minimum length of hose element, which resulted in mean
deviation in the model below the threshold value of 1mm at o0 and 6mm at 180° was
8.17mm. The deviations for this element size based on the equations 17 through 28
are as shown in Table 8 and 9.
Deviations

Length of
element

I

2

3

8.17mm

0.216

1.719

0.876

4

5

6

6.862

5.029

4.456

Table 8. Deviations for the element size of 8.17mm.
Length of element

Mean deviations at o0

Mean deviations at
180°

8.17mm

0.583

5.8933

Table 9. The mean deviations for the element size of 8.17mm.
Lengths below 277.8mm required division by values lesser than 8.17mm. A
sensitivity analysis was performed on the effect of increasing the upper limit of the
hose element size from 8.2454mm on the number of hose lengths in the 277.8mm 2474mm range that could be divided to yield an integer value.
The optimum rounding off value of ± 0.0002 (as per Table 7) that had
resulted in minimum number of lengths not divisible by the range of 8.1966mm 8.2454mm was chosen for the trials. The lower limit was fixed at 8.17mm.
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Values of the upper
limit that were changed
in the program

8.3
8.34
8.38
8.41
8.4122

Lengths outside the
range of 8.17mm and
the value in column I

656
201
52
11

O·

Table 10. Finding the optimum upper limit for the range of 277.8mm - 2474mm.
Table 10 shows that all lengths in 277.8mm - 2474mm range can be divided
by some number lying in the 8.17mm-8.4122mm range to yield an integer value.
Deviations at the element size of 8.4122mm. Spring angle corresponding to
element size of 8.4122mm was 80.21° as per Equation 17. Tables 3 and 4 show that a
spring angle of 80° results in high deviation at 180° position. The spring angle of 71°
reduced the deviations at o0 position for the element size of 8.4122mm. Deviations for
the resulting spring length of 8.70895mm and force deformation values based on it
are as shown in Table 11.
Locations

1

2

3

4

5

6

Deviations

0.71

1.123

0.594

8.1

5.823

3.216

Table 11. Deviations for the maximum element size of 8.4122mm with torsional
stiffness increased by a factor of 25.
The values of deviations for the 8.4122mm length of element (worst case) are
acceptable based on the criteria that the mean deviation is less than Imm at o0
position and less than 6mm at 180° twist position.
Incorporation of analysis results in the computer program
The computer program had the code for generation of a hose model with
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stiffeners in ADAMS. It was to be modified in order to incorporate the algorithm for
calculating force deformation values for stiffeners. The process starts with the user
inputting the length of the hose in the GUI dialogue box (Appendix D). The algorithm
then successfully divides the hose length into an integer number of elements. The
resulting hose element size lies between the range 8.17mm-8.4122mm. The
regression equations are used for calculating the spring angle for element sizes in the
range of 8.17mm - 8.2454mm. Spring angle is kept constant at 71° in case the element
size is in the 8.2454mm - 8.4122mm range. The values of the force-deformation
spline table are based on the resulting spring length as per the regression equations 18
through 28. These equations have been incorporated in the program. The regression
analysis, based on the hose element size, spring angle and the force-deformation
values for minimum deviations has provided the capability to automatically generate
the spring characteristics for lengths of flexible elements in the range of 277.8mm 2474mm between any two attachments in space.
Use of line forces for future study with different configuration of springs
There was a restriction on the number of springs that could be incorporated in
the model. This meant that there would be a restriction on the number of elements of
the hose. In turn this would prevent the use of the stiffeners for longer hoses, which
would require more number of elements (for keeping the beam deflection within the
linear range), and hence higher number of springs than the upper limit of 1184
springs. This was due to the deficiency in the computing capability and ram memory
of the computers that were used for the simulation. The spring geometry was
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suspected to be the cause of the slowdown in the simulation runs. The spnng
geometry was replaced by the simpler geometry of forces which were just lines. The
value of the forces as a function of the distance between the attachment points of the
spring was specified as a spline function. The changes in the forces were a function of
the distance between the attachment points of the springs. This change in force was
the same as the spring force as a result of a specified deformation. In the case of the
forces the zero value of the deformation of the spring's spline table was replaced by
the free length of the spring and there was also a difference in the sign signifying the
relation between the force and the distance as shown in Figure 27.
Free length

Na,meJ SPLINE_ 1

X

0.0
4.5634
8.5634
8.6806
8.6906
8.7006
8.7106
8.7206
8.7306
10.4905
10.7605
14.0

y

0.0
o:o
o.c:i
0.0
-2500.0
-2501.0
-2503.0
-2504:o
.. -2600:0
-4c:ioct o·
-6000.0
-8000.0

Type
View ais
Units

r

I

I
I

y=f(x)

(2D)

Tabular Data

8

no_units

Linear extrapolation

Figure 27. Spline table for forces and the value of the free length of the spring.
Conclusions
The hose geometries with the spring spline function and the one for the
simplified representation of a line force were identical. Thus the approach with forces
has instilled a great deal of confidence in solving the problem associated with
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insufficient memory space for simulation of longer hoses. It has been further tested
that more than 4784 springs can be depicted as line forces.
It was also attempted to find force-deformation values with 18 and 24 line
forces between adjacent elements for 50 hose elements. However, in the case of the
18 line forces between the adjacent spring elements (spring angle of 52°) the 0°
position deviated a lot more than that in the case of 16 spring elements between the
adjacent hose elements as shown in Figure 28.
Hose model at 0° position

Figure 28. The initial position of the hose model is not matching with the scanned
image.
Further, 24 line forces were made between the adjacent hose elements
throughout the length of the hose. In this case however the deviations did not improve
significantly at the 180° twist position as shown in Figure 29. It should be noted
however that in both these cases the effect of varying spring angle was not
investigated. Further research regarding the interaction of the spring angle and spline
values has to done with these options.
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Figure 29. The deviation of the final position from the scanned image.
Another option is to make the spring elements (or line forces) between
alternate elements (Figure 30). This might yield better results in the future.

Hose element 3

Hose element 2

Hose element 1

Figure 30. The spring elements connected between alternate hose elements (in this
case between the hose elements 1 and 3).
Future applications of the present modeling technique
The flexible element model has been validated with a brake hose, which has
anisotropic properties (the flexural stiffness of the hose is not the same its torsional
stiffness). The increased fidelity in the flexible element modeling due to the
incorporation of spring elements has made this modeling technique applicable to the
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other flexible bodies, which behave similarly in twisting. The spline table, which
defines the spring characteristics, can be modified to model the different flexible
bodies whose shape in twist cannot be modeled in CAD. The automatic methodology
of precise incorporation of spring elements in a flexible element model will reduce
the lead-time in arriving at optimum force-deformation values that would minimize
the deviations of the flexible body model from its shape in bending and twisting.

52
REFERENCES
1) Capture 3D, (2004). Retrieved February 15, 2004, from
http://www.capture3d.com/
2) Chipperfield, K.A. & Vance, J.M., (1999, November). VRHose-Virtual
hydraulic hose routing design, Proc., ASME: Manufacturing and Design tool
for the next Millenium Conference, Chicago, USA.
3) Chipperfield, K.A. & Vance, J.M., (2002, September). Modeling of hydraulic
hose paths, Proc., ASME: Design Engineering Technical Conference,
Montreal, Canada.
4) Elliott, A.S., (1996). Hydraulic Hose Validation Report, Mechanical
Dynamics, Inc. internal document.
5) Fischer, A. G., Chipperfield, K.A. & Vance, J.M., (2002, September).
VRHose-Hydraulic hose routing in virtual reality with Jack™, <jh
AIAAIISSMO Symposium on Multidisciplinary analysis and optimization,
Atlanta, USA.
6) Kapoor, A., Thomas, J., Keil, M., & Rodriguez, J., (2003). Enhancing flexible
Element models with stiffeners for improved geometry fidelity, Proceedings
of the 8th Annual International Coriference on Industrial Engineers- Theory,
Application, and Practice, Las Vegas, Nevada, USA
7) Keil, M. J., Rodriguez, J., & Hemmye, M., (2001). CAD Methodology for
design of hoses and other flexible elements, Proc., 6th Annual International

,

53

Conference on Industrial Engineering - Theory, Applications, and Practice,
San Francisco, CA, USA.
8) Keil, M. J., Rodriguez, J., & Hernmye, M., (2002). Modeling and Validation of

Large Hydraulic Hose Deflections, SAE Technical Paper 2002-01-2589.
9) MSC software, (2003). Retrieved February 14, 2004, from
http://www.mscsoftware.com/products/sect_detail.cfm.
10) SAE Handbook. (1994). Warrendale, PA: Society of Automotive Engineers
Inc., 4, 25.16.
11) Sugiyama, S., & Otaki, T., (1992). Mathematical Model for Brake Hose

Layout, SAE Technical Paper 922123.

54

Appendix A
IGES file for input to the C++program
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5
START RECORD GO HERE.
H,,1H;,20HCNEXT - IGES PRODUCT,36HC:\ADAMS chrysler\spring50\FO\fo.igs,G
3HIBM CATIA IGES - CATIA version 5 Release 8 ,26HCATIA version 5 ReleasG
e 8 ,32,75,6,75,15,,l.0,2,2HMM,l000,l.0,l5H20030228.l74815,0.001,
G
0000.0,,l?HDASSAULT SYSTEMES,ll,0,15H20030228.174815,;
G
314
1
0
0
0
0
0
000000201D
OD
314
0
0
1
0
116
2
0
0
10000
0
0
000000001D
116
0
-1
1
0
B
OD
116
3
0
0
10000
0
0
000000001D
116
0
-1
1
0
D
OD
. 116
4
0
0
10000
0
0
000000001D
116
0
-1
1
0
C
OD
116
5
0
0
10000
0
0
000000001D
116
0
-1
1
0
A
OD
314,95.29411765,99.60784314,69.41176471,5HColor,O,O;
lP
3P
16,-13.0,0.0,-11.25,0,0,0;
SP
16,-173.064,-7.0,-11.25,0,0,0;
7P
16,-160.0,-7.0,-ll.25,0,0,0;
9P
16,-13.0,-16.0,-11.25,0,0,0;
T
5
lG
4D
10P
5

1
1
2
3
4
1
2
3
4
5
6
7
8
9
10
1
2
3
4
5
1

56

Appendix B
Hoses with different attachment points
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Hose 1

Hose 2

Hose 3
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Appendix C
Hose properties file for input to the C++program
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1�11_1::�}X

t Hoseprop.txt - Notepad

. File Edi Fermat V- �

Hosetype
Goodyear5052

Young's__Modulus shear..JTI□dulus
292.7985
96.12

rxx
25540.26

ryy
510.8052989238

rzz

510.8052989238

!<adius
5.05
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Appendix D
Utilization of rib function in Catia to construct a simulated hose
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GENERATING A FLEXIBLE MODEL IN ADAMS AND VISUALISATION IN
CATIA
The ADAMS simulation software uses markers to identify a particular
geometry and assigns a separate identification number to make it a distinct entity in
space. For example in order to make a cylinder in ADAMSNiew it requires the
placing of the marker at one of the ends of the cylinders and the length of the cylinder.
The length of the cylinder is defined along the z-axis of the marker (as shown in the
Figure 31 ). The z-axis of the cylinder is initially aligned with the global Z-axis and
then the rotations are given in order to orient the axis of the cylinder in the final
position as in reality.

y

Body marker
y
z--1.x

Figure 31. The position and the orientation of the body marker of the cylinder in
ADAMSNiew
The z-axis of the cylinder of the discrete flexible link, which is a flexible
beam of circular cross section, is aligned with the global x-axis. In this case, the z
axis of the beam had to be aligned with the global x-axis through the first rotation
around the global z-axis (this rotation was o0 as the next two rotations were enough to
line up the z-axis of the beam with the global x-axis), then the global x-axis and again
around the global z-axis in keeping with the Z-X-Z rotations.
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[RI

J\ Hose Data

Enter Length of Hose (mm)

l330.6

Enter Angle of Twist (deg)

11 so

Select Type of Hose

IGoodyear5052

l,:: : : : : :oK:: : : : : ,I

Cancel

Figure 32. Dialogue box for specification of the length of hose and twist angle.
The hose properties are stored in a file as shown in the appendix
(hoseprop.txt).
The user then opens this unsimulated command file in ADAMS (as shown in
Figure 33) and clicks on the simulation script button and the hose is twisted through
the user input angle (which is 180° as shown in the GUI di.alogue box above).
The hose model is then saved in the simulated position at the completion of the
desired twist as a command file say 'flexin.cmd'. This position of the hose is desired
to be viewed in CAD. The command file of the final twisted position of the hose is
also a text file.
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Unsimulated hose
(flexout.cmd) as seen in
ADAMS

r,·: Reset
· · · · · · · _before_
· · · · · · · · · and
· · · · ·_after:
·····.

Ir

Interactive

r.

Play button to
be clicked for
starting the
simulation

Scripted

Simulation Settings...

Figure 33. The unsimulated hose (flexout.cmd) opened in ADAMS
The hose model at the simulated position in ADAMS was saved as an iges
file. Catia was used a candidate CAD software to view the simulated hose. However,
Catia did not support the iges format generated by ADAMS. Thus a method to
convert the geometry of a simulated hose in the ADAMS .cmd file to an iges file
recognizable by Catia was needed. In the end it was decided to use another C++
program to write the text in an iges file that could be read by Catia. As mentioned
before the hose model is a 'discrete flexible link' made up of cylinders that are
connected end to end. Each of these cylinders (hose element) has a center of mass

marker associated with it. It is located on the axis of the cylinder at halfway along the
length of it. The hose model was to have the minimum number of hose elements such
that the beams connecting them would not deflect by more than 10% of its length (for
the applicability of the linear beam theory). It was seen that 100 cylinders and 99
beams connecting these cylinders would suffice to_ ensure that each beam was
deflecting less than 10% its length during the twisting motion by the user specified
angle. Thus there were 100 center of mass markers, one corresponding to each
cylinder in this example.

'-

1_1. S!,flulatlop Control.

,.,.. -

�

SmJation S� Name:
.txake_hose.SIM_SCRIPT_1

Sinwtia-1 Settings...

Figure 34. The simulated hose after the play button is clicked (flexin.cmd)

64

65

Location of the
center of mass
marker
X

Figure 35. Shows the position of the center of mass marker on a cylinder in ADAMS.
The text in flexin.cmd file contained the values of the x, y and z coordinates
of the location of the center of mass markers (100 in this case) of the cylinders of the
simulated hose. The second C++ program had to have the ability to locate values of
the coordinates of the center of mass markers of the cylinders that made up the
simulated hose in the text of flexin.cmd file. Wesflexcat.cpp was developed to write
the iges text file (recognizable by Catia), which would make points at the locations of
each of the 100 center of mass markers. The iges partial set handbook served as a
guide in understanding the required format for points, in order to be recognizable by
Catia. Figure 36 shows the iges file containing the points opened in Catia. The axis of
the simulated hose would be the curve through these points.
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I polycrdetrial
-..- xyplane

-..- yz.�
ne

... ,.,. zx�ne
-� cpen_body.1

Figure 36. Center of mass of the cylinders of the simulated hose depicted as points in
CAD
Depiction of the hose model made in ADAMS utilizing the capability of the
rib function CATIA
The functions and various methods for depicting geometric bodies in CATIA
were studied. The 'rib' function in Catia was determined as the useful one by Keil et
al. However the rib function required a center curve to be selected first and then the
profile to be swept. This profile could be a circle, rectangle or any other 2dimensional figure. This profile had to be made on a plane that was to be normal to
the center curve. The profile would then be swept around the center curve and then
the 2-dimensional circle for example would be converted into a 3-dimensional

cylinder once the rib icon is clicked after selecting the circle as the profile to be swept
and the axis around which the cylinder is to be seen.
The center curve, which was the axis of the cylinder, in this case was proposed
to be modified to the axis of the twisted hose in the present case. As previously stated
the points at the center of mass markers as written out to the iges file with the help of
the C++ program, would be accurately imported and depicted in Catia. There were
100 such points. These points couldn't be selected as the center curve right away
since the center curve had to be a curve drawn through these points, which were on
the axis of the hose. The straightforward and a precise solution was to draw a spline
that passes through these 100 points. However for the user this would be a tedious
process since all these 100 points had to be individually selected and then the spline
function had to be selected so that the spline could be made through these 100 points.
Then a plane has to be made perpendicular to the spline. The circle, which is the
profile, is made on this 'normal plane to the curve' and the 'ok' button in the 'rib
definition' dialogue box is clicked.
In the initial stage, this tedious procedure was carried out and the resulting
hose model in Catia was saved as an iges file. Later on this text file was opened in
order to decipher the various numeric values associated with the geometric entities.
This deciphering process was done with the help of the IGES partial set manual.
However the numerals besides the number signifying a particular geometric entity
required a lot more research. Finally the interlinks between the line numbers, the
geometric entities and the values for their parameters were identified. The deciphering
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of the values of the spline would require a much in depth research. A common sense
approach was that spline is essentially a curve that is the best fit through a given
number of points. If these points are very close to one another then the spline profile
between these two points could be approximated to a line. It was advantageous that
Catia supported an entity called the 'polyline curve', which is essentially a series of
lines through consecutive points and thus forming a curve on the whole. The polyline
curve in simple terms is a number of lines, which forms a curve whereas a spline is a
curve with continuous curvature. Thus lines were drawn between the points and then
the Catia file was exported as an iges file. The numerals and the format for generating
the polyline curve were identified and studied. The westflexcat.cpp program, which
served as the back end, was used to write the iges file with the polyline curve through
the points that were representative of the configuration of the simulated hose in
ADAMS.

Figure 37. Polyline curve consisting of lines drawn between all the points in Catia
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The two dimensional cross-section of a flexible body was to be made on the
plane that had to be normal to the polyline curve already drawn. The radius of the
circle (which is also the diameter of the hose) is specified after the circular arc entity
number 100 according to the IGES convention.. A simplified methodology based on
existing principles was followed for determining the plane that is perpendicular to the
polyline curve. The vector from the first to the second point of the polyline curve was
determined as the vector 1 (of the form a 1 x + b 1 y+ c 1 z, this is assumed as the final z
vector which is to be lined up with the unit z-vector). A unit vector along the z-axis
(vector 2) is perpendicular to the unit vector along the x-axis (vector 3) and these two
vectors form the x-z plane. This x-z plane is forced to be perpendicular to the vector 1
by the analysis below. The sign of the ordinate of the z-axis of the unit z-vector (Ox +
Oy (+/-) lz lying along the z-axis) is depending upon the x, y and z ordinates of the
vector 1 and is given in the table below.
Sign of
x-ordinate
+

-

+

-

Vector 1
Sign of
y-ordinate
+

-

+
+
+

-

Sign of
z-ordinate
+

-

+
+

Unit z-vector
Sign of
z- ordinate
+
+
+
+

-

Unit x-vector
Sign of
x-ordinate
+
+
+

-

+
+

Table 12. Relationship of the signs of the ordinates of vector 1 and the x & z unit
vectors
The final x-vector (a2 x + b2y+ c2z), which is to be brought in line with the
vector 3, is the cross product of vectors 1 and 2. The sign of the vector 3 is also
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dependent upon the vector 1 and its relationship in tabular form is as shown above.
The calculation of the angles (0 and <l>) for bringing the vector 1 in line with the unit z
-axis (vector 2) and the final x-vector with the unit x-vector (vector 3) is given by the
equations below.

0 = cos_,(((+ /-)x c,

l

1/

/ �✓(a�

<I>= cos -1(((+!-)xa2

, , )I

+ b1 + C1

)U

)f��)I

/h/(a; +bi+ c;) �

Z -final vector in direction
of the hose

0

<D

X-final vector is the cross multiplication of z
final and unit z vector.

Unit x-vector
Unit z-vector

Figure 38. The vector mathematics for the determination of the plane perpendicular to
the polyline curve (the example
The values after entity number 124 in the iges file which signifies the
orientation of the plane normal to the curve is found by the multiplication of the
transformation matrices for the rotations around the x-axis and the z-axis by the angles
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0 and <l> respectively.

[�1

cos(-¢) -sin(-<l))
0
cos(-0) -sin(-0)] x [sin(-¢) cos(- <l))
0
0
sin(-0) cos(-0)
0

0�]
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Figure 39. Polyline curve and the circle perpendicular to the curve
Thus all the geometric entities necessary for the execution of the rib function
in Catia is available to the user without having to do the painstaking procedure of
drawing lines in Catia between points. All the user has to do is to select the polyline
curve as the center curve, the circle as the profile, choose 'keep angle' form the drop
down menu in the rib function dialogue box and click 'ok' to view the hose in Catia.
As mentioned before the circle is the profile that is to be swept along the polyline
curve, which is also the axis of the hose with circular cross-section. The option of
'keep angle' was chosen from the rib dialogue box as shown in Figure 40.
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Rob Definition

Figure 40. Dialogue box of rib function in Catia
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Figure 41. The simulated hose in Catia.
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