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Computer Aided Stability Analysis of Forklifts Utilizing rhe Concept of Energr Stability

Abstract

A forklift is a common type of material handling equipment. Forklifts carry various

loads at varying speed and in different types of terrains, which may result in the machines

tipping over. This can cost a lot in terms of human injury and lost productivity.

The objective of this thesis is to study the effects of variable/parameters such as load,

wheelbase size, speed of the vehicle and top heaviness on the stability of forklifts. A

computer-based program is developed that relates these parameters/variables to the

tipping over. The approach taken is to employ the concept of energy stability. The energy

stability concept determines the potential overturning of the vehicle over each edge. This

thesis expands the energy stability concept to also include the stability level of the forklift

at variable acceleration/deceleration. The goal is to provide insight on the stability of
forklifts, which may aid in an improved design for the future.

A graphic interface is also developed to interactively demonstrate the results. The

software package is applied to the stability analysis of a Caterpillar DP-90 forklift. The

software is capable of indicating the bounds of many variables/parameters at which the

forklift operates safely. The sensitivity of the overall stability of the forklift to many of
the machine variables/parameters is also studied.
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Ghapter I

Introduction

Industry in the last century has seen many changes. Automation has been introduced at

all levels. Operations once performed by humans have now been automated, which is

safer and more efficient. The focus towards efficiency has caused us to overlook the fact

that most automated procedures still require human intervention. "To err is human" - but

errors can lead to serious accidents. Industrial trarxportation of goods is one area where

automation has led us to believe in secure operation. However, experience ovemrles
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technology when other predictable and unpredictable factors come into play. Forklifts are

amongst the most commonly used modes of transport in today's industry. This thesis

discusses stability of forkÌifts.

According to United States Occupational Safety and Health Administration - OSFIA,

there are approximately 35,000 serious and 62,000 non-serious injuries each year as a

result of powered industrial equipment incidents [1]. Around 100 accidents result in

death. Thousands more involve damage of products and equipment, costing the industry

millions of dollars. OSHA has identified key factors that have contributed to employee

accidents involved with Iift trucks. Tip-overs account for approximately 25o/o of all the

factors [1].

Proper training of the operators can reduce the accidents substantially. At the same time,

there is a limit to the perfection and efficiency achievable through training, no matter

how intensive it might be.

The forklift (Figure 1.1) is the most common form of material handling machinery. The

primary use of this type of machinery is to safely transport goods and materials from one

location to another. It eases the workload as physical labor is replaced with a machine.

However, most forklift operators assume that forklifts will have similar stability to that of

a road vehicle t1]. Forklifts, when compared to automobiles, are more unstable.

Automobiles and trucks have a constant center of gravity. Forklifts, on the other hand,

have a perpetually changing center of gravity. This nature of movement in forklifts

makes them prone to instability. Factors such as top heaviness, speed of the vehicle and

gradient contribute to potential tip- overs in forklifts. Additional hazards such as rough

terrain make the job site even more dangerous for forklift operators.

Page:Z
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Figure 1.1 : Typical forklift.

In order to improve forklift safety, the variables of instability and their impact on forklift

need to be addressed. This thesis addresses this objective through development of

computer software, which determines the potential instabüity of forklifts. The software

developed could further advance the design of future forklifts.

This thesis is divided into the following chapters. Chapter 2 gives a review of the

literature on the existing methods to determine the stability in mobile platforms. Chapter

3 introduces the concept of energy stability, which has been extended to determine the

stability in forklifts. Chapter 4 explains the computer software development. Results

obtained by computer simulations are also discussed in this chapter. The thesis is

concluded in Chapter 5, which also provides suggestions for further development.

Page:3
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Chapter 2

l-iterature Review

The work on the stability of moving machines began in the late sixties, but it was related

only to static stability. It was not until the early nineties that the moving nature of the

machines was considered. An effort has been made to gather information about the

research done on this subject and summarize it in this chapter.

This chapter fi¡st discusses the conventional methods used in industry to determine the

stability of forklifts. Next, the development of methods used to determine the stability of

Page: 4
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mobile platforms will b€ discussed. The different methods to determine stability

discussed in this chapter are:

(Ð

(ü)

Conventional methods: Leverage method and triangle of stability method.

Advanced methods such as static stability method and zero moment point

criteria.

2.1 Conventional Methods

2.1.1 Leverage Method

Consider the forklift shown in Figure 2.1. lt can be considered to be a simple lever on

wheels [2]. The leverage that occurs from applying force on one side of the pivot results

in lifting movement on other side of the lever. The pivot point is the front axle of the

forklift. If the combined center of gravity of the vehicle and the load crosses over the

pivot point to the front of the body, it will result in a tip over. The factors that influence

the lifting force in this case are:

The weight ofthe load

Dimensions of the load

Weight distribution of forklift

The forklift being mobile is more complex than the case of a simple lever. There are

additional dynamic forces due to the movement of the vehicle that affect its stability.

Such forces are not taken into account by the simple method of leverage.

Page:5
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Vehicle
Weight

Pivot Point

Figure 2.|:Leverage method to determine the stability of forklift.

2.1.1 Triangle of Stability Method

The instability of forklifts has also been explained with "Triangle of Stability" method

[1]. A forklift has a triangle of stability area as shown in Figure 2.2. A forklift will not tip

over as long as the center of gravity remains within this area. The center of gravity of a

forklift can be affected by the factors such as load, top heaviness and terrain.

As in the leverage method, this method does not take into account the dynamic forces

produced due to the speed of the vehicle. Furthermore it contradicts other methods of

stability, one of which is that stability is maintained as long as the center of gravity

remains within the supporting legs/wheels. It is also silent about the influence of height

of center of gravity from the ground.

Page:6
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Center of Gravity

Figure 2.2: Concept of stability triangle.

2.2 Advanced Static Stability Concepts

McGee and Frank (1968) fi¡st defined the concept of static stability of a legged machine.

During their study, they developed a projection method to determine the stability of a

machine in movement over an even terrain.

The static stability of the legged vehicle is determined through the following definitions

[3]:

(i) The support pattern associated with the given support state is the minimum area

convex point set in the support plane such that all the leg contact points are contained.

(iÐ An ideal legged locomotion machine is statically stable if all the legs in contact with

the support plane at a given time remains in contact with that plane when all legs of

machines are fixed at their location and translational and rotational velocities of

resulting rigid body are simultaneously reduced to zero.

Referring to Figure 2.3, S, and S¡ are the magnitude of static stability for rear and front

edges of the support boundary. The stability as defined by S, and S7 are related to

Page:7
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lll
l*-------J{-------tJ

S, S¡

Figure 2.3: McGee and Frank's model for static stability.

moment of weight forces around the edges of the support patterns. The vehicle is on the

verge of instability when the restoring moment is zero.

mgS¡0 (2.1)

In this method, the effect of height H of the center of gravity from the ground is

neglected. Messuri and Klein (1985) have shown that the height of center of gravity from

the ground affects the stability of the vehicle.

Song and Waldron (1987) extended the projection method to include rough terrain while

working on a project on an adaptive suspension vehicle. They developed the following

definitions to determine the static stability of the vehicle [4].

(1) A support pattern is a two-dimensional point set in a horizontal plane consisting of a

convex hull of vertical projection of all foot points in support phase.

(ä) The stabílity margin is the shortest distance of vertical project of the center of gravity

to the boundaries of support pattern in a horizontal plane.

Figure 2.4 shows how these definitions determine the stability of a vehicle. Consider a

vehicle moving on a gradient at an angle 0 wth the horizontal plane. According to the

Pase:8
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þ--^\

Figure 2.4: Song and Waldron's definition of static stability.

above definitions, the static stability of the front and the rear edges of the vehicle are

\
\--t, - - 

nt

þ

S": lSo- Htan9) cos9

S¡: (So + Htan9) cosî

The maximum angle of inclination (0.*) before the vehicle

determined by substituting.S. : 0 and solving equation(2.2)

.l.c \
0-^- - tan-'l 3l

\H)

(2.2)

(2.3)

becomes unstable ls

(2.4)

Although this method includes the effect of gradient on the stability, it does not include

the effect of forces that are produced due to the variable speed of the machine. The other

shortcoming in this method is that it does not consider the effect of top heaviness for all

the cases.
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Figure 2.5: Leveled body on a gradient.

Now consider the case of a leveled body moving over a gradient as sho\ryn in Figure 2.5.

According to Song and Waldron's definition of static stability, the margin of stability is

maximum when S,. : ü-Sr. It is clearly seen that the height Ë1of the center of gravity is

again ignored as it shows the same level of stability for the front and the rear edges.

However Meseuri and Klien (1985) showed that for this condition the vehicle is

subjected to tip over more easily on the rear edge rather than on the front edge.

Messuri and Klein (1985) then introduced the concept of energy stability level to

determine the stability, taking into account the effect of uneven terrain. The measure of
stability by this concept is developed using the following definitions [5]:

(i) The support boundary associated with the given support state consists of line

segments which connect the tip of support feet that form the support pattern.

(ä) The energ/ stability level associated with the particular edge of the support boundary

is equal to the work required to rotate the body's center of gravity, about the edge, to

a position where the vertical projection of the body's center of gravity lies along the

edge of the support boundary.

Page: l0
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-Q---

i--r-I

,rri
Qt

Q'

(a) (b)

Figure 2.6: Messuri and Klien definition of stability.

The application of these definitions

in Figure 2.6a. The energy stability

E=mgh=mgQ(l-cosry) (2.s)

Here E is the energy required to bring the centre of gravity over the rear edge. Equation

(2.5) shows that the effect of height of the centre of gravity is included by the relation

for the vehicle moving on a horizontal plane is shown

level at the rear edge is

_,( n\
w = cos'l- 

)
(2.6)

Figure 2.6b shows the stability concept applied to the body moving on a gradient. It is
observed that the energy required to tip over the body over the rear edge (mgh¡) is less

than the energy required for the front edge (m7hz). It is seen that the energy stability

method considers the effect of the gradient on the stabüity of each edge of the body.

Messuri and KlierU however, neglected the effect of forces produced during movement of
the body due to acceleration, deceleration or sudden stop of the vehicle. Only the weight

of the body was considered in their formulation.
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Ghasempoor and Sepheri (1998) improved on the concept of energy stability level and

introduced a new concept of equilibrium plane, which includes the effects of
destabüizing forces and moments, in addition to the weight forces, to determine the

stability [6]. The shortcoming in this method is that it does not include the effect of the

variable speed of the moving vehicle on the stability. As this method takes the dynamic

forces, the inclination and the height of center of gravity from the ground into account, it

is modified to implement on the forklift to determine its stabüity.

2.3 Zero Moment Point Griteria

Sugano et al. (1993) introduced the zero moment point to determine the stability of
mobile manipulators. They suggested that a mobile manipulator can be considered to be

a system of particles shown in Figure 2.7 l7l- The stability of the manupulator is

determined based on followine definitions:

(i) The floor is a rigid horizontal plane that will not be moved by any forces and moments

(torques).

(ü) Two coordinate systems are defined. One is the absolute Cartesian coordinate

system XYZ n which the Z-axis is the vertical direction and XOY plane is the floor.

The machine coordinate system X'Y'Z' that is fixed to the vehicle, in which the Z'

axis is the vertical direction as shown in Fizure 2.7.

(1i) Zero Moment Point (ZMP) is a point on the floor where the resultant moment of the

gravity, the inertial force and the external force is zero. If ZlvfP is within the stable

region defined by a supporting boundary, the manupulator is stable.

Page: 12
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Figure 2.7 : Sugano et al's. model of mobile manupulator.

Figure 2.8: Vector description for mobile manupulator.

Page: 13



Computer Aided Stabiliúy Analysis of Forklifts Utilizing the Concept of Energr Stabilify Chapter 2

Referring to Figure 2.8, the equation of motion of an arbitrary point P can be given by

D'Alambert's Principle [7] :

l( ¿'r, ^l ¿,p)
Z*,?, - p)*Jl -=+ + G l-:;l +T -Zu , - I("- - p)" Ft, :0 (2.7)T l\¿r' ) dt"J , k

where,

z, is the mass of the i'á particle

r¡: fx¡ y¡ z¡7r is the position vectors of irá particle

P: fxp, !p, 0lr is the position of vector P

G: [E*, Ey, g=fr is the gravitational acceleration vector

T: lT*, Ty, T=]t is the resultant torque acting on point P

M: fM,¡, My¡, M¿fr is the external momentT

F*: lFrt, Fyr, F=r,lr is the external force ,t

,Sr : lxra lru zr*fr is the position vector to external force kis applied to

Solving equation 2.7,the components of ZMP can be derived as:

Z*,(2, * E,)x, -Z^,(*,* 8,)2, *ZM r, +l{ SnF* - S,rF¡, )
xzvrp= ¡ i j k 

e.s)
Z*,(2, + s")-Zr,o

Z*,( z, + E=)!,-Z*,( y, * E, )2, *2M,, +l{S roF,o - S,¡Fr* )

Lm,(z¡* 8=)-.Lr,t
ik

(2.e)Yzvp -
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In the vehicle coordinate systern, the ZlvfP can be found from equation:

I X^n,Y^n,l J' : Rx I X'^u,Y'rru,] J'

where, R is a 3 x 3 homogeneous transformation matrix .

(2.r0)

The drawback with this method is that it does not take into consideration the effect of top

heaviness of the vehicle to determine the stability [6]. The other shortcoming with this

approach is that it neglects the manupulator moving on an inclined plane, which can be

seerl from the definition of floor.
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CHAPTER 3

Energy Stability Goncept Applied to Forklifts

As discussed in Chapter 1, stability of forklifts is a vital area of research. Messuri and

Klein (1985) developed the energy stability concept, which includes the top heaviness of

the vehicle over rough terrain. Ghasempoor and Sepehri (1998) extended this concept to

accommodate the effects of destabilizing forces on the stability of a vehicle carrying

Page:16
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manupulators. This method is the most suitable for fi.rther research. Therefore, it is

further developed here with specific application to forklifts.

3.1 Outline of the Concept

Consider a forklift on a gradient as shown in Figure 3.1a.The vehicle is subjected to load

mg. The amount of work required to bring the center of gravity to the vertical plane is

given by mgh. This Energy depends on the height h and not on the path followed by the

center of gravity during the hypothetical rotation [5]. When the center of gravity lies in

the vertical plane, the vehicle is considered to be unstable.

Now consider the forklift moving with the velocity v (Figure 3.1b). Let F be the net force

produced at the center of gravity due to deceleration of the forklift. While this force is

present in the direction shown, the amount of energy required to bring the vehicle to

unstable condition at edge f1 would be less. Therefore, the zero moment condition will

occur when the center of gravity is rotated to plane E (Figure 3.lc). This plane is termed

as the equilibrium plane.

In order to determine the stability level of the forklift, the center of gravity of the forklift

is rotated to the equilibrium plane. Considering the case shown in Figure 3.1c, the

angleþ, which defines the equilibrium plane with respect to the vertical plane, can be

obtained by equating the sumrnation of all moments around edgef¡, i.e.

ll,t = F,R+ mgRsinþ = 0
.f,

(3.1)

Where, F, is the component of force tangent to the circular path. The angle,þ is

determined by the foilowins relation
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Vertical Plane

tb)

Equilibrium Plane E

(c)

Figure 3. 1 : Concept of equilibrium plane
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In Equation 3.2, it is assumed that the direction of force does not change during the

hypothetical rotation.

in Equation 3.2 tf F,2 mg, then the sum of moments about edge f¡ will never be zero

and therefore the angle þ cannot be fourd. In this case the vehicle would be stable.

Definitions used to determine the stability are discussed below [6]:

(i) Equilibrium plane associated with a particular edge of a support boundary is a plane

containing the edge and with an orientation with respect to the vertical plane such that

if the body is rotated around the edge until the center of gravity falls in this plane, the

net moment of all present forces and moments around the edge becomes minimum in

the absolute sense.

Ó = -,i,-'( 
f' 

1
\mg )

(i) Energt stability level associated

to the work done to rotate the

well as external forces) about

equilibrium plane.

(3.2)

with a particular edge of a support boundary is equal

vehicle body (which is subjected to gravitational as

the edge, until the center of gravity reaches the

3.2 Formulation

The following steps are performed to determine the energy stability level of a forklift:

l. Determination of the center of gravity of the forklift.

Finding the equilibrium plane.

Calculating the work done by gravitational forces.

2.

3.
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4.

5.

Calculating the work done by forces produced due to acceleratior/deceleration.

Determination of the total stability level of the forklift.

3.2.1 Determining the Center of Gravity

Consider a forklift moving on an inclined plane as shown in Figure 3.2. The frame

XcYcZc is the global coordinate attached at the center of the rear axle of the forklift in

which all the local frames are defined. XtYtZt andXzYzZz are the local frames attached

at the bottom of the rear and front right tires in which the coordinates of loads mt ãfld mz

on each axle is defined. The center of gravity of the load on the fork (mj) is defined in

coordinates frame XtY tZt.

To find the center of gravity of the forklift, the coordinates of the loads m¡, mz and ntj drê

determined in the global coordinate frame XcYck.

The coordinates of load lz¡ (Figure 3.2a) nframe XçYçZçare determined from,

(t o o oìlrl
l0 1 0 0lly, 

l

lo o r -'ll',1
[o o o r)\r)

where xt,!t,zrare the coordinates of m¡ tn frame XtYtZt.

(3.3)

Similarl¡ the coordinates of mz in global coordinate system can be shown by
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(b)

Figure 3.2: Coordinate frame ofthe forklift.
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where xz,!2. zz are the coordinates of mz in frame XzYzZz.

Referring to Figure 3.2b the coordinates of fork load (ry) in coordinate frame XcYcZc

are

( cos? , 0 sin? , x3t + x3zcos?r + zrrsin?, l lrr l| ' ' ll - 
|

I o I o ln ll"l (35)
| -sin?, 0 cos?, z3t + z3zcos9, - xrrsin?, ll t, I| ' ) -' J " ' ll - 

II o o o r )lr)
where 0¡ß the angle that the fork makes with the vertical plane when the forklift is on a

horizontal plane and x3,y3,23 are the coordinates of mj in frame XtYzZt.

Solving for the equation 3.3,3.4 and 3.5, the center of gravity of the forklift is found

from the equation:

Tr3

l"* | Z*,',
R," =l r""l=7 

' 
(3.6)- l'-l 1.*,| -.o I

L -ôJ ;_t
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where R", is the position vector of the center of gravþ of the forklift defined in global

frame ands-, is the position vector of rn¡ defined in global frame.

Figure 3.3 shows the coordinate system attached to the center of gravity of the forklift.

XYZ is the machine coordinate system and this frame moves with the forklift and Z is
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always in the di¡ection perpendicular to the terrain. It is defined as machine frame. The

forces produced due to variable velocity of the vehicle are calculated in this frame.

Frame X Y Z is defined as the gravity frame. Z " ø the direction opposite to the

gravitational acceleration. The machine frame and gravity frame change as the center of
gravity of the vehicle changes. These two frames coincide with each other when the

vehicle is moving on a horizontal frame. These two frames are separated by two

rotational angles for roll ú, ærd pitch þ,.

Figure 3.3: Coordinate systems for forklift.

3.2.2 Determining the Equilibrium Plane

The vectors to determine the equilibrium plane are shown in Figure 3.4. The gravity and

machine coordinates have the same orisin at the center of sravitv of the forklift. The load
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and forces produced due to va¡iable velocity are acting on the CG of the machine. The

contact points of the edge where the forklift is subject to tip over aref¡ andf2. So the unit

vector ¿ itt ttt. direction connecting ft arñrt in the machine coordinate system is

b=q-4)
I I {lIJz-Jtl

where vectorsf *td n define the position of contact points/ andrt

R is vector orthogonal to vector frf, suchtlnt,

,R'ã=o

Vector fC connecting point/ to C can be defined as

frC = ln

where l, is the length of vector fd.

Knowing that

J *).b =-R

From Equation (3.8)

(tt+ f)'u=-fin$=s

Therefore A can be calculated from Equation (3.11)

'L=-Jtob

(3.7)

in the XYZ frame.

(3.8)

(3.e)

(3.10)

(3.1 1)

(3.12)
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Vertical

Figure 3.4: Vector description to determine equilibrium plane.

(a) In machine frame. (b) In gravity frame.

(b)

Vertical
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As å2 :/, vector .R

R:(Í,'u)u-î,

Unit vector f perpendicular to plane PCfi

.-7Ãt =bx:
tAl

Q=(f,"ñ)ñ-"f,

Two unit vectors are further defined in the

direction of Z, and unit vector ñ wlnch

defined as

zxm

can be calculated by substitutng )" in Equation 3.1 l. Thus,

Similarly, referring to Figure 3.4b vector Q

to the center of gravity (CG) of the vehicle.

Unit vector ñ nthe XV Z frame connecting ft arrrdrt can be given by

7r:ll=z - L)
l "f, - f,l

Vector can be found from the equation

(3. 1 3)

is determined by the following equation

(3. r 4)

is orthogonal to vector |f, ^dconnected

(3. r s)

(3.16)

X Y Z frame. 7 is the urit vector in the

is perpendicular to the vertical plane and is

n=
lv xñl

According to the

boundary edge ftf2

(3.r7)

definition, equilibrium plane is the plane containing the support

and center of gravity with an orientation such that the summation of
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all moments around the boundary edge is minimum. Equilibrium plane is at an angle þ

from the vertical plane as shown in Figure 3.5.

Vertícal Plane

Equilibrium Plane

CG

mg

6, ñ,

Figure 3.5: Equilibrium plane.

According to the definition of equilibrium plane, the following relation holds,

I tyt :(Foi)l ñl +mglQlcosacosó =0
oroutSrf,

where F is the force produced due to acceleration/deceleration of the forklift.

ó celrt then be found from equation (3.18) as

(3.18)

i'./
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| . -, fef'';'. l-su1' --¿-lr(-L- forl(F"7¡¡ n ll<mslQcosa
Q=\ mglglcosø

lso"7o, | (r "f) | n le mglQcosa

where the numerator is defined n XYZ frame and the

X Y Zframe.

(3.1e)

denominator is defined in

which the support boundary edge makes with the

(3.20)

The angle d in equation 3.19,

horizontal plane, can be given by,

/\
-rl- s Iø=cos-lzo-l\. lsl/

where vector J is perpendicular to lnef¡f2 and is defined as

S:mxn (3.2r)

When the vehicle is moving at a constant velocity, i.e. acceleration of the vehicle is zero,

then the vertical plane coincides with the equilibrium plane and angle þ is zero as the

force F:0.

3.2.3 Work Done by Gravitational Force

According to the definition of energy stability, work done by the gravitational force to

bring the center of gravity of the vehicle to the equilibrium plane is given by (Figure 3.6),

14'1 :-mgh (3.22)
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/ ,:t--K,
itró'{-i €1,v \l \

þmg l\

Vertical Plane

Equilibrium Planq
z

Figure 3.6: Work done by gravitational force.

Where h cart be calculated from the equation

h =l 0l (cos/ - cosr¿) cosø

where yisthe angle between vertical plane and p is

-,(o sl
tr/ = cos 'l -=-" , I' UOl lstt

3.2.4 Work Done By Other Forces

(3.23)

(3.24)

This part calculates the work done by the destabilizing force produced due to

acceleration/deceleration of the vehicle. According to D'Alemberts principle, the force

x
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Vertical Plane

Figure 3.7: Work done by other forces.

F produced due to variable velocity of the forklift can be stated by the following

equation:

F =-mã (3.25)

where ln is the total mass of the forklift and ã is the acceleration of the center of gravity

of the forklift. The work done by the destabilizing force during hypothetical rotation of

the center of gravity of the forklift over the support boundary edge is shown in Figure 3.7

and is given by

w, = I(F ords (3.26)
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where ds =l Rl de

These vectors are defined n XYZ frame. During the hypothetical rotation of the forklift

over edgef¡[2, the direction of force ^F does not change relative to machine coordinates.

Therefore @.Ð remain constant, and

W/,=(F'7)lRllae

Wr=(F.I¡¡n¡a

where 0=W+þ

3.2.5 Total Energy Stab¡l¡ty Level

Energy Stability Levelr,r, = -(Wt +Wr)

3.2.6 Special Case Of Abrupt Stop

Now consider the forklift moving with the velocity ü, is brought

angular velocity around frfz due to this velocþ is given by

Qxmi = If,f,õf,.r,

where I ,,-is the total inertia of the forklift.

(3.27)

(3.28)

According to the definition, the energy stability level of edge frfz of the support boundary

is

(3.2e)

to an abrupt stop. The

(3.30)

Page:31



Computer Á.ided Stabil¡fy Analysis of Forklifts Utilizing the Concept of Energr Stability Chapter 3

If the angular velocity promotes instability (õ¡¡,.ñ >0), then the energy stability level

of the forklift is

Energy Stability Levelrr, - -4-Ilnr=rt^r, (3.31)
L

Equations (3.29) and (3.31) determine the energy stability level for each edge at any

irstance for the case of acceleratior/deceleration and sudden stop.
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Chapter 4

lmplementation and Results

Industry relies on experienced drivers for the safe operation of forklifts. However, safety

can also be increased if we can anticipate when the forklift will be unstable. By

predefining the variables such as load on the fork, height of the fork from the ground,

speed and direction of the vehicle with respect to dimensions of the vehicle, the tipping

over of the machine can be predicted. This procedure is complex but can be done

accurately and precisely with the help of computers. A software program was designed
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to take all available variables/parameters

predictions of the accident.

4.'t Sottwane Developrnent

into consideration and make accurate

The programming language used in developing the software is Visual C#. It is one of

the most efficient application development tools and is widely used in the development of

software used in industry [8]. It has a comprehensive set of featu¡es that support the

development and implementation of various functional requirements. Another application

called Open GL is used to display the graphics of this software due to its good three-

dimensional capabilities. Open GL is independent of the operating system and the

hardware platforrn, making it an independent graphics library designed to be easily

portable and rapidly executable. The software is divided into three modules; (i) module of

accepting the system parameters, (ü) module for calculating the stability level and (üi)

graphical display module.

PULL DOWN
MENUS

TNPUT OUTPUT

STANDARD
TOOLBAR

Figure 4.1: Snap shot ofcontrol box.
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As the software executes the screen showing the toolbars, clicking on the Input icon

(Figure 4.1) will give a dialog box as shown in Figure 4.2. It contains various parameters

with fields with editable default values.

The variable dialog box can also be viewed from the pull down menus. Select 'Input' on

the pull down menu and then 'Dimensions' (Figure 4.1). Other method to view the

variable dialog box is by clicking on the yellow forklift icon in the standard toolbar.

The variable dialog box is partitioned into seven segments (refer to Figure 4.2):

l. Dimensions of forklift in meter.

Angles in degree.

Load in kg.

Dimensions of load in meter.

Dimensions of fork in meter

Rotation point from front axle in meter.

Speed in km/h.

The variables of the forklift are shown in Figure 4.3. 0, is the turning angle of the forklift.

0¡ is the angle that the fork makes with the vertical plane while the forklift is on a

horizontal plane. The dimensions of the rotation point of the fork are with respect to the

center of the front axle, the horizontal distance (Rx) and the vertical distance (Rz). Other

inputs are the load on each axle and the fork, dimensions of the load, fork height and

speed of the vehicle. Other inputs are the angles for pitch and roll, i.e, ú, and Q, n

Section 3.2.1.

2.

3.

4.

5.

7.
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l6ffio-
@-li35r-

IilãE--

Front Axleß,t/1J

FearAxle[W2J

Fotk[rd3J

i-- Dimensíons of Fsklift rn m Load in kg

fftr*- |15i.l'- 
i,F li

wheetbase[wo) lt* -

Heisht[htl
. .,.t

Load m Const[bJ

lÐ-try

I

I

Ansles ín Deó

Foll

Pitch

Turning

Fork ang

Figure 4.2 User interface for defining forklift parameters.
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Figure 4.3: Yanables of forklift.

Output can be extracted in different forms. The available outputs are shown in Figure 4.4.

They are divided into three modules:

1. Variables.

2. Plots for energy stability level.

3. Acceleration/Deceleration.
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i- v drr.lEre 

-

I f Dimensions of the veh'ab,j
t

Plots of enary stabilig level

r Accele¡ationÆ eceleration

l- t,icirlr
lcirlcl{-

Given Valæs

Varying Heielht of Fork

Varying Load

Varying Pitch

V¿rying Roll :

Varying Speed - ,,

VaryingWheebase ,,

Figure 4.4: User interface for plotting the desired outputs.

First module "Variables" shows the dimensions of the forklift on the screen. Second

module is "Plots of energy stability level" which show the results of particular case when

the vehicle is brought to a sudden stop. This depends on the input variables. The last

module "Acceleration/Deceleration" depicts the results for the stability of each edge of

the forklift when it is accelerated/decelerated. For the front and rear edges, the software is

capable of calculating the energy stability level either at the axles of the tires, or at the

contact point of the tires with the ground.

The energy stability concept discussed in Section 3.2 is used to develop the software to

determine the stability level of each edge of the boundary of the forklift. After

determining the center of gravity of the forklift, the energy stability level of each edge of

the forklift is the function of:
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Energt Stability Level : F(f, fr,þ,,þ,,m,Í)

where ft and rt are the coordinates of feet contact point with respect to the center of

gravity of the vehicle. /, is the roll angle of the vehicle base with the horizontal plane in

degrees. I is the pitch angle of the vehicle base with the horizontal plane in degrees. rn is

the total mass of the forklift and the load on the fork itt kg. ü is the velocity of the

forklift in km/h. The flow chart of the algorithm to determine the energy stability level is

shown in Figure 4.5.

Energy Stability is calculated for each edge of the support boundary of the forklift. After

calculating the energy stabitity level for each edge of the support boundary of the forklift,

the results are plotted on the screen. Table 4.1 shows the minimum and maximum limits

for all variables in order to calculate the stability level of the forklift.

A typical output of the computer software for variable load on the fork is shown in Figure

4.6. The four plots in the corners of the screen show the stability level of each edge of

the vehicle. The red lines represent the stability when the vehicle is brought to an abrupt

stop. The green lines indicate the stability level of the vehicle while the machine is

moving at a constant speed.

4.2 Case Studies

The software was used to investigate the effects of different variables and parameters on

the stability of a Caterpillar DP-90 forklift. The dimensions of the forklift are shown in

the appendix. To illustrate the execution of the software, a hypothetical situation is

considered. The dimensions of the load on the fork and other variables used for the case

study are shown nTable 4.2.
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Determirre tl¡e center of
gavity of tlrc forklift.

kermine contact points of
feet and angle of

Determirp thework donebv
forces due to variable velocity

or the enerry due to sudden

stoP

Figure 4.5: Flow chart to determine stability of forklift.
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Variable Nfinimum Maximum

Height 0.0 m 4.0 m

Load 0 10,000 kg

Pitch - 150 150

Roll - 150 150

Velocity -15 km/h 15 km/h

Wheel base 0.5 m 3.5 m

Table 4. I : Limits of variables.

Figure 4.6: Graphical results of softr.vare.
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Table 4.2:Default values of variables used for case studies.

4.2.1 Effect of Varying Load

The energy stability level of each edge of the forklift for variable loads is shown in

Figure 4.7. The load is varied from 0 to 10,000 kg at the height of i.5 meters of the fork

from the ground. Figure 4.7a shows the energy stability level of the vehicle while it is at

a constant speed of 6 km/h. Figure 4.7b represents the stability level of the forklift when

it is brought to an abrupt stop from 6 kmih.

The results show that with an increase in load on the fork, the energy stability level of

edge I decreases whereas the stability level of the other edges increases. It is observed

that when the vehicle is brought to a sudden stop from 6 km/h, it is subjected to tipping

over on edge 1 at loads above 5,800 kg. When the vehicle is moving at a constant speed,

the vehicle is stable even at the fork load of 10,000 kg. The ma,tmum recommended

load on the fork of a Caterpillar DP-90 forklift is 9,000 kg, with its center of gravity at

0.6 meters from load moment constant.

It is observed that the stability level of edges 2,3 and 4 is the same forboth sudden stop

and constant velocity. The stability level of edge 1 at zero load is approximately the

same for both cases. As the load on the fork is increased, the difference between the two

Variable L B H w3 Speed

Value 1.2 m 3m lm 5,000 kg 6 km/h

Variable Roll angle Pitch ansle Turning angle Fork angle Fork height

Value 00 00 00 00 1.5 m
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Figure 4.7: Energy stability level at varying load:

(a) Constant velocity; (b) Abrupt stop.
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curves become more evident. It is observed that the difference in energy stability levels

for the fork load of 0 and 500 kg is 11818 Nm and for the fork load of 5,000 and 5,500

the difference is 5732 Nm. Therefore, the results show that with the increase in load on

the fork, the difference in the energy stability levels of two consecutive loads decreases.

To the contrary, for edges 2,3 and 4 an increase in load results in an increase in the

difference in the stabilitv level of two consecutive loads.

4.2.2 Effect of Varying Gradient

Effect of gradient is investigated with this software. Forklift stability, when it is operating

on a gradient, is shown in Figures 4.8 and 4.9.The software was executed to determine

theeffectof pitchandroll (þrand @inSection3.2) onthestabilityof theforklift. The

energy stability level for both the cases were observed f¡om the inclination angle of -15 
o

to 15 ". For each case the other anele of inclination was 0 o.

Figure 4.8 shows that with the increase in the angle of inclination (ór), the stability level

of edge 1 decreases dramatically. The stability of edge 3 increases with the increase in

the angle of inclination. Referring to Figure 4.8b, at an inclination angle of above 4" the

energy stability level for side 1 is zero, which means that the vehicle is on the verge of

instability after 4o if it is brought to a sudden stop from the speed of 6km/h.

Figure 4.9 shows that there is an increase in stability of edge 2 and a drastic decrease in

the stability of edge 4 with the increase in roll (fuin Section 3.2). The stability level for

each of these two edges is the same at the angle of 0o, which is expected. The stability

levels of edges I and 3 slightly increase when the angle of inclination is increased from -

15o to 0o and decreases when the inclination angle changes from 0 to 15o.
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Figure 4.8: Energy stability level at varying pitch:

(a) Constant velocity; (b) Abrupt stop.
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Figure 4.9: Energy stability level at varying roll:

(a) Constant velocity; (b) Abrupt stop.
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4.2.3 Effect of Top Heaviness

The effect of height of fork from the ground level was also studied with this software.

Figure 4.10 shows the forklift stability for variable heights of the fork. Figure 4.I0a

represents the stability level when the vehicle is moving at a constant speed and 4.10b

represents the stability level when the vehicle is brought to an abrupt stop from 6 km/h

(see Table 4.2). The graphs show that with an increase in the height of the fork, the

stability of each edge of the forklift decreases. Figure 4.10 also shows that the forklift is

susceptible to tipping over when the fork height is greater than 2.6m from the ground in a

sudden stop condition. It is however safe up to a height of 4 m when it is moving at a

constant speed.

The results show the difference in the energy stability level for the vehicle moving with

the fork at ground level and at 1.6m from the ground. Under these specified conditions

the difference is 19,520 Nm when the forklift is brought to an abrupt stop. This

represents a72%a drop in the energy stability level. It has been observed that for the same

dimensions of the load and speed, the load on the fork can increase from 5,000 kg at 1.6

m to 6,600 kg at ground level. That is an increase of 1,600 kg to bring the vehicle to the

same stability level as at 1.6 meters fbr the case on an abrupt stop. If the height of the

fork is dropped from 1.6 m to 0.4 m, the load on the fork can be increased by as much as

300 kg to bring the vehicles stability level to same condition as 1.6 m.

For the case of constant velocity, if the height is dropped from 1.6 m to ground level, the

energy stability level will be the same if the load on the fork is increased from 5,000 kg

to 6,500 kg. The results show that if the height of the fork is dropped from 4.0 m to 1.6

meters, the load on the fork can be increased by up to 1,350 kg. If the height of the fork is

further decreased to ground level, the load on the fork can be increased by 2,700 kg (from

5,000 kg to 7,700 kg) without effecting the stability of the forklift.
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Figure 4 10. Effect of fork height on the stability of forklift:

(a) Constant velocity; (b) Abrupt stop.
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4.2.4 Size of Wheelbase

The effect of wheelbase size on the stability level of each edge of the forklift is shown in

Figure 4.I 1. It shows that with an increase in the wheelbase, the stability levels of edges

1 and 3 increases. Figure 4.1Ib shows that at the speed of 6 km/h, when the vehicle is

brought to an abrupt stop, it is stable only if the wheelbase is more than 2.4 m. The

actual wheelbase of a Caterpillar DP-90 forklift is 2.58 m. The decrease in stability level

of edge I is36Yo when the wheelbase of the vehicle is reduced to 2.50 m from 2.58 m.

The increase in wheelbase from 2 58 m to 2.70 increases the energy stability level of the

forklift by 56% for edge 1.

It is observed that the velocity has no effect on the stability level of edges 2,3, and 4 as it

is the same for sudden stop and constant velocity. Figure 4.1 1 also indicates that at a

large wheelbase of the forklift, the effect of sudden stop on the stability of the forklift

will be ineligible.

For the case of sudden stop (Figure 4.11b), it is seen that when the wheelbase of the

vehicle increases from 2.58 m to 2.70 m, the load on the fork can increase by 400 kg

Further increase of l0 cm of the wheelbase, the load on the fork can increase by an

additional 300 kg without affecting the stability on the forklift over edge 1.

4.2.5 Effect of Speed

The effect of speed (see Figure 4.12) on the stability of the forklift when it is brought to

abrupt stop is discussed in this section. It is seen that as the speed of the vehicle is

increased from -15 to 0 km/h, the stability level of edges 2,3 and 4 increases. There is a

decrease in the stability level of edge I as the speed of the vehicle is increased from 0 to

15 km/h (see Figure 412b). The vehicle becomes is subject to tipping over on edge 1 as

the vehicle speed is increased from 7 km/h.
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There is a decrease of 94 % in the stability level of edge 1 as the vehicle speed is

increased from 1 to 7 km/h. Comparing the results of various simulations, it is seen that if
the speed of the vehicle is reduced from 7 km/h to 1 km/h, the load on the fork can be

increased from 5,000 kg to 9,500 kg without affecting the stability of the forklift.

4.2.6 Effect of Varia bl e Accelerat¡on/Decelerat¡o n

This section investigates the effect of variable acceleration on the stability of the forklift.

A six-degree polynomial equation is used to calculate the acceleration at a given time.

The load on the fork is 5,000 kg and the forklift is moved a distance of 100 meters in 30

seconds. The results (see Figure 4.i3) show that with an increase in acceleration the

stability of edges 2, 3 and 4 decreases whereas the stability of edge 1 increases. As the

vehicle decelerates to a constant velocity, the energy stability level of edge 1 is decreased

with the increase in deceleration whereas the stability of the other edges increases with

the deceleration. Figure 4.14 shows the close up of the energy stability level for edge 1.

4.2.7 Effect of Turning Angle

Figure 4.15 shows the effect of turning angle (0") on the stability of the forklift. Figure

4.15a shows that for all the edges, the turning angle does not affect the stability of the

forklift when it is moving at constant velocity. For the case of abrupt stop (see Figure

4 15b), the energy stability level of edge i increases with the increase in turning angle

whereas there is the decrease in stability level of edge 2 With the increase in turning

angle of the forklift from 0o to 45o there is an increase stability level by 9490 Nm, which

is approximately 53Yo increase in the stability level. For edge 2, the increase in turning

angle from 0o to 45o, the stability level of edge 2 decreases by 6070 Nm (see Figure

4. I 5b). Figure 4. l6 shows the close up of the energy stability levels of edges 1 and 2.
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Ghapter 5

Conclusions

According to the Occupational Safety and Health Act - OSHA, powered industrial

equipment accounts for approximately 35,000 serious and 62,000 non-serious injuries

each year. Approximately 100 of these accidents result in death. It costs the industry

millions of dollars in damages incurred on products and equipment. OSHA has identified

key factors that have contributed to employee accidents involved with lift trucks. Tip-
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overs account for approximately 25Yo of the all the forklift accidents. When forklifts are

compared to an ordinary automobile, they have been found to be highly unstable.

The objective of this thesis was to develop a computer software to determine the potential

tipping over of forklifts. The variables of instability such as load, top heaviness, speed etc

were identified and their impact on the stability of forklifts was studied. First various

methods that can be used to determine stability of forklifts were studied and discussed.

Then the most suitable (energy stability concept) was chosen to develop the software.

This concept was further extended to include the effects of acceleration and deceleration

on the stability of the vehicle.

Visual C** was the programming language used in developing this software application.

Open GL was used to display the graphics. Open GL is independent of operating systems

and hardware platforms, making it independent graphics library designed to be easily

portable and rapidly executable.

The software developed was applied to Caterpillar DP-90 forklift and stability analysis

was carried out. Results from this analysis are shown in this report. The results showed

that at a load of 5,800 kg and the height of the fork is 1.5m, the forklift can tip over the

front edge at 6 kn/h, when the vehicle is brought to sudden stop. The maximum load

recommended on this forklift is 9000kg. Further, it is observed that if the fork is moved

from l.6m to ground level the load on the fork can be increased from 5,000k9 to 6,600

without jeopardizing the stability of forklift. It is observed that top heaviness is one of the

key factors in the stability of forklifts.

These results can be used can be used as reference for further analyses. Designers can

employ the results to improve the design of similar machines. This software can also be

useful to put constraints on variables such as load and speed to ensure the safety of the

operators and the machines. The effects of these variables can be easily compared,
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keeping one or more of the variables constant. This will provide a better understanding

and grasp of stability of forklifts.

This study can be extended to include total or partial integration of this software with

hardware - in this case with forklifts. The software part can analyze loads on all axles of

forklifts and put an automated limit on acceleration and speed. This could ensure safety

of the operator without much dexterity on his/her part, which comes with experience.
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Appendix A

Dimensions of Caterpillar DP-90 Forklift

6080 kg 6790 kg

1.45m

.755m
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