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LOAD CAPACITY OF CYLINDRICAL WORM GEARS ACCORDING TO DIN 3996-2012
Aleksandar MILTENOVIĆ1, * - Milan BANIĆ1 - Đorđe MILTENOVIĆ2
1
2

University of Niš, Faculty of Mechanical Engineering, Niš, Serbia
High Technical and Textile School, Leskovac, Serbia

Received (26.05.2016); Revised (14.09.2016); Accepted (19.09.2016)
Abstract: A worm drive is widely used in power and movement transmission, and the proper functioning of the entire
machine system depends on it. The advantages of a worm drive, compared to other types of drives, are primarily
reflected in its compact design, large transmission ratio, reliability, the possibility of vibration damping, as well as in
structural advantages regarding branching and summarising energy, etc. Its capacity is limited by the emergence of a
larger number of boundary conditions when in exploitation. This paper considers load capacity calculations of worm
gears according to DIN 3996-2012.
Key words: worm gear, load capacity, DIN 3996.

1. INTRODUCTION
Worm gears are widely used in tool machines, transport
equipment, in vehicles, primarily for power transmission,
as well as in fine-tuning and precision devices for
movement transmission.
Worm pairs load capacity is nowadays based on the DIN
3996 [1], which was introduced with dimensionless
physical parameters, pressure parameter pm*, oil film
thickness parameter h* and mean slip path parameter s*.
Current information regarding the load capacity of worm
pairs use the median surface pressure on flank σHlim of the
output torque T2 as authoritative criteria for the
calculation of the flank load capacity. A prerequisite for a
correct estimation of worm gear flanks load capacity
regards to wear is the accurate knowledge of local flank
teeth strain in different coupling conditions.
In the case of worm gear drive the absence of flank teeth
wear has almost never been recorded. Research studies
[2] show that worm pairs mostly operate under conditions
of mixed friction. This indicates that tooth flank wear is
not determined according to the hydrodynamic lubrication
theory, but according to Hertz´s theory, i.e it depends on
the ratio between the radius curviture and the
characteristics of the materials in contact.
The research in papers [4], [5] and [6] shows that surface
pressure and temperature changes in the contact zone of
coupled pairs have a major impact on worm gear wear.

2. BOUNDARY CONDITIONS OF WORM
GEARS
In modern construction solutions it is common to use
worm gears made of tin bronze and worms made of
hardened and whetted steel (Fig. 1). Worm gears are
affected by the following boundary conditions:
 Destruction of tooth flanks under pitting,
 A tooth flank wear,

 Tooth breakage,
 Worming, mining and changing thermal stability of
gear transmission,
 Worm shaft bending.

Fig.1. Standard worm gear

2.1. Pitting Resistance
Pitting is, in effect, the destruction of a tooth surface
(shaped like small holes and dimples) as a result of huge
surface pressures and dynamic stress wear.
One can observe the difference between the initial and
advanced stages of pitting. The initial stage of pitting is
the result of the first phase of gears´ transmission. It has a
positive effect because it results in a uniform stress
distribution and a better contact pattern. When working
conditions are unchanged, this type of pitting decreases
over time, i.e. the damaging process is digressive.
Medium and highly loaded worm gear pairs can be
affected by advanced pitting and this constitutes a huge
problem. This sort of pitting has a progressive character,
so much so that destroyed surfaces are larger while at the
same time the contact pattern is smaller. Consequently,
the damaged surface keeps expanding continuously and
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changes in the shape of tooth surface occur. This results
in a sudden tooth surface wear, and finally in a tooth
breakage.
According to the DIN 3996 [1], the ratio between the
limit value of contact stress σHkr and mean contact stress
σHm represents a pitting safety:

importance for a correct design, to ensure gearbox
function within the permitted temperature range of oil.
Thermal design/safety tends to be one of the limiting
factors when designing transmissions.
According to the DIN 3996 [1], thermal safety ST is
calculated according to the following equation (4):

SH 

SF 

 Hkr
 S H min  1
 Hm

(1)

2.2. Wear Load Capacity
During the period of mining wear, the continual tooth
material wear width is smaller. In the first phase, the wear
has a positive effect because one material rubs against
another, thus allowing shapes of tooth surfaces to
accommodate and consequently prevent any further wear.
However, in the cases of high intensity rubbing, the wear
resistance can be a criterion for a working period. The
wear basically depends on working criteria. Changing
shaft rotation conditions and the working mode, as well as
terming the transmission gear on and off, result in
increased wear. By using hard and quality worm tooth
flanks (case carburising, whetting, polishing) one can
reduce wear.
According to the DIN 3996 [1], the wear safety SW is
calculated on the basis of the permissible wear δWlimn and
abrasive wear in the normal section δWn, according to the
following equation (2).

SW 

W lim n
 SW lim  1,1
Wn

(2)

2.3. Root Strength of Teeth

SF 

 Fkr
 S F lim  1,1
F

(3)

where:

Fkr - permissible shear stress,
F - shear stress.

2.4. Thermal Stability
When designing a gearbox, one should also consider the
heat generated inside the gearbox (efficiency of gearing,
friction of bearings, and friction in sealing). This
parameter is not so important in spur or bevel gearing, but
it is in worm gearing. As worm gearing efficiency is
considerably lower than that of spur or bevel gearing, far
more heat is generated in the gearing process and has to
be removed. Therefore, thermal safety has great
46

(4)

where
Slim - limit value of oil temperature
S – oil temperature

2.5. Worm Shaft Deflection
A worm shaft is loaded by radial, axial and tangential
force, which leads to considerable bending of the shaft,
considering the relatively large distance between
bearings. The shaft deflects due to bending which can
lead to contact interference. The tangential force depends
on friction against the teeth flanks. Thus, in the event of
insufficient lubricating, the friction force increases, which
results in a considerable deflection of a worm shaft. When
loads and revolutions per minute change, the contact
between tooth flanks decreases, as well as the local
overload of the aforementioned. This can also result in a
deflection of a worm shaft.
Monitoring of the work correctness is based on a control
of the contact line between a tooth surface and on a
control of a transmission gear thermal stability.
According to the DIN 3996 [1], a worm deflection safety
SF is calculated according to the following equation (5):

S 

Worm gear pairs have dangerous working loads only in
worm gear tooth root, considering that they are less
resistant and less durable in comparison to worm teeth. In
the worm gear tooth root there is a complicated load, and
the dominant stresses are shear and bending.
Worm gear tooth breakage is very rare. The most
common causes lie in striking overloads, when loads
appear larger than the static strength of the material. The
wear is also a significant cause of tooth breakage, since
wear diminishes its cross-section.
According to the DIN 3996 [1], the safety of the teeth root
strength SF is calculated according to the following
equation (3):

S lim
 S S lim  1,1
S

 lim
 S min  1
m

(5)

where:
δm – a worm shaft deflection,
δlim – a permissible worm shaft deflection.

3. LOAD CAPACITY OF WORM GEARS
ACCORDING TO DIN 3996/2012
An analysis of a worm gear load capacity is made for the
family of gear drives with the characteristics given in
Table 1. The calculation of a worm gear load capacity
according to the DIN 3996 [1] has been performed on the
basis of 4 criteria:
 Pitting resistance,
 Wear load capacity,
 Root strength of teeth and
 Thermal stability.
For the purposes of a comprehensive observation of worm
gears load capacity according to different criteria, the
following parameters were varied:
 Centre distance (a = 63mm; a = 100mm; a = 250mm)
 Transmission ratio (i = 10; i = 20; i = 30; i = 40)
 Input speed (n1 = 200 min-1; n1 = 500 min-1;
n1 = 1000 min-1; n1 = 1500 min-1; n1 = 2000 min-1);
 Wheel material (CuSn12-C-GZ; CuAl10Fe5Ni5-CGZ; EN-GJS-400-15);
 Oil (mineral, synthetic);
 Lubrication (splash, injection).
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a = 63 mm; i = 19.5; CuSn12‐C‐GZ
Polyglykol ‐ splash lubrication
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Fig.2. Comparison of worm gear load capacity for different values of input speed n1
and different materials of the worm gear
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a = 63 mm; n1 = 1500 min‐1; CuSn12‐C‐GZ
Polyglykol ‐ splash lubrication

400
300
200

Pitting

100

Temperature
Root‐strength

0

9.75

Wear

19.50
29.00
39.00

T o r q u e T 2m a x [ N m ]

a = 63 mm; n1 = 1500 min‐1;
CuAl10Fe5Ni5‐C‐GZ
Min. oil ‐ splash lubrication

500
400
300
200

Temperature

100

Root‐strength
Pitting

0

9.75

Wear

19.50
29.00
a = 63 mm; n1 = 1500 min‐1
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Fig.3. Comparison of worm gear load capacity for different values of transmission ratio i
and different materials of the worm gear
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Table 1. Transmission gear data

Worm gears type

ZI

Transmission ratio i
Modul mx [mm]
Lifetime Lh [h]

10, 20, 30, 40
2.5, 3.15, 4, 5, 10, 12.5
10000

Number of teeth z1

1, 2, 3, 4

Number of teeth z2

20, 30, 40

Wheel material

CuSn12-C-GZ;
CuAl10Fe5Ni5-C-GZ; ENGJS-400-15

Worm material

16MnCr5

Input speed [min-1]
Synthetic oil
(Polyglykol)
Mineral oil

200, 500, 1000, 1500, 2000
 4 0 = 220 mm2/s;
 1 0 0 = 41 mm2/s
 4 0 = 674 mm2/s;
 1 0 0 = 36.9 mm2/s

The critical thickness of the weared layer has been
determined according to parietal thickness of top of the
weared layer.
For each calculation the maximum output torque T2max
was obtained for the required safety. The calculation
results of the load capacity for centre distance a = 63 mm
and different materials of the worm gear are shown in
Figures 2 and 3. Similar diagrams have also been made
for the centre distance a = 100 mm and a = 250 mm.
Bearing in mind the variation of transmission ratio, speed,
worm gears material and centre distance, the analysis
required the calculation of 81 gear pairs.
The gear characteristics which are most widely used in
practice have been chosen. The boundary condition of a
gear is determined by the smallest load capacity. The
results of the analysis have been presented in Table 2.
Figure 4 presents the results of the analysis by means of a
column chart diagram. The diagram shows that the largest
worm gear load capacity limitations are related to worm
pair flank wear. (45). The second column represents
pitting related limitations (36), and the third column
represents thermal stability related limitations (18).
One should, however, bear in mind the interconnection
between various forms of damage, first and foremost
between wear and pitting [7]. Accordingly, the increase in
load capacity in comparison to wear significantly affects
the load capacity of the entire transmission gear. The
same observation applies to thermal stability of
transmission gears.

n
[min-1]

Centre distance a [mm]
63

100

250

1.
10
2.
20
T, P, NUN
W (P)
P
3.
UN
UN
30
4.
40
P, NUN
5.
200
W
6.
UN
500
P, NUN
W, P
7.
1000
UN
P
8.
1500
UN
T, NUN
9.
2000
10.
10
11.
20
W
W
T, W,
12.
NUN
NUN
NUN
30
13.
40
14.
200
R, NUN
R
R
15.
NUN
NUN
500
W, NUN
16.
1000
W
W
17.
1500
W, T, NUN
NUN
NUN
18.
2000
T, NUN
19.
10
20.
20
W
P, W
T, P, NUN
21.
≈UN
≈UN
30
22.
40
23.
200
24.
500
P, NUN
W
P, W
25.
1000
UN
≈UN
26.
1500
P, T, NUN
27.
2000
T, NUN
W – wear (45); P –pitting (36); R –root-strength (5);
T – thermal stability (18); UN – uniform load capacity;
NUN – uneven load capacity

Tin bronze

63,100, 250

i

Aluminium bronze

Centre distance a
[mm]

Wheel
mater.

No

Cast iron materials

Values

50
45

Numbe r of worm ge ars

Geometrical size

Table 2. Boundary conditions of worm gears

40
35
30
25
20
15
10
5
0
Wear

Pitting

Temperature

Root‐strength

Limite d state s

Fig.4. Comparison of boundary conditions of 81 worm
gear pairs
From the viewpoint of utilisation of available worm gear
transmissions, it is extremely important that worm gear
has a similar capacity for all boundary conditions. In the
analysis it has been marked as uniform (UN - uniform
load capacity), i.e. uneven load capacity (UN – uneven
load capacity). Out of 81 gears only 23 gears exhibit
uniform load capacity, in 13 gears the load capacity is
approximately uniform, while in 45 gears the load
capacity is uneven. The best utilisation of available worm
gear resources has been obtained in a gear with a tin
bronze pinion.
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4. CONCLUSION
Based on this display we can draw the following
conclusions:
1. The analysis of worm gear load capacity according to
the DIN 3996-2012, along with the variations of the
crucial construction parameters (transmission ratio,
speed, worm gear material, center distance), shows
that their capacity is mainly limited as a result of
damage due to wear, pitting and increased operating
temperature. Out of 81 analysed gears, 45 gears
exhibit critical wear, 36 pitting and 18 increased
operating temperature.
2. From the viewpoint of utilisation of worm gear
available resources, out of 81 analysed gears, 23 gears
exhibit uniform load capacity, in 13 gears the load
capacity is approximately uniform, while in 45 gears
the load capacity is uneven. The best utilisation of
available worm gear resources has been obtained in a
gear with a tin bronze pinion.
3. The analysis was performed on worm gears which are
most widely used. Thus, the obtained results are of
significance for engineering practice.
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Abstract: The purpose of this paper is to point out the usual methods of determining the service factor, which is the
most influential parameter. In order to provide the proper selection of the size of the worm gear reducer, manufacturers
are trying to take detailed look at all the factors which influence the work gear and to provide customers with the best
possible solution. The greatest impact on their defining has a safety factor which is used to calculate the gear unit and
the effect of an ambient temperature i.e. cooling method.
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1. INTRODUCTION
It is undisputed that the use of universal worm gears and
worm gears in general is reduced to a minimum, because
of relatively large losses that occur in them, in addition to
a number of advantages they have. They are most
commonly used only for short-term operations and in
places which require large transmission ratios, within a
relatively small body, quiet operation and self-locking
(which occurs only at high ratios). In order to reduce this
bad feature of the worm gears and the consequences
arising from it (substantial warming and relatively short
service life, due to the high wear) manufacturers are
trying to take a detailed look at all the factors which
influence the work gear, to provide customers with the
best possible solution [1,2]. The purpose of this paper is
to point out the usual methods of determining the service
factor, which is the most influential parameter. The
selection of the size of the worm gear is based on this
parameter.

2. PROBLEM DESCRIPTION
The selection of universal worm gear units depends on
many factors. In most cases, they are only selected in
cases of short run, when it is required to reach large
transmission ratios within a relatively small space. Also
when it is required to ensure that the axis of the input and
output shafts are passing each other; when it is required to
ensure a peaceful and quiet operation, especially in cases
where it is required to provide self-locking, although it
should be noted that not all worm gears are self-locking
[1,2].
While selecting worm gear unit, apart from the other
conditions, (thermal capacity [3,4] and permissible radial
and axial load [1,4]), the main condition has to be met.
Nominal value of the torque (T2N) should be higher than
the value of the actual torque on the output shaft. Actual
torque on the output shaft should be increased by all the
imbalances which occur during the exploitation and it
mostly depends on: driving machine type, working

machine type, daily operating period, starts per hour,
indicated load during an hour, ambient temperature, type
of lubricant, variability of the direction of a rotation, the
type of the gear teeth and the desired service life of the
gear unit. This condition is usually expressed by the
equation:
T2 N  T2 f B

(1)

where is the following stand for:
T2 N  Nominal value of the torque which is the
Maximum torque at the output. In a quiet load, it can load
in a way that working in a single shift it can reach a work
span of, typically, 5000 hours of maintenance at an
acceptable price [1,4].
T2  Output torque at a certain power and at a certain
number of rotations per minute
T2  9550 

P2
P 
 9550  1
n2
n2

(2)

where it is:
P2  output power,
n2  rotations per minute of output shaft,
P1  input power,
  efficiency,
f B  service factor,
n

f B   fi

(3)

i 1

where is the following stand for:
n  The number of parameters to be taken into account,
which differ significantly from manufacturer to
manufacturer,
f1  factor which takes into account the type of driving
machine, electric motor or hydro motor, multi-cylinder
combustion engine and the single cylinder internal
combustion engine,
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f 2  factor which takes into account the type of working
machine,
f3  factor which takes into account daily operating
period in hours,
f 4  factor which takes into account number of starts per
hour,
f5  factor which takes into account real load of gearbox
in an hour, ED factor,
f 6  factor which takes into account ambient temperature,
some of the producers consider that the value of normal
temperature is 20°C, while others consider it to be 40°C.
Some producers allows higher load if the temperature is
equal or lower than 10°C,
f 7  factor which takes into account the type of lubricant
and size of the reducer (for synthetic oils, f 7  1 [3])
f8  factor which takes into account variability of the
direction of a rotation (for reversible drive some
producers calculate that f8  1, 2 [2]),
f9  factor which takes into account the type of gear
teeth and thermal capacity,
f10  factor which takes into account the desired service
life of the gear unit.
For the proper selection a of gear motor with a specific
power and number of revolutions, basic requirement must
be fulfilled [1], which is:
f B  f BD

T
 2N
T2

(4)

where
f BD  is permissible value of the service factor, which is
calculated by the equation (4). Producers give it in their
catalogues, for each gear unit, with each input power
(power of electric motor) and rotations per minute of the
output shaft - n2 .
The service factor value, or the number of components of
the service factor which are taken into consideration (n),
varies from manufacturer to manufacturer.
Winsmith company has one of the simplest methods of
selection. This company defines the value of the service
factor in tables, according to the AGMA standard,
depending on the type of driving and working machine
and the duration of the drive working machine. It selects
the gear unit according to the equation (1) .
The ROSSI company has a more complex procedure of
selection, because, in addition to these factors, it also
takes into account the number of switching over an hour,
ambient temperature and effective load during the day.
The company takes into account the thermal capacity of
the gear unit, ie. requires that the input power ( P1 ) has to
be less than the thermal capacity ( PtN ) increased by a
factor that takes into account the ambient temperature and
the effective load gear ( ft ).
P1  Pt  PtN  ft

(5)

In addition, it takes into consideration the maximum
permissible load of gear unit in the short-term operation:
T2  T2 max
(6)
52

This method of selecting a gear unit defines in detail the
variation factor which occurs during the exploitation
Flender Cavex Company has the most complex selection
method [3], which requires the fulfilment of several
conditions:
1. As far as strength is concerned, the following
requirement has to be fulfilled:
T2 N  T2  f1  f 2  f 3  f 4  f 7

(7)

They see the first three factors as one factor and use
different symbols to mark them.
2. As far as heating is concerned, the following
requirement has to be fulfilled:
T2 N  T2  f5  f 6  f 7  f9

(8)

3. As far as Maximum load is concerned, while starting
and stopping gearbox with brake, the following
requirement has to be fulfilled:
T2 N max  T2 A  f 4  f 7

(9)

4. As far as maximum permission load of gearing is
concerned, the following requirement has to be fulfilled:
T2 N max  T2 A  f 4  f8

(10)

where :
T2 N max  stands for maximum peak permission load, at
minimum RPM n1 , presented in tables for T2 N max .
A detailed analysis of those parameters and their values
show us a different consideration of these factors.

3. PROBLEM ANALYSIS
Driving and working machine have a major impact on the
appearance of shock loads as well as the duration of the
driving [1], so all manufacturers devote great attention to
these factors (table 1).

3.1. Winsmith
Table 1. Service factor value depending on the type of
drive, working machine and the duration of the drive, in
case of small number of starts
Electric motor drive
Drive duration
uniform moderate
to 0,5 h
0,80
0,90
to 2 h
0,90
1,00
to 10 h
1,00
1,25
to 24 h
1,25
1,50
Multi-cylinder combustion engine drive
Drive duration
uniform moderate
to 0,5 h
0,90
1,00
to 2 h
1,00
1,25
to 10 h
1,25
1,50
to 24 h
1,50
1,75
Single cylinder combustion engine drive
Drive duration
uniform moderate
to 0,5 h
1,00
1,25
to 2 h
1,25
1,50
to 10 h
1,50
1,75
to 24 h
1,75
2,00

heavy
1,00
1,25
1,50
1,75
heavy
1,25
1,50
1,75
2,00
heavy
1.50
1,75
2,00
2,25
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Fig.1. Winsmith company worm gear unit [5]
Table 2. In case of larger number of starts (from 10 to 20
starts)
Type of driving
machine

Fig.2. Rossi company worm gear unit [6]

3.3. Flender Cavex

Electric motor drive

Drive duration

uniform

moderate

heavy

tо 0,5 h

0,90

1,00

1,25

tо 2 h

1,00

1,25

1,50

tо 10 h

1,25

1,50

1,75

tо 24 h

1,50

1,75

2,00

3.2. Rossi
Table 3. Service factor value
Type of driving
machine

Electric motor drive

Fig.3. Flender Cavex company worm gear unit [7]

Drive
duration

Service
life (h)

uniform

moderate

heavy

from 2 h

3150

0,67

0,85

1

from 2 to 4 h

6300

0,85

1,06

1,25

from 4 to 8 h

12500

1

1,25

1,5

from 8 to 16 h

25000

1,25

1,6

1,9

from 16 to 24 h

50000

1,6

2

2,36

Number of starts

uniform

moderate

heavy

4

1

1

1

8

1,06

1

16

1,12

32

The influence of working machine and drive duration
with an electric motor drive ( f1, f 2 , f3 ).
Table 4. Service factor value
Type of driving
machine

Electric motor drive

Drive duration

uniform

moderate

heavy

tо 0,5 h

0,8

0,9

1

tо 2 h

0,9

1

1,2

1

from 2 tо 10 h

1

1,2

1,4

1,06

1

from 10 tо 24 h

1,2

1,4

1,6

1,18

1,12

1,06

63

1,25

1,18

1,12

125

1,32

1,25

1,18

250

1,4

1,32

500

1,5

1,4

Table 5. Number of starts ( f 4 )

1,25

Number
of starts

tо 10

from 10
tо 60

from 60
tо 240

from
240
tо 600

1,32

f4

1

1,1

1,2

1,3
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Table 6. The influence of time of effective load, the socalled. ED factor
ED factor

100

80

60

40

20

f5

1

0,94

0,86

0,74

56

Table 7. The influence of ambient temperature and
number of revolutions of input shaft (fan speed) - f6
Temperature (oC)

tо 10

20

30

40

50

n1 ≤ 300 min-1

0,9

1

1,14

1,33

1,60

300 < n1 ≤ 1500

0,9

1

1,17

1,42

1,75

n1 >1500

0,9

1

1,20

1,50

1,90

Table 8. The influence of type of lubricant and the size of
the reducer (for synthetic oils, f 7  1 )
The axial
height of the
gear unit

from 63
to 100

from
120
to 250

from
280
to 450

Such a different approach to defining a service factor
certainly has a great influence on gear selection. For
example, if you are looking for a gear that will be driven
by an electric motor, at moderate load, which will run for
8 hours, with 10 starts per hour, the analyzed
manufacturers offer the following values of a service
factor given in table 2. The differences between the
service factors are small, ie. it can be seen that they
respect working conditions the most because their
influence on the safety factor is the greatest.
If we take into consideration the ambient temperature, for
example, 40 ° C at operation with a four-pole motor (n1 ≤
1500 min-1), then the difference becomes even more
significant (Table 3).
Table 11. A summary of the service factors that are
included and the ambient temperature of the analyzed
manufacturers
Manufacturer

fB = 1,25
WINSMITH

from
500
to 630

1,2

1,25

1,3

1,36

Table 9. The influence of variability of the direction of
rotation
Revolution in one direction

f8 = 1,2

In addition to this requirement,
the condition
fB = 1,25.0,8.1,42.0,7 = 0,994
has to be fulfilled as well;
FLENDER CAVEX

The influence of the type of gear profile and thermal
capacity ( f9 ) is given in a manufacturer’s catalogue for
each gearbox.
Table 10. A summary of the analyzed service factors
Manufacturer

WINSMITH

ROSSI

Moderate load, 8 hours,
with 10 starts per hour
fB = 1,25

fB = 1,25.1,06 = 1,325

The increased temperature
limits the input power of the
engine, and if this condition is
met, the increase in temperature
is not taken into account during
the selection of the gear unit.
fB = 1,2.1 = 1,2

f8 = 1

Revolution in both directions
(reversible drive)

Does not take into account the
temperature
fB = 1,25.1,06 = 1,325

ROSSI
f6

Moderate load, 8 hours, with 10
starts per hour with ambient
temperature 40оC

In addition to these two
conditions, another two
conditions must be met.
However, as these conditions
are related to the field of study
of the first two manufacturers,
they will not be mentioned
here.

4. EXAMPLES OF SELECTION
For the torque at the output, for example, T2 N  300 Nm ,
revolutions per minute n  30 min 1 and effective load of
ED = 60 % manufacturers recommended the following
gear units:

4.1. Winsmith
FLENDER CAVEX
54

fB = 1,2.1 = 1,2

This manufacturer recommends the following procedure
for gear unit selection for provided working conditions
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T2 N  T2  f B  300  1,25  375 Nm

This requirement corresponds to the gear unit marked
7FC, with the center distance of a  101,6 mm , input
power P1  1,9 kW and torque at the output
T2 N  419 Nm . It should be particularly noted that the
motor works with nem  1200 min 1 .

4.2. Rossi
This manufacturer recommends the following procedure
forgear unit selection
T2 N  T2  f B  300  1,325  397,5 Nm

This requirement corresponds to the gear unit marked 80,
the center distance of a  80 mm , input power
P1  1,74 kW , output power P2 N  1,33 kW , torque at the
output T2 N  407 Nm , maximum torque peak the gear
reducer will withstand T2 max  710 Nm . It should be
particularly noted that the motor works with
nem  1200 min 1 and that the number of revolutions of
the output shaft is nem  31,5 min 1 .
The company takes into account the thermal capacity of
the gear unit, but at this size and the transmission ratio of
the gear unit, permission load is not limited by thermal
capacity.
In addition, this company takes into consideration
maximum permissible load for short-run drive
T2  T2 max

As the driving mode is not specified, it will be counted
T2  1,2  T2  1,2  300  T2 max  710 Nm

So this size of the gear unit is acceptable.

4.3. Flender Cavex
This manufacturer has the most complex selection method
and it requires the fulfilment of multiple requirements
1. As far as strength is concerned, the following
requirement has to be fulfilled:
T2 N  T2  f1  f 2  f3  f 4  f 7  300 1, 2 1 1.42  511, 2 Nm

They see the first three factors as a single factor and use
different symbols to mark them.
This requirement corresponds to the gear unit marked
100, with input power P1  3,3 kW , torque at the output
T2 N  813 Nm , with maximum torque peak the gear
reducer will withstand T2 max  1060 Nm and service factor
f9  0,58 . It should be particularly noted that the motor
works with nem  1500 min 1 and that the number of
revolutions of the output shaft is nem  30 min 1
2. As far as heating is concerned, the following
requirement has to be fulfilled:

T2 N  812 Nm  T2  f5  f 6  f 7  f 9 
300  0,86 1, 2 1, 42  0,58  255 Nm

This is satisfactory.
3. As far as maximum load is concerned, while starting
and stopping gear with braking, the following requirement
has to be fulfilled:
T2 N max  1060 Nm  T2 A  f 4  f 7  300 1, 2 1 1, 42  511 Nm

This is satisfactory.
It was calculated that the minimum value of the starting
torque or braking torque is higher than T2 A  1,2  T2 .
4. As far as maximum permission load of gearing is
concerned, the following requirement has to be fulfilled:
T2 N max  1680 Nm  T2 A  f 4  f8  300 1, 2 1 1, 2  432 Nm

Where T2 N max  1680 Nm - stands for maximum torque
peak, at minimum revolutions per minute n1 , which is
given in tables for T2 N max . In addition, it was calculated
that it was the most unfavourable alternating drive.
Selected gear unit satisfies.

5. CONCLUSION
Based on the analysis, it is evident that some
manufacturers take into account different load mode,
which significantly influences the selection of the size and
thus the price of a gear unit. Of course, in addition to the
standards that strongly defines the parameters of the
service factor manufacturers have a different experience
and approach to their own defining. The greatest impact
on their defining has a safety factor which is used to
calculate the gear unit and the effect of an ambient
temperature ie. cooling method. If the safety factor is
lower than the external conditions, it has to be more
significantly respected and vice versa. In this particular
case it can be noted that one of the manufacturers
recommended a slightly smaller gear unit ( a  80 mm )
for the given conditions of the drive, while the other two
recommended a gear unit with the same axial distance
of a  100 mm . It is particularly interesting that one of the
manufacturers, which has a greater axial distance, has
twice as big capacity as the other manufacturers with the
same axial distance.
It is undisputed that great attention should be devoted to
this extremely important factor.
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Abstract: This paper presents a comparative analysis of two proposed solutions to achieve the handling and transport
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experiments. The solution adopted will be chosen according to the chosen transport equipment.
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1. INTRODUCTION
Any equipment, any construction element must be
equipped with one or more devices suitable for
transportation. Only in this way can during each stage of
production, assembly, delivery (by train or truck), final
assembly at the customer, speed ferry optimal conditions
with maximum safety for staff and fixture construction.
Attachment points - an absolute necessity that does not
give importance to many builders.
In the next table (Table 1) shows the main mounting
schemes of different assemblies depending on their
weight and shape [1].

Frequently transported objects are equipped with threaded
holes for all screws ring DIN. When you want to use very
resistant screw attachment points, these holes are usually
oversized and require the use of fixings too high [3].
Accessories and devices for catching and suspending
pregnancy are built in a variety constructive handled by
load characteristics and handling mechanism. Here are
some examples (Figure 1) [4]:

Table 1. The main mounting schemes
Scheme

Number
of arms

β
[0]

Number
of arms

β
[0]

1

0

2

0-45

2

0

3-4

45-60

1

90

3-4

0-45

2

90

3-4

45-60

Scheme

Means used to loading - unloading, transshipment goods
transported adapters are selected according to the
following criteria [2]:
 nature of the goods to be transported (solids or liquids,
acids or bases, with or without risk of damage;
 shape and size of elements (in bulk chunks or small,
heavy or bulky granular or powdery state, etc.);
 of packing (bags, packages, bottles, containers, etc.);
 how to place the deposit (in piles, stacks, palletized or
not, etc.);
 type of means of transport to be achieved;
 the quantity of goods handled per unit time.

Fig.1. Lifting eyes models

Fig.3. Transport case-using a crane
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Most often using screws DIN 580 ring of C15 or predict
construction sheet which do not allow the possibility of
load angle respectively are usually oversized so that
smaller hooks opening and flap safety cannot be caught.
Docking ramp handling the manufacture, transport,
installation and facilities according to of the economic
agent can be done using overhead cranes (Figure 2) or a
forklift (Figure 3).

Table 2. The main types of docking ramps
Type

Mass

SD 610 2500x2000x700

780

SD 610 3000x2000x700

870

TD 620 2500x2000x700

950

TD 620 3000x2000x800

1250

LHT 100 kN 3000x2000x800

1750

Fig.4. Transport case-using a lifting
In this case, fixing and fastening systems have an
important role due primarily to ensure the safety of
workers and secondly is affected finished product quality
by eliminating non-conformities.
In both cases should be considered gauge assembly to
handle its geometrical shape and the binding mode of
high load.
Loading gauge assembly docking ramp is different,
depending on the type of ramp is designed and
respectively its additional facilities [5, 6, 7].
Fixing and fastening system also has a very important role
because it influences the production costs of both the
manufacturing company and the beneficiary dock ramps.

Fig.5. Fork lift truck – geometrical parameters

2. THE PROPOSED CONSTRUCTIVE
SOLUTIONS FOR FASTENING SYSTEMS
AND HANDLING OF DOCKING RAMPS
Given the above, we propose finding a technical solution
to solve the problems faced by the manufacturer of the
docking ramps manufacturer.
Like the initial starting date, we will consider two aspects:
 weights and dimensions to the docking ramps
transported;

Fig.6. Fork lift truck-variant 1 – geometrical parameters

 the transport equipment used.
The main types of docking ramps carried out the
following sizes shown in Table 2.
Special problems are caused by handling and transport
using fork, given the typical geometric constructive and
its forks, presented suggestive in Figure 5.
For the two types of equipment used to transport, we
consider two constructive solutions for fixing and
manipulating dock ramps, shown in Figure 6 and Figure
7.
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Fig.7. Fork lift truck- variant 2 – geometrical parameters
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Axial force an a single lifting eye, according to the charts,
when lifting a leveler with load G of charge for two types
of transport used data handling relations:
 using crane: in this situation, for a single lifting eyes
G
action load
and is   45 :
4
G
FC  sin   0.176 G
(1)
4

Using machines tried to the traction have tried two
fasteners and lifting proposed to square axial force-strain
diagram, Figure 8 and Figure 9.

 using forklift: in the worst scenario, when lifting only
with two lifting eyes, axial force have value:
FF  0.75 G
(2)

3. ANALYSIS OF THE TWO PROPOSED
SOLUTIONS
Based on the two proposed solutions, but also from the
two means of handling and transport used make a
pertinent analysis on their behavior in exploitation,
analysis summarized in Table 3.

Fig.8. Fork lift truck – geometrical parameters

Table 3. Maximum leveler weight

Using a crane
Safety
factor
Yielding
point
load
Maximu
m axial
load
Maximu
m leveler
weight

SF

2

Safety
factor

SF

2

GY
[kg]

2000

Yielding
point load

GY
[kg]

1200

GA
[kg]

1000

Maximum
axial load

GA
[kg]

600

Gmax
[kg]

5800

Maximum
leveler
weight

Gmax
[kg]

3500

Fig.9. Fork lift truck – geometrical parameters

Using a forklift
Safety
factor
Yielding
point
load
Maximu
m axial
load
Maximu
m leveler
weight

SF

2

Safety
factor

SF

2

GY
[kg]

2000

Yielding
point load

GY
[kg]

1200

GA
[kg]

1000

Maximum
axial load

GA
[kg]

600

Gmax
[kg]

1333

Maximum
leveler
weight

Gmax
[kg]

800

Fig.10. Virtual model 1 – FEA
In order to take into account the test conditions and
fastening systems proposed lifting was carried out a
simulation using ANSYS Mechanical software package
Strength Analysis.
It has been observed that both the elastic and plastic
behavior of real fasteners and lifting is approximately
equal studied virtual behavior.
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For the nine proposed dimensional variations were
performed tensile testing, resulting graph in the figure
below (Figure 13).

4. RESULTS AND CONCLUSIONS

Fig.11. Virtual model 2 - FEA
Among the proposed option 1 (Figure 6) and version 2
(Figure 7) observed that the two provides greater
resistance resulting in further dimensional rethinking of
this embodiment, Figure 12.

1-BxT-35x8
2-BxT-35x10
3-BxT-35x12

4-BxT-40x8
5-BxT-40x10
6-BxT-40x12

While contribute through the implementation of
attachment point, which provides safety to:
 minimize the risk of accidents!
 preventing damage and downtime!
 reducing transshipment times!
After analyzing virtual model proposed were identified
following:
 increasing width from 35 to 40 mm to increase the
resistance factor of 1.1, and an increase in the width of
40 to 50 mm, the same resistance factor from 1.4
increases.
 increasing the thickness of 8 to 10 mm to increase the
resistance factor of 2, and an increase in the thickness
of 10 to 12 mm, the same resistance factor increased
to 3.4.
The optimal variant is the variant 5 (40 x 12), increasing
the resistance coefficient of 3.9.
Compared to the version originally proposed, the new
version has the following advantages: weight without
screw is 1.8 kg and unit cost it is 2.8 euro (initial cost was
4 euro).

7-BxT-50x8
8-BxT-50x10
9-BxT-50x12

Fig.12. Dimensional variations considered
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Abstract: It is well known that modern trend of IC engine development going towards increasing of power and
reduction of fuel consumption and engine pollution. Modern motor vehicle is usually powered with IC engine especially
with turbocharged internal combustion engine. In this paper was shown one possible way for improvement of charged
IC engine performance. Results shown that with electric compressor in the range of lower engine speed power and
torque can be increased.
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1. INTRODUCTION
Today's trends of IC engines development going towards
reduction of engine size and displacement. It can be said
that the main characteristics of today's engine is very
small amount of work in relation to used fuel, in other
words, today's engines have a very low coefficient of
efficiency. Realistically speaking Otto engines today use
about 25% of input energy, while diesel construction
about 30% (in some cases can be expected a little more).
Approximately 35% of the petrol engine and 30% of heat
in the diesel engines goes through exhaust and around
33% goes for cooling the engine in both versions, other
7% is attributed to friction and radiation. The last couple
years has seen a flurry of petrolpowered medium-sized
vehicles downsizing from their usual six cylinders to just
four. Downsizing is a simple concept, replace a larger
engine with a smaller version, with a lower displacement.
The downsized engines of tomorrow will have fewer,
smaller cylinders, so the volume swept by pistons as they
pump up and down inside is reduced. This will reduce
friction, thermal losses and the mass moved, boosting fuel
economy and cutting carbon dioxide emissions. The
engine that powered first car built by carl Benz 140 years
ago developed a power of 0,6 kW with displacement of
about liter. Today’s automotive engine have power
density of more than 100 kW per liter.
These
achievements of larger engine power from the same or
smaller engine displacement are possible due application
of higher pressure in cylinder engine. Modern engines
usually have one or more turbocharders. As it is known
today, is a very popular to construct a turbocharged
engine to reduce the weight, dimensions and consumption
of the vehicles. The idea of increasing power with
turbocharger is old as the principle of reciprocating

internal combustion engine, the first patent related to
supercharging combustion engines dating back to 1885.

Fig.1. Mass and energy flow: a) turbine and b)
compressor
One of the reasons for using turbocharging in combustion
engines is to achieve more complete expansion of the
working body. For an extension of expansion requires a
large volume of working space, which irreversibly
increases power losses. The basic thermodynamic
description of the image of a turbocharger can be seen in
Fig. 1. In this work, the analysis will be made of the
engine with a turbocharger with added an electrical
compressor, which aims to improve the performance of
the engine at low rpm.

2. ELECTRIC COMPRESSOR
Electric compressor is a special type of compressor which
uses electric powered system to compress air and its
delivery to the engine. It is designed with the aim to
correct the performance of the engine in the rpm range
where the current types of compressors have shown poor
results. Improvement of torque in turbocharged engine
with electric compressor can be seen in Figures 2 and 3
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actuator). In designing the compressor performance
special attention should be paid to the fact that the electric
motor works near the source of the enormous heat at
speeds that reach up to 100 000 o / min.

Fig.2. Torque improvement with electric compressor on
turbocharged engine

Fig.4. One possible way for electric compressor design

Fig.3. Torque improvement with electric compressor on
natural aspirated engine
There is no special restrictions in its application on
ordinary internal combustion engines. Today, there are
different versions of electric compressor, one possible
way is shown in Figure 4.
Electric compressor in most cases have direct connection
to the battery of a motor vehicle, thereby achieving
complete autonomy in the compressor. On the other hand,
the total electricity consumed by the compressor is greater
than the energy produced by a factory-built alternator and
therefore resorted to placing major or alternator, which is
a topic of recent discussions, the transition to 48 - volt
electrical system of the vehicle. This would enable the use
of smaller conductor cross-section for the power supply to
the compressor and the use of electric compressors were
profitable. Generally, losses of this solution compressors
are greater than the losses when the compressor
mechanically drives directly from the crankshaft. There is
also possibility to use recovery of electricity produced by
excess kinetic energy of gases, then thus can replace the
energy consumption required for recharging the battery
(which has been the guiding principle in the construction
of a centrifugal compressor with additional electric
62

Fig.5. Electric water-cooled centrifugal compressor
Due to the high temperatures that characterize the
working environment of the compressor, it was necessary
to find an appropriate solution of the complete cooling
system. For this purpose, the water cooling system
(Figure 5) which proved to be a better option compared to
standard air cooling because of its advantages:
 providing a stable temperature environment, which is
important for electronic components,
 to prevent the accumulation of dirt within the bit
compressor assemblies (sealed housing compressor
retains water inside and outside the dirt),
 easy to install as there is a need to ensure the pipe
system for supplying fresh air deep within the engine
compartment,
 maintenance-free.
Also today there are centrifugal compressor with
additional electric actuator. These devices are
characterized by the solution of setting electric axially
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between the turbine and compressor parts. The purpose of
this electric motor is to compensate the delay response of
the compressor. At low engine speeds is used to assist in
the creation of a sufficiently high filling pressure, while at
high engine speeds may be configured so that it acts as an
electric power generator that consumes the kinetic energy
of the exhaust gas (and thus eliminating the need for a
mechanical relief valve, and ultimately, the case can be
removed from service and mechanically driven by
alternators). The centrifugal compressor, with additional
electric motor is shown in Figure 6.

Fig.8. Electric compressor on tested engine

Fig.6. Centrifugal compressor with supplementary
electric motor

3. MODEL AND RESULTS
The aim of this study was to examine possibility of
installing an electric compressor on IC engine.
Testing will be conducted in two stages:
 engine operation without adding the electric
compressor,
 engine with additional electric compressor.
On the following Fig.7 was shown turbo-diesel IC engine
after installation of electric compressor.

Fig.7. Tested engine after the installation of the electric
compressor

Compressor that was used in this study was made by
manufacturer's CZ series C1, designed for use on internal
combustion engine driven on diesel, LPG and natural gas.
This turbo-compressor has been rebuild, the turbine wheel
is removed and special adapter was installed.
Characteristics of the compressor are shown in Table 1,
while the characteristics of the electric motor that drives a
compressor provided in Table 2 below.
Table 1. Basic compressor data
Type

Engine
power

Engine
volume

Air flow

Compressor
circuit
diameter

C12

20 80kW

2 - 4l

0,02 0,13kg/s

50mm

Table 2. Basic electromotor data
Nominal speed
Engine power
Output power
Mass

28,000
1,400W
750W
4,3kg

Fig.9. The compressor used in the study
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Used compressor can be seen in Figure 9, in fact this
compressor is the same as in ordinary turbocharged
engine but in our case it will be driven with electric motor
during low rpm of engine.

built-in compressor by the manufacturer, in the second
part of the experiment power and torque was measured
with electric compressor. The analysis of the results is
observed an initial increase in the value of power and the
engine torque in the range of engine speed when the
electric compressor is active. In order to compare test
results for the both cases with and without electric
compressor experimental results are shown in the
following Figure 11.

4. CONCLUSION

Fig.10. Diagram of power and torque for cases without
electric compressor

In this article was presented one approach for
improvement of spark ignition engine performance. In
this research we found about 39% increase of torque for
the given speed range of 1250 ÷ 1600 rpm. These results
are dictated by the particular engine used in the
experiment, as well as by a electric compressor as a
general technical condition of the engine. The apparent
decline in both curves in the comparative diagram is
explained through fact that experiment was performed
with a manually on/off compressor mode, forcing notable
instant cut off in the compressor engine speed of 1600
rpm. These good values from experimental research of
power and torque under the given conditions can be
considered as expected value, yet the results of course
depend on the technical condition of the engine and the
used equipment. About 34% increase of the power and
39% of the torque can be expected in other engines with
proper electric compressor. Described concept has several
advantages over ordinary SI engines. All of these
mentioned advantages show that the potential to increase
the efficiency of the SI engine conditions is not yet
exhausted.
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1. INTRODUCTION

actually enters the cylinder with the one that might enter
if there were no losses.

The components of fresh load entering the engine
cylinders during the intake stroke are the fresh air and – in
systems with external mixture formation – the fuel
(gasoline), in the form of vapours, found in suspension in
it. Most of the amount of fresh air enters the cylinders
through the channel controlled by the throttle.
Additionally, the fresh load can be sucked into the engine
through the vapour recirculation system, if it exists. The
air mass found in cylinders after closing the intake valve
is the decisive factor in relation to the mechanical work
produced by cyclically burning of the fresh load, with
direct influence on the engine torque. Consequently, the
measures to increase the maximum torque and the
maximum power almost always involve creating the
conditions for obtaining a maximum possible filling ratio
[1].
When using carburettors as equipment for achieving the
optimal dosage of the fuel mixture, the intake system was
characterised by manifolds able to feed one or more
cylinders. As a result of its geometry, this system has
significant losses of fresh load, leading to lower
maximum power and momentum.
On the intake route, two kinds of losses are recorded.
 pressure losses or gasodynamic losses caused by the
existence of hydraulic resistances on the suction line,
which can be quantified using the well-known
relation:
w2
p     
(1)
2

The filling degree or filling ratio:

where  is the pressure loss coefficient characteristic to
each component of the intake system, w is the flow rate of
the fresh fluid, and  is its density.
 Heat losses caused by fluid heating from the suction
line walls, which determine the final temperature to be
higher than the engine inlet temperature, the
temperature increase resulting in density decrease and,
hence, affecting the filling.
To establish a single criterion for quantifying the filling
performance, we must compare the amount of load that

v 

C
C0

(2)

is the ratio between the load actually retained in the
cylinder (C), after closing the last device for stopping the
access of the engine fluid to and from the cylinder, and
the amount of load that might be retained in the cylinder
(C0), in the condition recorded when entering into the
engine, per cylinder capacity unit [2].
This study focuses only on the loss of pressure caused by
the existence of hydraulic resistances, for finding them by
experimental measurements and highlighting their effects
on the process of filling the engine cylinders with fresh
fluid.

2. LOSS ON THE ENGINE INTAKE ROUTE
The fuel mixture is flowing through the intake system
under the effect of the depression created by the
downward movement of the piston from TDC to BDC, in
conjunction with the inertial flow effect and the
undulating effect of the pressure waves created by the
opening and closing valves. At partial throttle openings,
while behind it there is a significant depression, the flow
is continuous and not pulsating. At large throttle
openings, in which case the flow restrictions are minimal
due to the effect of acoustic waves propagation, the
movement has a pulsating character.
The size of depression in the sucked engine cylinder
depends primarily on the gasodynamic resistances that
oppose the fresh load passing through the intake system
components: air filter, carburettor diffuser, throttle body,
intake manifolds, inlet channel of the cylinder head,
intake valve port (seat), and intake valve disk. In general,
the depression created by the engine depends on many
factors, among which the constructive factors are the most
important. In practice, it has been found that the
depression increases with increasing rotational speed.
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The gasodynamic losses are caused, on the one hand, by
the abrupt section variations when the fresh mixture is
passing through the intake manifolds, intake port and
valve and, on the other hand, when changing the direction
of mixture passing through the bends of the intake system,
as well as by the friction with the intake route walls.
The sudden changes of section and direction, along with
the mixture friction with the intake route walls, generate
vortices whose effect is the pressure drop below the
atmospheric pressure, at the end of the filling process.
The thermal & gasodynamic losses during filling with
fresh mixture are assessed using the degree of filling as
defined above.
The gasodynamic losses are dependent on the flow
velocity of the fresh mixture and, implicitly, on the engine
rotational speed. Their sizes increase with increasing
rotational speed. So, there is a decrease of fresh charge
pressure in the cylinder compared to the one had in the
environment and, therefore, a reduction in the mass that
fills the available volume of the cylinder.
The pressure drops on the system components, such as:
air filter, carburettor diffuser, intake manifolds and the
intake channel of the cylinder head, have low values. Of
particular importance, however, are the pressure drops on
the throttle and the one corresponding to the valve port
and the intake valve disk, reaching values of 10 ÷ 20% of
the atmospheric pressure [3].

3. EXPERIMENTAL RESEARCH.
EQUIPMENT AND PROCEDURES
This study focuses on theoretical analysis, design and
practical realisation of a gasodynamic test stand for
providing information about how the fresh gases flow
through the manifolds, during the intake process. The
purpose of using this device is to find the characteristic
parameters that emphasize the perfection of filling.

3.1. How to Choose of the Intake System Model?
To materialise the gasodynamic studies, we decided to
analyse the intake system of a Dacia engine, type 810.99,
equipped with CARFIL 32 IRM carburettor, WEBER
licence, centrally positioned on the intake manifold. The
cylinder head, cast from aluminium alloy, has two valves
per cylinder (one inlet and one outlet). The combustion
chamber is wedge-type, with the volume of 35.6 cm3. The
diameter of the intake valve disk is 33.5 mm [4]. The
reason for choosing this intake system is that it has the
highest complexity in terms of the gasodynamic
resistances found on the route between the air filter and
the interior of cylinder.

various lifting heights of the intake valve and various
positions of the throttle. With the aid of the measured
pressure difference values, we can find the gas flows
passing through the intake system and cylinders. With the
aid of the measured flows and the theoretically
determined flows, on the basis of the geometry of the
components crossed by gases, we can find a number of
characteristic values of the intake process. Subsequently,
we can determine the following parameters: filling
degree, flow coefficient of the intake valve, momentary
flow coefficient of the hole provided by the intake valve
port, resistance coefficient of the intake route, efficiency
of flow in the vicinity of the valve, etc.

3.3. Presentation of the Experimental Stand
For studying the gas flow, it is necessary to create a
depression along the intake route. In accordance with this
requirement, the gasodynamic research device must be
capable of producing negative pressure.
The stand should be able to measure the pressure
difference between the external environment and various
points located along the intake route, including the
interior of cylinder. Considering these aspects, the
embodiment includes the following elements:
 equipment for obtaining the vacuum (vacuum pump);
 device for measuring the pressures and pressure
differences;
 carburettor, centrally mounted on the intake manifold;
 cylinder head with holder;
 transparent cylinder;
 device for lifting the intake valve;
 device for measuring the lifting height of the intake
valve;
 device used to operate the throttle body and to
measure its angular position.
To ensure a good accuracy of the experimental
measurements, a depression of 150 - 600 mmH2O is
required. The depression change should be continuous,
for providing constant values for any geometry of the
components to be studied. When studying the air flow
through the intake valve, depending on its lifting height
from the seat, it is required to change the test pressure for
reading the small flows circulated by gases. For this
reason, the vacuum pump is equipped with devices able to
change the circulated flows and the values of the created
depressions.

3.2. Research Methodology
To study the intake process in gasodynamic terms, it is
necessary to create the same mechanism governing the
gas flow through an internal combustion engine. This
mechanism is given by the pressure difference between
the interior of cylinder and the outer environment.
In this situation, we considered, as methodology for
determining the gas flow parameters, the measurement of
the pressure differences created between the outer
environment and various points, specially chosen, located
on the intake route, including the interior of cylinder, for
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Fig.1. Experimental stand
The measurement of testing pressure values is carried out
by using an assembly of manometers with vertical tube
filled with liquid. We choose this solution because it
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satisfies the required measurement accuracy and, in
addition, it provides a good sensitivity when reading the
values representing small pressure changes. The liquid
used in the measuring tube is water.
The route of the pressure ports is shown in Fig. 2. They
were positioned so as to measure the pressure drop on
each representative section of the intake route.

We considered 4 positions of the throttle body: 10% open,
25% open, 50% open and 100% open. For each position
of the throttle body, we made measurements for 4 lifting
heights of the throttle body, i.e. 0.1 mm, 2 mm, 4 mm, 9
mm (maximum lifting height). All this time, the
depression produced by the vacuum pump was kept
constant. For each flow regime, as defined by all the
above combinations, 3 sets of measurement have been
made, the final values representing their arithmetic mean.

4. RESULTS AND CONCLUSIONS
Hereinafter, we are going to present the results and
conclusions of the experimental measurements, specifying
that the measured pressure values are relative to the
atmospheric pressure.

Fig.2. Intake route with the positioning of the
pressure ports
The significance of the parts presented in Figure 2 is as
follows: 1 – carburettor diffuser, 2 – throttle body, 3 –
intake manifolds, 4 – intake channel of the cylinder head,
5 – cylinder head, 6 – intake valve, 7 – cylinder, P1…P5
– pressure ports.
The pressure ports are made in the form of holes in the
plate-shaped solid wall (Fig. 3) or cylindrical wall (Fig.
4), over which the air stream flows.
A pressure port has the diameter () of 1.5 mm, no burrs,
its axis is normal to the cylindrical or plain wall, smooth,
placed sideways or sideways-upwards (to avoid possible
collection of gaseous inclusions). The flexible pipe is
made of transparent plastic material [5].

Fig.5. Relative pressure at the 5 ports,
for the throttle body position “25% open”

Fig.3. Pressure port in plain wall
Fig.6. Relative pressure at the 5 ports,
for the valve lifting height h = 4 mm

Fig.4. Pressure port in cylindrical wall

In Figure 5, we can see that the depression values in the
measuring points on the intake route, at the same throttle
position (25% open), increase with increasing lifting
height of the valve (h). On the contrary, the pressure
differences between two consecutive measuring points
(pressure drop or pressure loss) decrease with increasing
lifting height of the valve. This is because, with
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increasing lifting height of the valve, the flow area in the
vicinity of the valve increases and, consequently, the flow
rate of the fluid decreases. A low flow speed means lower
pressure losses.
Figure 6 shows that the depression values recorded in the
measuring points, when the lifting height of the valve is
maintained constant (h = 4 mm), are decreasing as the
throttle opens. We can also see that the loss of pressure
when passing in the vicinity of the throttle (pressure
difference between the ports no. 3 and 4) is lower the
more open the throttle is.

Fig.7. Relative pressure at the port no. 1 versus the valve
lifting height and throttle body position
If we focus on the pressure port P1, located in the
combustion chamber (Fig. 7), we can say that, at small
lifting heights of the intake valve, due to the extremely
high pressure losses, at maximum throttle openings, the
depression in the combustion chamber is maximal.
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Abstract: In this paper a methodology for knee bones models 3D printing from DICOM series of images is presented. It
would be very useful for doctors to see real models of knee bones and ligament attachment sites onto both bones before
the ACL reconstruction. With physical bone model, orientation and position of operative equipment (tibial and femoral
guides) could be planned before the operation. This could lead to more precise ACL reconstruction. In the introductory
part of this paper ACL reconstruction method and some problems that may occur are presented. After that, model of
procedure for knee bones 3D printing is shown. First, a procedure for 3D knee bone models generation is shown. For
this purpose a program system is developed based on the VTK library. Generation of femoral transverse axis which
enables tibial bone to rotate about femoral bone is very important. This axis enables knee flexion and extension and in
ACL reconstruction, doctors rotate tibial bone about femoral bone which is fixed. Point clouds of femoral bone
condyles are used for calculation of centres of best fit spheres of both condyles by least squares method. After that bone
models are prepared for 3D printing. Because of the MakerBot Replicator 2X printer limitations, model of the knee is
printed in two parts which are then glued together.
Key words: DICOM, CT, 3D printing, ACL reconstruction, least squares method

1. INTRODUCTION
Most common surgically treated knee ligament is ACL
(Anterior Cruciate Ligament) [1]. Its function is to
prevent front movement of tibial bone in respect to
femoral bone. Also, it provides lateral and rotational knee
stability. Most often, ACL injury happens during sport
activities. In Figure 1a, tibial and femoral bones and ACL
are shown.

Fig.1. a) Tibial and femoral bones and ACL,
b) Tibial guide, and c) Femoral guide

If the ACL is torn, it is replaced by graft. First step
presents removal of the torn ACL. After that, part of
patella, its tendon and a piece of tibial bone are taken out
to make ACL graft. Next, tibial guide (Figure 1b) is
placed onto tibial bone to help position the drill at the
proper angle and a drill hole and the tunnel through tibia
are created. Then, tunnel in the femur is created via
previously created tibia tunnel by use of femoral guide
(Figure 1c). Graft is then pulled out through created holes
and secured by screws. If restorations of ACL and bone
tunnels are more anatomically placed, knee stability and
kinematics are better. Also, ACL attachment on tibial
bone is surrounded by important anatomic structures, such
as meniscal and cartilage areas and it is very important
that in the reconstruction of the ACL these structures
remain undamaged.
Tibial and femoral ACL attachment sites can vary in size.
Average measured tibial ACL insertion site area
measured at 46 patients according to [2] was 114 mm2,
and can vary from 67-259 mm2. Luites et al. [3] measured
this area at 35 cadaveric knees and it was 229±53 mm2. In
a study [2] average measured femoral ACL insertion site
measured at 50 patients was 83 mm2 and can vary from
46-156 mm2. As can be seen, ACL attachment sites areas
can differ significantly for every patient and pre-operative
planning procedure for ACL reconstruction for every
patient can lead to more anatomically placed restoration
of ACL. In paper [4] tibial bone model is generated for 10
patients from DICOM (Digital Imaging and
Communication in Medicine) series of images and by the
developed program system, analysis for different tibial
guide parameters is presented. It is shown that for the
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same tibial guide parameters, generated tibial aperture
differs for all patients. It is concluded that a complex
tibial bone anterior cruciate ligament insertion site
geometry is different for every patient, so it is required
that in the anterior cruciate ligament reconstruction
analysis 3D tibial bone geometry should be taken into
consideration. This can lead to the more precise native
anterior cruciate ligament reconstruction.
In this paper, a methodology for knee bones models 3D
printing from DICOM CT (Computed Tomography)
series of images is presented.
From a series of images, tibial and femoral bones models
are generated first. Next, from femoral bone points cloud,
rotational axis (femoral transverse axis) about witch tibial
bone rotates around femoral bone (knee flexion and
extension) is calculated. After that, bone models and axis
joint are prepared for 3D printing. Because of complex
geometry, bones are printed as two parts on MakerBot
Replicator 2X 3D printer and after that they are glued
together. Model generated in this way could be very
useful for preoperative planning. Before the
reconstruction process, doctors would be able to simulate
all parameters of reconstruction on printed 3D bones.
In the following chapters, details and results of developed
methodology are presented.

Second step is generation of femoral transverse axis based
on the femoral bone medial and lateral condyles point
clouds. Tibial bone rotates about this axis around femoral
bone in the ACL reconstruction procedure. Third step
presents a 3D printing of generated bones models on
MakerBot Replicator 2X printer.
In the next chapters these steps are presented in more
details.

2.1. Bone Models Generation from DICOM
For the purpose of bones models generation, a program
which uses VTK (Visualization ToolKit) open source
library [5] is developed. It is a C++ library and enables
DICOM format reading, applying different filters on CT
images, mesh generation and file export. In Figure 3,
procedure for tibial and femoral bones models generation
is presented.
In modern medical diagnostics, archivation of images is
performed by using DICOM format records, covered by
ISO 12052. Images are generated on CT (Computed
Tomography) scanner.

2. PROCEDURE OF 3D PRINTING KNEE
BONES MODELS
Procedure of printing knee bones models from DICOM
series of images consists of three steps (Figure 2). First
step generates models of tibial and femoral bones from
DICOM series of images. Then, bone models are exported
in STL (STereo Lithography) file format which can store
bone geometry in polygonal format.

Fig.3. Procedure for tibial and femoral bones models
generation by VTK library

Fig.2. Steps in 3D printing knee bones models from
DICOM series of images
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Series of images in DICOM format present input in this
system. First step presents reading raw scanned data in
DICOM format by vtkDICOMImageReader class. On
every image both legs are scanned. For pre-operative
planning only knee with tear ACL is important, because
ACL reconstruction process is to be performed on it.
Extraction of part of an image which consists of knee with
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teared ACL can be done by vtkExtractVOI class. For
model generation in VTK library vtkContourFilter class is
responsible. Depending on input, this class generates 2D
contours (if input is only one image), or a 3D polygonal
model (if input is defined as a series of 2D images) for a
defined isovalue parameter. Isovalue parameter is a float
number which is saved at any pixel on the image and
every tissue has a different value. Depending on the CT
parameters, there can be a noise in the pictures. This noise
can cause that final generated knee bones are connected
together and in our case where bones should be separate
to obtain their movement that could present a problem.or
the noise reduction in the developed program system
vtkImageGaussianSmooth class is used. Result of the 2D
contouring on one image without noise reduction are
shown on Figure 3 left, and with noise reduction on
Figure 3 right. Generated contours are shown in red.
Generation of separate bone models (tibial and femoral
bones) can be done by vtkPolyDataConnectivityFilter
class. User should select point on a model by
SetClosestPoint function and 3D model mesh which is
closest to this point will get selected. Generation of model
normals can be done by vtkPolyDataNormals class. Next
step writes STL file of 3D bone model, by vtkStlWriter
class. Polygonal 3D model geometry is mapped by
vtkPolyDataMapper and for geometry display vtkActor
class is used. In Figure 3 bottom, example of generated
tibial bone model is shown.

2.2. Calculation of Femoral Transverse Axis
In the ACL reconstruction procedure, femoral bone is
fixed and tibial bone can rotate (flexes and extends). One
of the important factors is femoral transverse axis about
which tibial bone rotates around femoral bone. According
to [6] femoral transverse axis connects centers of the best
fit spheres to the medial and lateral femoral bone
condyles (Figure 4b). According to [7] femoral transverse
axis passes through the center points of the best fit circles
of the femoral bone lateral and medial condyles. In this
paper authors used first approach with spheres, because
3D femoral bone model is generated in the step above by
VTK library.
First, from femoral bone STL model, points cloud is
generated (Figure 4a). After that only points on both
condyles are saved (Figure 4b). To best fit spheres, for
both condyles point clouds, the least square method is
applied to the sphere equation similar as in [8]:
n
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In this case, the unknown r, xc, yc and zc values are
calculated from a system of four equations that are
obtained by setting the first partial derivative of equation
(1) for all variables to zero. For this calculation
MATHLAB 2010 is used.
Calculated centres of both best fit spheres lay on the
femoral transverse axis. To enable that tibial bone can
rotate about this axis, axis is modelled and added to the
femoral and tibial bones (Figure 4d).

Fig.4. Femoral transverse axis generation, a) femoral
bone points cloud, b) femoral bone condyles points cloud,
c) calculated best fit spheres and axis, d) axis model is
added to femoral and tibial bones models

2.3. 3D Printing of Generated Model
3D printing is done on MakerBot Replicator 2X printer
with ABS (Acrylonitrile Butadiene Styrene) material.
Because of the model complexity and printer limitations,
model is assembled from two parts (Figure 5). It is printed
in 0.15 mm resolution with supports which are removed
after printing is done.
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presented in this paper, 3D printed knee bones could
enable doctors to check all parameters before the actual
ACL reconstruction. This could lead to the more precise
native anterior cruciate ligament reconstruction.

ACKNOWLEDGEMENTS
In this paper some results of the project: Contemporary
approaches to the development of special solutions related
to bearing supports in mechanical engineering and
medical prosthetics – ТR 35025, carried out by the
Faculty of Technical Sciences, University of Novi Sad,
Serbia, are presented. Supported by the Ministry of
Education, Science and Technological Development of
Republic of Serbia.
Fig.5. Model position in the printing process
Printing time for both parts of the model was
approximately 12 hours. Both parts of the model are glued
with a mixture of ABS and acetone. In Figure 6, final
printed model is presented.

Fig.6. Printed model of femoral and tibial bone with
femoral transverse axis

3. CONCLUSION
In this paper a methodology for knee bone models 3D
printing from DICOM CT series of images is presented.
Methodology consists of three steps. First step presents
generation of tibial and femoral bone STL models
generation. In the second step femoral transverse axis is
calculated from centres of best fit spheres of femoral
condyles points clouds. Also, this axis is modelled and
added to the bones models. Last step presents printing
models on 3D printer. In the ACL reconstruction, main
goal is in positioning tibial and femoral drill guides more
precisely to native position of ACL. With methodology
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Abstract: Probabilistic design offers tools for making reliable decisions with the consideration of uncertainty
associated with design parameters and simulation models. This project discusses probabilistic design and its
application into design of a composite wheel spanner for Toyota Camry cars with five (5) lug nuts. The project work is
aimed at taking advantage of probabilistic design system approach over deterministic (traditional) approach to create
an optimised design model of an existing composite wheel spanner. This new approach is to implement changes on a
controlled, verifiable basis and deals majorly with the operating stress and material strength. The pre-existing design
was rigid, robust and was only designed for a Volkswagen Beetle car with four (4) lug nuts while the new design is
compatible with the Toyota Camry and all cars with 60.1mm Hub/Centre Bore, 14”-16” wheel size and 5 x114.3mm
bolt pattern. The design was drawn using SolidWorks design software and various design parameters were considered.
The completed design was imported from SolidWorks to ANSYS software by converting the design into a Para solid
which was then simulated by varying the speed of the shaft and the material in order to get the corresponding stress
analysis. The rotational speed of the shaft was varied with different gear materials on ANSYS probabilistic design
system software. The result shows that the lowest amount of stress was experienced when 7079 Aluminum Alloy (ρ =
2700kg/m3) was tested at 100 rpm but Magnesium Alloy (ρ = 1700kg/m3) at 100rpm gave a higher minimum operating
stress value. In this project, a 5-nut composite wheel spanner was successfully designed using probabilistic design
approach. The pre-existing composite spanner was improved upon using SolidWorks and ANSYS software to design and
analyse respectively. The new design is very flexible, adjustable and easy to carry. It can be adopted by car
manufacturing companies.
Key words: Operating Stress, Rotational Speed, Composite-spanner, Magnesium Alloy, 7079 Aluminum Alloy,

1. INTRODUCTION
1.1. Research Background
Engineering designs rely on complex computer codes for
more accurate, faster and better performance analyses [12]. Deterministic design employs the idea of either: (a)
running these codes with input variables at their worst
case values, or (b) running this code with input variables
at their nominal values and applying a safety factor to the
final result of the output variable. In the generic sense of
modeling a typical response like stress, the result of using
either of these methods is unknown. Assuming the input
distributions are correct, applying worst case scenarios is
too conservative. Applying safety factors to a nominal
solution can result in either too much or too little
conservatism with no method to compute risk or
probability of occurrence.
Probabilistic engineering design relies on statistical
distributions applied to the input variables to assess
reliability, or probability of failure, in the output variable
by specifying a design point. Any response value passing
beyond this design point (also referred to as the most
probable point, or MPP) is considered in the failure
region. This method also allows for reverse calculations
such that a specific probability of failure can be specified
for the response. The MPP is then determined by
calculating the response value that yields the specified
probability of failure. This concept of designing to

reliability instead of designing to nominal is clearly a
superior method for engineering design. By choosing a
desired reliability from a distribution on the response, a
probabilistic risk assessment is built into the design
process. [3] The foundation of probabilistic design
involves basing design criteria on reliability targets
instead of deterministic criteria. Design parameters such
as applied loads, material strength, and operational
parameters are researched and/or measured, then
statistically defined. A probabilistic analysis model is
developed for the entire system and solutions performed
to yield failure probabilities [4].

1.2. Introduction to Probabilistic and
Deterministic Design
Probability has been about interpreting the past and
determining the future. Sometimes what we know in the
past is no longer applicable in the future. We do not know
for sure how good our sample is due to our uncertainty as
humans, therefore we must try to generate sample data
which indicates future behaviour in which we have very
high confidence in. [5]. Probabilistic Design deals with
the effects of random variability upon the performance of
an engineering system during the design phase and these
effects are related to quality and reliability. It offers tools
for making reliable decisions with the consideration of
uncertainty associated with design parameters and
simulation models. One important task of a probabilistic
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design is uncertainty analysis; through which we
understand how much the impact of the uncertainty
associated with the system input is on the system output
by identifying the probabilistic characteristics of system
output. We then perform synthesis (optimization) under
uncertainty to achieve the design objective by managing
and mitigating the effects of uncertainty on system output
(system performance). [6]
Probabilistic design methods, unlike deterministic
methods, provide a means to quantify the risk of a design
and to quantify the sensitivities of design variables. It
allows engineers to quantify the reliability of the designed
structure, as opposed to deterministic design which only
determines whether the structure is safe or not. The clear
difference between probabilistic design and deterministic
design approach is that probabilistic design takes into
account the uncertainties involved in the behaviour of the
structures or machine under consideration [7]. The
optimization stage of the engineering design process is a
systematic process using design constraints and criteria to
allow the designer to locate the optimal solution.
Optimization achieves the “best” design relative to a set
of prioritized criteria or constraints. These include
maximizing factors such as productivity, strength,
reliability, longevity, efficiency, and utilization. [8].
Engineers often identify appropriate design solutions and
then decide which one best meets the need of the client.
This decision-making process is known as optimization.

1.3. Robust Design
Robustness is the property of being strong and healthy in
constitution. When it is transposed into a system, it refers
to the ability of tolerating perturbations that might affect
the system’s functional body. In the same line Robustness
can be defined as "the ability of a system to resist change
without adapting its initial stable configuration” [9]. It has
been discussed that robustness has two dimensions:
resistance and avoidance. [10]. Robust design has been
shown to be very effective in improving product or
process design in manufacturing. In practice, most robust
design applications have been limited to small systems
with traditional statistical experimental design and
analysis methods [11]. Robust Design is a methodology
that addresses product quality issues early in the design
cycle. The goal of Robust Design is to deliver customer
expectations at affordable cost regardless of customer
usage, degradation over product life and variation in
manufacturing, suppliers, distribution, delivery and
installation. [12].
The aim of this research work is to come up with an
optimized and robust design of a composite wheel
spanner which can tighten and loosen a 5-nut wheeled car
using probabilistic approach method. The specific
objectives of this project are: (i) To modify the existing
design of a composite wheel spanner (ii) To vary design
parameters and observe the effects by using SolidWorks
for 3D software and ANSYS Probabilistic Design System
(PDS) for modeling and simulating respectively. The
project work will focus on the design modification and
performance analysis of an existing composite spanner.
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2. PROBABILISTIC DESIGN CONCEPT
The major advantage of designing with a probabilistic
approach is the possibility to quantify the reliability of the
structure. Instead of using characteristic values which
correspond to upper or lower boundary values, a
probabilistic approach allows engineers to quantify the
reliability of the design. In most cases, the probabilistic
approach of designing a structure gives results that are
closer to reality and thus less conservative than a
deterministic approach. This is of interest in design since
it would allow us to design structures differently and save
on materials and on money, as well as assessing the
reliability of an existing structure and determining how
far it is from failure. Moreover, it is a useful tool for
assessing the reliability of existing structures since
parameters can be adapted with respect to target reliability
or importance of the building. Some basic concepts
related to probability and statistics are: (i) probability
density, with the mean value and standard deviation (ii)
distribution function, with median value (iii) normal
distribution, widely used for engineering and science
applications in the context of structural design in
engineering, it is of interest to quantify the safety and
reliability of a structure, especially for existing structures.

2.1. Quantifying the Reliability of a Structure
Estimating the probability of failure is a good approach of
quantifying the reliability of a structure. Probability of
failure is a reliable indicator of structural safety and a
useful tool from an engineering point of view. The basic
principles of statistics and probability can be applied to a
probabilistic analysis of structural safety and allow to
mathematically express this concept of reliability. Two
values need to be considered: (i) limit function G: G = R S (where, R is resistance and S is solicitation). (ii)
Reliability index b, from which the failure probability (Pf)
can be directly determined
The failure probability of a structure is defined
analytically as follows:


Pf 



fs( x)  Fr ( x) dx

(1)



Cumulative distribution function, Fr


Fr ( x)  P( R  x) 



fr ( x) dx

(2)



Probability density function, fs
b

P[a  S  b]   fs( x) dx

(3)

a

In the SIA Standards for new constructions, β is fixed at
4.7, corresponding to a failure probability of 10-6. The
design value defined through a probabilistic approach is
defined as:
Solicitation

S* = Sm. (1 + β. αs. vs)
Sm = mean value,  

vs 

s
Sm

(4)

s
= influence value and
G

is variation coefficient.
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Resistance
*

R = Rm. (1 - β. αR. vR)
Rm = mean value,  

vR 

R
Rm

(5)

R
= influence value and
G

= variation coefficient.

2.2. Probabilistic Analysis
In all stages of engineering design, and especially in
conceptual stages, most available information suffers
from uncertainty and it is important to bring this into the
design process and through modeling and simulation
tools. This is because important information about the
design otherwise is omitted. For example, following
information can be extracted if the uncertainty is taken
into account: (i) The probability of meeting a set of
requirements and achieve a technically feasible (ii) design
with a particular concept, the probability of success (iii)
How much it will be necessary to relax the requirements
in order to have a sufficiently (iv) high probability of
success (v) the effect on the probability of success if the
concept is modified, for example by infusing new
technologies.
The information above cannot be achieved using a
deterministic approach (where uncertainty is not handled),
but is necessary in order to make good decisions based on
the simulation. This reasoning has led to an increased
interest in the probabilistic design methodology where
uncertainty is handled and given specific metrics
throughout the design process. Well-defined methods
have been developed for probabilistic analysis and have
been evaluated in several projects showing the
significance of this methodology. A typical approach to
perform probabilistic analysis is to connect a Monte Carlo
simulation to the analysis code which simulates the
parameter uncertainty according to a probability density
function (PDF). The Monte Carlo simulation is run for a
large number of iterations in order to properly simulate
the variability and generates input to the actual analysis
code. As a result of the varying input to the analysis code,
the responses will also vary, enabling a probabilistic
analysis of the responses. Probabilistic analysis could also
be related to stochastic analysis where also the uncertainty
changes over time. [13] Probabilistic analysis requires
that the random variables be statistically characterized.
Statistical design databases, in general, do not exist. In
order to conduct a probabilistic design exercise one must
characterize many parameters, including the following: (i)
Incoming material mechanical properties. (ii) External
loads anticipated during the life of the article (iii)
Manufacturing processes and their effect on material
strength. (iv) Environmental effect on strength. (v)
Environmental history during operational usage. (vi)
Flaw locations, severity, probability of occurrence and
effect on strength.
The basic probabilistic design concept looks into the
probability distributions of both material strength and
operating stress because failure is a local phenomenon,
division of a component into nodes can be done to
represent all the locations at which failure is possible to
occur. In general, the distributions are assumed to be

identical at all the nodes. Step (vii) assumes that material
strengths at the nodes are independent from each other. In
step (viii), if the calculated probability of failure does not
agree with the pre-defined and acceptable level,
sensitivity analysis resulting from changes in
distribution(s) will provide invaluable information on
needed changes in the design.

3. PROBABILISTIC DESIGN OF
COMPOSITE SPANNER
3.1. Description of Modified Design
The new design of the composite spanner is an
improvement over the existing one in the following
aspects: (i) it has an adjustable stand so that it can be used
with wheels of different heights (ii) It has the flexibility to
suit various vehicles so as to loosen or tighten nuts (iii) It
is designed with lighter materials to enable easy lifting to
reduce the robustness of the previous design (iv) It is easy
to assemble and disassemble for easy compatibility (v)
There is improvement from 4-nuts to a 5-nut remover.
The newly designed composite spanner is aimed at
reducing timeliness, improving robustness and also at
increasing the flexibility of the composite spanner. The
various parts of the newly developed are shown in figures
1-9
The handle of the composite spanner helps transfer the
force to produce torque needed to drive the gears without
damaging the nuts. It’s a detachable part which is
connected to the pinion gear shat for use. The handle has
a rubber end for easy handling and a socket mouth so as
to fit firmly in behind the gear shaft. The gear box is a
hollow cylinder designed to house the shaft, the driver
and driven gears. In the design of the gear box the center
of the wheel and the center of the wheel nuts were taken
into consideration.

Fig.1. Handle

Fig.2. Gear Box
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The gear shaft is a cylindrical shaft found in the gear box
that carries the three (3) pinion gears which rotates when
the handle of the composite spanner is being turned
thereby allows the transmission of the torque from the
pinion to the spur gears.

Fig.6. Base Stand

Fig.3. Gear Shaft
The adjustable stand is a long hollow cylindrical pipe that
has holes where the stopper/pin passes through after the
gear box has been set at a desirable height. It holds the
gear box in place.

Fig.7. Newly Designed Composite Spanner

Fig.4. Adjustable Stand
The adjustable stand Pin helps hold the adjustable stand in
place at a desirable height. It passes through the holes of
the stand and rests on top of the base stand. The base
stand is a rectangular box designed for stability. It carries
the total weight of the composite spanner and holds the
adjustable cylindrical pipe in place with the help of pin

Fig.5. Adjustable Stand Pin
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Fig.8. Composite Spanner Tool Box

Fig.9. Closed Composite Spanner Tool Box
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3.2. Advantages of the New Design
1) The composite spanner improved on the number of
nuts to be removed or tightened on the wheel hub.
2) Better gear ratio which makes the user exert less
energy while using the new composite spanner
compared to the old design
3) The new design can be raised or lowered to any
convenient height with the help of the adjustable
stand.
4) This new model can be used with all vehicles with
60.1mm Bore Centre or Hub
5) It can be easily assembled and disassembled which
makes it more compactible

3.3. Design Parameters and Considerations
The following considerations were taken into account
when designing the gears: (i) The centre distance between
the centre of the hub and the wheel nut (as shown in
figure 10) (ii) Speed of the driving (iii) speed of the
driven gear or velocity ratio (iv) power transmitted from
the driving to the driven gear. Also the following
requirements must be met in the design of a gear drive; (i)
the teeth of the gear should be strong enough to resist
failure during operation under both static and dynamic
loading (ii) the drive gear should have the required
material properties to perform its function (iii) the best
material must be chosen for economic reasons (iv) the
alignment of the gears and deflections of the shafts must
be considered because they have effect on the
performance of the gears (v) the lubrication of the gears
must be satisfactory.

is used given the center distance. The Pitch Diameter is
given by eq. (7). Whereas, the circular pitch is given by
eq. (8). The diametrical pitch, gear ratio, outside
diameters for pinion and gear, root diameters for pinion
and gear, base circle diameters for both gears, base pitch
and contact ratio for both gears are given by eq. (9), (10),
(11), (12), (13), (14) and (15) respectively.
D = mN,

(7)

Pc = mπ

(8)

Pd = N/D

(9)

G = N2/N1

(10)

Do = m (N+2)

(11)

DR = D – 2.5m

(12)

DB = D cosα

(13)

PB = mπcosα

(14)

CR = (√RO12 – Rb12 + √RO22 – Rb22
– C sinα) / mπcosα;
(1<CR<2)

(15)

The torque spanner provides the required torque for the
bolts without over tightening or under tightening of the
lug nuts. The manufacturers catalogue (Toyota Camry)
for tightening M12 nut is given as 350Nm. Therefore, to
determine the required force that should be applied to the
handle of the composite wheel spanner; we use the
relation between force and torque in eq. (16).
Force =

Torque
Radius

(16)

Therefore, a force of 158N is to be applied to a lever
length of 0.55m to produce the desired effect, which is to
tighten the bolt to the required torque without failure of
the bolts. the bolts. The table below shows the torque that
should be applied to different sizes of bolts and the length
of the lever that should be used to produce the given
torque.

3.5. Shaft Design
The shafts that will be used in transmitting power and
rotational motion in the composite wheel spanner is a
solid shaft {that is, not hollow}. To determine the
diameter of the shaft, the eq. (17) is used;

Fig.10. Taking Measurements of the Distance between the
Centre Hub and Lug Nuts

3.4. Design of the Pinion (Driver) and Driven
Gears
The composite spanner was to be designed for 120.2
PCD, so the center between the gears had to be 60.1mm.
The average torque removal for one nut is 130Nm. Spur
gears were selected due to the function and the type of
motion to be transfered. The velocity ratio in the gears is
constant. The above factors where considered in selection
and design calculations of the gear.
Centre Distance = m. (N1 + N2)/2

(6)

Number of teeth for Pinion is N1; Number of teeth for
Spur is N2. To find Module form Centre Distance eq. (6)

D  Diameter of shaft 

3

16 I
 SS

(17)

Where, T = Torque; SS = Allowable shear stress is
55MN/m2 for shafts without keyway and 40MN/m2 for
shafts with keyway. To calculate for angle of twist, eq.
(18) is applied



TL
GJ

(18)

Where G = Modulus of rigidity = 79.3GPa for Structural
Steel. J, the polar moment on inertia of shaft cross section
is given by eq. (19).
J

 D4
32

(19)
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Table 1. Torque values to be applied to a bolt
Square
drive size

Torque
tool
(Nm)

1/4"
3/8"
1/2"
3/4"
1"

25
110
350
1500
4500

Hand tool
breaker / Thandle (Nm
to ISO3315)
62 /55
202 /180
512 / 455
1412 / 1255
2515 / 2236

Biggest
bolt/nut

Socket size
(mm)

Bolt/nut
torque
(Nm)

Length of lever to
center of hand(s) for
lower torque limit

M8
M10
M12
M18
M30

13
17
19
27
46

25
76
87
294
1440

0.12m (one hand)
0.32m (one hand)
0.55m (one hand)
0.88m (two hands)
3.13m (two hands)

Fig.11. Exploded view of gear and shaft arrangement

Fig.13. Exploded view of the composite spanner

Fig.12. Gear arrangement

Fig.14. Stress analysis of the gears using carbon steel
(ρ = 7858 kg/m3)

4. RESULTS AND DISCUSSIONS
Shown in figures 11 - 13 are the components that were
analysed using the ANSYS probabilistic design software.
The composite spanner was designed with SolidWorks
software and analysed using ANSYS Probabilistic Design
Software to check the stress pattern. When the carbon
steel material was used, the maximum stress recorded at
300rpm was 4.894x108 Pa and the minimum stress
recorded at 100 rpm was 187.83Pa. From figures 14 – 18,
that Maximus Stress is experienced when materials are
put under high speed while the lowest amount of stress
was experienced when 7079 Alloy was tested at 100 rpm.
There is an obvious pattern which shows that the stress on
the pinion gear and spur gears is a function of the
rotational speed applied.
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Fig.15. Stress analysis of the gears using plain steel
carbon (ρ = 7800 kg/m3)
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Fig.16. Stress analysis of the gears using cast alloy steel
(ρ = 7300 kg/m3)

Fig.18. Stress analysis on the gears using 7079 alloy
(ρ = 2700kg/m3)

5. CONCLUSION

Fig.17. Stress analysis of the gears using magnesium
alloy (ρ = 1700 kg/m3)
Table 2. Stress analysis varying gear materials and speed
Material

RPM

Min
[Pa]

Max [Pa]

Carbon Steel
Sheet
(ρ = 7858 kg/m3)

100

187.83

5.438x107

200

751.25

2.175x108

300

1690.50

4.894x108

100

187.93

3.438x107

200

751.8

2.175x108

300

1691.5

4.895x108

100

187.95

5.438x107

200

751.77

2.175x108

300

1691.5

4.895x108

100

187.96

5.438x107

200

751.76

2.175x10

8

300

1691.40

4.894x108

100

5.87

1.489x107

200

23.50

5.959x107

300

52.84

1.341x108

Plain Carbon
Steel
(ρ = 7800 kg/m3)
Cast Alloy Steel
(ρ = 7300 kg/m3)
Magnesium Alloy
(ρ = 1700 kg/m3)
7079 Alloy
(ρ = 2700kg/m3)

In engineering, the aim is usually to reduce time spent on
doing work and to make work done as easy as possible.
With the design of the composite wheel spanner, this was
achieved. The new composite wheel spanner which has
been designed with SolidWorks and analysed with
ANSYS Probabilistic Design System software to loosen
and tighten five (5) lug nuts at the same time in order to
reduce the time spent in carrying out this operation has
been achieved. With this design, each vehicle has its own
compact composite wheel spanner which can be easily
assembled and disassembled back into its box.
The new design can work for various models of salon cars
which has 60.1mm hub/center bore especially the Toyota
brands such as Avalon, Camry, Solara, Celica, Corolla
XRS, Cressida, Highlander, Previa, Sienna amongst
others which is commonly used in this part of the world
The aim of the project is to reduce the time spent on
loosening/tightening the five (5) lug nuts of a wheel and
to reduce the amount of force exerted to loosen/tighten
the bolts/nuts by changing the gear ratio. The composite
wheel spanner is reliable and easy to use. During the
design phase of the 5-nut composite wheel spanner, the
problem encountered was how to arrange the gears, with a
small pinion gear to drive five (5) spur gears in order to
increase output torque all on one shaft in the gear box.
This was resolved by thinking outside the box and
offsetting the spur gears by introducing two extra pinion
gears. With this design, the challenge was solved and the
design of the composite wheel spanner was completed.
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