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Abstract— Estimating the force required to release a gear
shrink-fitted over a solid shaft is important for design
considerations. In this study, the release force was computed
analytically and using the finite element method (FEM). The
results were then compared and validated through
experiments according to the design of experiments (DOE)
technique. Analysis of variance (ANOVA) was used to
identify the relevant sources of variability in the
experimental results. Two factors were studied in
experiments: average surface roughness of the shaft and
pulling speed of the universal testing machine. The results
showed that the relative error between the analytical and
FEM results was 5.4%, which was interpreted by two
reasons. First, the analytical results were based on a two-
dimensional model, whereas the numerical results were
based on a three-dimensional model. Second, the analytical
approach used a hollow cylindrical hub geometry to
represent the gear, whereas the FEM model used a more
realistic virtual gear geometry. The ANOVA results showed
that surface roughness has a significant effect on the
experimental results of the release force, but the pulling
speed was not an influential factor. The analytical and FEM
values of the release force were found to be within the
confidence interval established about the mean release force
obtained from experiments.

Index Terms— shrink-fit assembly, shaft-gear connection,
finite element method, DOE, ANOVA

NOMENCLATURE

0 Interference between the hub and shaft (mm)

Ry Actual radius of contact between the hub and
shaft (mm)

Rs Outside radius of the shaft (mm)

Ruo  Outside radius of the hub (mm)

Rhi Inside radius of the hub (mm)

OrH Radial displacement of the hub (mm)

Ors Radial displacement of the shaft (mm)

Es Modulus of elasticity for the shaft material
(MPa)

En Modulus of elasticity for the hub material
(MPa)

Vs Poisson’s ratio for the shaft material

VH Poisson’s ratio for the hub material

. INTRODUCTION
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Interference fits are one type of mechanical fits where
an oversized component, such as a shaft, is forced into a
hub that has a slightly smaller internal diameter. When
fitted over the shaft, some deformation occurs to the hub
by increasing its inside diameter, and to the shaft by
decreasing its outside diameter [1]. The interference-fit
joint has many advantages such as high rigidity, high
fatigue life, and high load-bearing compared to other
connection types (e.g. key and pin connections). Such
characteristics of interference-fit joints make them
suitable for use in various applications including
aerospace, energy, transportation, and agriculture [2].
Interference fits are widely used with gears in all types of
machinery [3].

The interference fit itself is divided, according to the
amount of interference and the load type, into three
classes: Press, Medium Drive, and Shrink fit. The
designated symbols for the standard press, medium drive,
and shrink fits according to the International Organization
for Standardization (ISO) are (H7/p6), (H7/s6), and
(H7/u6), respectively [4]. Generally, the rigidity and
strength of assemblies depend on various parameters such
as the amount of interference, material properties,
physical dimensions, and friction coefficient of contact
surfaces [5]. In the shrink-fit type, a temperature change
is necessary to produce a thermal expansion in the hub in
order to slip it over the shaft, after which it cools and
contracts. This type of fit is suitable when the
temperature gradient is not high enough to cause
significant changes in the microstructure of the assembly
materials, thus degrading their mechanical properties. In
the last type, the medium drive fit uses both force and
thermal expansion to assemble the hub over the shaft.

Predicting the release force required to break the
shaft/hub joint is important for design considerations.
Analytical models can be relied on to provide
approximate solutions in many cases. However, in cases
where complex geometries are encountered, numerical
methods such as the Finite Element Method (FEM) or
Finite Element Analysis (FEA) give better results and
more accurate estimates [6]. These numerical methods
are used in many engineering filed such as material
engineering [7], [8], mechanical design [9], [10],
manufacturing technology [11], and many more examples.

Laghzale and Bouzid [12] developed an analytical
model to study the residual stresses and deformations in
the elasto-plastic region of joints assembled by an
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interference fit. The finite element method (FEM) was

used to validate the results, and the results were very well.

Muréinkovaet al. [13] studied the press-fitted joints and
their dimensional parameters using an analytical and
numerical method. Yamamoto and Ishiduka [14]
evaluated the effect of interference fit on the stress
concentration of the transition wheel fitted over an axle
shaft using analytical, numerical, and experimental
evaluation. Zhang et al. [15] introduced a study of the
fretting wear and fatigue in the press-fitted shaft using
finite element modeling. Song et al. [16] presented a
study of the effective diameter of the hub shrink-fitted
over a shaft using Lame’s equations and finite element
analysis. Chu et al. [17] studied the effect of the press and
shrink fit on the torque capacity of shaft/gear connection
using analytical, numerical, and experimental analysis.
Mascle et al. [18] studied the effects of the surface
roughness of the shrink-fitted mating parts and the
interference between them on the torque capacity. Raj et
al. [19] studied the effects of the roughness, roundness,
and cylindricity on the axial-extraction load of a bearing
interference-fitted over a shaft. Seifi et al. [20] proposed a
method to calculate the coefficient of friction of the
contact surface of the interference-fitted joint and studied
the effect of the surface roughness on the extraction
strength and the wear of the contact surface.

This study is motivated by the fact that none of the
relevant studies available in the literature has addressed
the variability in the experimental results using the DOE
and ANOVA methods. Therefore, the release force in a
gear shrink-fitted over a solid shaft will be evaluated
using an analytical model, a numerical model, and DOE-
based factorial experiments. The analysis of variance will
be used to identify the relevant sources of variability in
the experimental results. Finally, a comparison will be
made between the analytical solution, numerical solution,
and experimental results.

Consider the interference fit between a hub and a
hollow shaft as shown in Fig. 1. The main methodology
for deriving the analytical model to estimate the release
force in a gear shrink-fitted over a solid shaft is given by
[21]. An approximate closed-form analytical solution for
the contact pressure for a hub fitted over a solid shaft is
given by:

ANALYTICAL MODEL

P _ RS - RHi
" R, (R%2 +R? R 1)
f (Ra, T 1f £ _
Ey (Rf,o Tl VH) tE (1w

Where the actual radius of contact between the hub and
shaft is given by:
EH(RS - RHi)(Vs -1

RZ +R?
ES 2 +VH _EH(VS_]')
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In the experiment, the assembly or disassembly of an
interference fit requires applying a release force FR to
overcome the friction force that results from the contact
pressure between the hub and the shaft. This release force
can be estimated as:

Fr = usP(2nRsL) (©)

If the shaft and hub are made from the same material
or the shaft and hub materials have the same mechanical
properties. In other words, Es= En=E and v, =vy=v,
then Eq. (1) and Eq. (2) become:

_SE (R%, — R?)
~ 2ReR,

§(R

(4)

i, ~ R -1

2RZ,

®)

Where the radial interference (J) between the hub and
shaft is equal to R; — Ry,
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Figure 1. Dimensions of a hollow shaft and a hub interference fit prior
to assembling.

I11.  NUMERICAL MODEL

A three-dimensional finite element model was used to
predict the release force in the gear shrink-fitted over the
solid shaft, as shown in Fig. 2. This model was realized
with the COMSOL Multiphysics FEA software. The type
of finite element mesh which was used for this model is a
tetrahedron because this type is suitable for complex
geometries and gives better and more accurate results.

e
i e e g

N avavavivy,
INEROEK

A
WV
=

Figure 2. Three-dimensional FEM model.
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The internal and external diameters and width of the
gear are 28, 86, and 26 mm, respectively. The shaft has a
28.05 mm diameter and 150 mm length, as shown in Fig.
3. Based on these geometries, the radial interference (J) is
14.025 — 14 = 0.025 mm and the contact length (L) is 26
— 3 = 23 mm. The static coefficient of friction (&) that
was used in this study is 0.12 and this value was obtained
experimentally.

3mm
)

86 mm

28 mm

! \

m

Figure 3.  Geometric dimensions of the gear and shaft.

28.05 mm

A. Material Properties

An AISI 1020 low-carbon steel was used for the shaft
material, and an AISI 6150 alloy steel, which additionally
includes chromium and vanadium, was used for the gear
material. The detailed chemical composition (wt.%) of
the shaft and gear materials is presented in Table I. The
mechanical properties (elastic properties) of the shaft and
gear materials are listed in Table II.

TABLE I.  TYPE SIZES FOR CAMERA-READY PAPERS
Material C Mn Si P S Cr V
AlSI 0.48- 0.70- 0.15- < < 0.80- >
6150 053 090 030 0.03 004 110 0.15
alloy
steel
AlSI 0.17- 0.30- 0.15- < <
1020 023 060 030 004 0.05
steel
TABLE Il.  ELASTIC PROPERTIES OF AISI 1020 AND AISI 6150 ALLOY
STEEL
Modulus of Poisson’s Yield
Material elasticity ratio strength
(GPa) (MPa)
AISI 6150 200 0.29 415
alloy steel
AISI 1020 200 0.29 295

steel

B. Boundary Conditions

The physics interface used in this study is the solid
mechanics because it is used for general structural
analysis of 2D, 3D, or axisymmetric bodies. The solid
mechanics interface is based on solving Navier's
equations, and results such as displacements, stresses, and
strains are computed. Also, the stationary study was used
because the field variables do not change over time.
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IV. EXPERIMENTAL WORK

A DOE-based factorial experiments and ANOVA were
used to identify the relevant sources of variability in the
experimental results and interpret the difference and error
between the analytical, numerical, and experimental
results. The potential sources of variability in the
experimental measurements that were studied are the
average surface roughness of the shaft - R, (m) and the
pulling speed (mm/min) of the universal testing machine,
as these factors are not defined in the analytical and
numerical models. Thus, a two-factor factorial
experiments with two replicates was conducted to study
the effect of Ra, pulling speed, and the interaction
between them on the release force. Ra that was studied
has two levels (Smooth and Rough) and the testing speed
that was studied has two levels (2 and 4 mm/min). Based
on this design, there are 8 combinations of the two-factor
levels that need to be run randomly. This randomization
is very important to eliminate the effect of nuisance
factors [22]-[26] such as roughness heterogeneity for all
surface points.

A. Specimen Preparation

Eight shafts were made with two nominal values of R,
as smooth and rough. Four shafts have a smooth surface
and the other four have a rough surface. The variance
between the levels (smooth and rough) was made by
special conditions on the turning process for every four
shafts such as using a specific fine and coarse sandpaper
and changing the spindle speed of the turning process
from low to high. Each of the four shafts was made with
the same conditions of turning and smoothing processes
in order to obtain the same specimens and avoid the
effect of nuisance factors. The application of these
conditions contributed to achieving a clear difference
between the roughness values as shown in Table III. This
table shows the roughness measurement that was taken in
eight lines on the contact surface of the smooth and rough
shafts. Fig. 4 shows the smooth and rough shafts that
were used for the experiments in this study.

Smooth
Shafts

Rough
Shafts

1

Figure 4. Rough and smooth shafts.
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TABLE IIl. ROUGHNESS MEASUREMENT THAT WAS TAKEN IN EIGHT
LINES ON THE CONTACT SURFACE OF THE SMOOTH AND ROUGH SHAFTS

Smooth Ra (pm) Average  Standard
shaft # (pm) deviation
(m)
1 1564 1533 1628 1.201 1.332 0.337
1599 1345 1.250 0.536
2 1120 0.791 1125 1556 1.415 0.393
1973 1666 1.895 1.196
3 1503 1.065 1.213 1.486 1.207 0.318
1.304 1.014 1.554 0.527
4 1392 1370 1488 1.425 1.543 0.220
1411 1965 1.873 1422
Rough Ra (pm) Average  Standard
shaft # (pm) deviation
(1)
5 4158 4896 3818 4814 4284 0.481
4.556 3344 4346 4341
6 4503 4758 4536 4.278 4.197 0.417
3.545 3.553 4305  4.098
7 4365 3242 4470 4947 4.306 0.447
4404 4316 4428 4274
8 3874 4005 4952 3972 4217 0.447
4352 3537 4229 43814

B. Shrink-Fit Assembly

To produce a shrink-fit assembly of the gear and shaft,
the gear was placed inside a furnace for an hour to
increase its inner radius to the required radius. The
temperature difference necessary for the gear to obtain
the required expansion over the undeformed solid shaft is
given by [27]:

)

AT =
a Ry, (6)

where a = 12.2 x10 /<C for the gear material (AISI 6150
alloy steel), Rui = 14 mm, and ¢ = 0.025 mm. Substituting
these values into Eq. (1) gives AT = 146 <C, T2 = T1+AT
=25+ 146 = 171 T, where T2 is the furnace temperature
and T is the room temperature in which the furnace is
located. To avoid excessive cooling of the gear and for
more suitable expansion and to get a comfortable fit, the
furnace temperature was 250 <C.

To produce a shrink-fit assembly of the gear and shaft,
the gear was placed inside a furnace for an hour to
increase its inner radius to the required radius. The
temperature difference necessary for the gear to obtain
the required expansion over the undeformed solid shaft is
given by [27]:

After completing the heating process of the gear, the
gear was taken out from the furnace and placed on the
table, then the undeformed solid shaft was pushed and
slipped inside the gear easily. After cooling, the gear
contracted, and the assembly was done. This process was
completed quickly in two seconds to avoid excessive
cooling of the gear. Fig. 5. shows the assembled shaft and
gear specimens.

The release force of specimens was tested by a
universal testing machine as shown in Fig. 6. The pulling
speed of this machine (testing speed) was changed from 2
to 4 mm/min for half of the specimens to achieve the
DOE methodology and obtain all possible combinations.
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Figure 6. A universal tensile testing machine.

V. RESULTS AND DISCUSSION

A. Analytical and Numerical Results

The analytical solution for the release force is carried
out first by using Egs. (4) and (5) to calculate the contact
pressure and the actual radius of contact between the gear
and shaft, respectively, which gives Rt = 14.02 mm and P
= 159.36 MPa; where Rs, v, J, and Ry, are 14.025, 0.29,
0.025, and 43 mm, respectively. Given that L = 23 mm
and & = 0.12, substituting the two values of the contact
pressure and the actual radius of contact into Eq. (3) gives
a value for the release force of Fr = 38.7 kN.

The FE model that shown in Fig. 2 is solved using
COMSOL Multiphysics software to evaluate the
numerical solution. Fig. 7 shows the direction of contact
pressure and friction force at the contact surface where
the green arrows refer to the contact pressure direction,
and the pink arrows refer to the friction force direction.
The contact pressure distribution is shown in Fig. 8, and
it shows the irregularity of the contact pressure values at
the contact surface, so the average contact pressure is
calculated for all points on the contact surface, and it was
150.75 MPa. In COMSOL Multiphysics software, the
release force is evaluated using integrate the contact
pressure with respect to the area of the contact surface to
compute the normal force then multiply this value by the
statics of coefficient friction, by using the following
expression |& JP.dA, which represents a formula for
calculating the friction force between the shaft and gear.
Fig. 9 shows the numerical solution of the release force
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using COMSOL Multiphysics software, and it was 36.6
kN.

Figure 7. Contact pressure and friction force direction.
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Figure 9. Numerical solution of the release force.

B. Mesh Convergence

The mesh refinement was begun from coarse to
extremely fine in COMSOL Multiphysics to observe the
impact of mesh size on contact pressure and release force.
Different meshes with the total number of element ranges
between 7291 and 1091589 are tested to test the mesh
effect on the above-mentioned quantities. It can be seen
from the Table IV that for mesh number 5, all quantities
will reach the stable state, i.e., the increasing of mesh
refinement will lead to consumption more time by
simulation process with negligible effect on accuracy. It
is worth mentioning here that mesh number 5 is used for
all simulations considered in this study.
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TABLE IV. DIFFERENT MESHES TO TEST THE DEPENDENCE OF
CALCULATED QUANTITIES ON MESH SIZE

Mesh Element  Contact pressure Release force
# # (MPa) (kN)
1 7291 135.21 32.82
2 12556 143.58 34.86
3 22002 142.06 34.49
4 71751 150.23 36.47
5 353156 150.75 36.60
6 1091589 150.80 36.60

C. Experimental Results

A physical assembly of the gear and shaft was
produced to validate the analytical and numerical results,
and it was produced under the same conditions of the
analytical and numerical model such as using the same
dimensions of the specimen, material used, and the static
coefficient of friction. The experimental test that is shown
in Fig. 10 is done by a universal testing machine on this
specimen to evaluate the disassembly force which
represent the experimental force required to break the
gear/shaft joint. In other words, the experimental release
force.

Fig. 11 shows the result of the experimental test. It can
be seen from this figure that the maximum load (shown
with a red circle in the figure) necessary to disassemble
the gear shrink-fitted shaft joint is 35.2 kN, and this load
represents the experimental release force.

Figure 10. Experimental setup to release the gear off the shaft.
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Figure 11. Disassembly force vs. axial displacement.
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The comparison between the analytical, numerical, and
experimental results is shown in Table V. According to
this table, the relative error of the release force between
the analytical and numerical results is 5.4%, between the
analytical and experimental results is 9%, and between
the numerical and experimental results is 4%. The
solution of the numerical model is built based on the
analytical equations with some assumptions, so the error
between the results can be interpreted. The relative error
between the analytical and numerical results that was
5.4 % is caused by two main reasons: 1) the analytical
model is a two-dimensional model, but the numerical
model that used is a three-dimensional model. 2) the
analytical model is built based on a cylinder fitted over a
solid shaft, but the numerical model is built based on a
gear (in other words a toothed cylinder) fitted over a solid
shaft.

The relative error between the analytical or numerical
results and the experimental results can be interpreted
difficultly because the experiments represent reality and
there are many factors that contribute to occur this error,
so that the statistical ANOVA and DOE methodology is
used to interpret this error, as presented in the next
section.

TABLE V. COMPARISON BETWEEN ANALYTICAL, NUMERICAL, AND
EXPERIMENTAL RESULTS

Result Contact pressure Release force
(MPa) (kN)
Analytical results 159.36 38.7
Numerical results 150.75 36.6
Error - 5.4%
Analytical results 159.36 38.7
Experimental results - 35.2
Error - 9%
Experimental results - 35.2
Numerical results 150.75 36.6
Error - 4%

D. Analysis of Variance

The results of the DOE-based factorial experiments are
shown in Table VI. This table shows the release force as a
function of the testing speed and R, with 2 replicates. The
data of the release force that are shown were run
randomly using Minitab statistical software although they
are shown in their standard order. The data of release
force are averaged for the same levels of the factors then
plotted against the different levels for each factor (Ra and
testing speed) to construct the main effect plots as shown
in Fig. 12. Based on these plots, it can be seen that the
line of R, factor has the maximum slope value in the plot,
so0 the Ra is the most effective factor on the release force,
and the release force increases from 35.85 to 53.5 kN (as
averaged value) as Ra increases. Also, the line of testing
speed factor has a small slope value in the plot, so the
testing speed is not a significantly effective factor on the
release force where the release force changes from 43.725
to 45.625 kN as the testing speed increases.

The interaction effect plot is constructed by plotting
the release force means against the R, for each level of
the testing speed in one plot as shown in Fig. 13. This
plot is used to check the interaction effect of the factors.
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It can be noted from this figure that the two lines are
parallel that means the changing in the release force
produced from changing the levels of R, is approximately
the among the testing speed levels, so the interaction
effect between R, and testing speed is not significant.

The effect plots may not provide solid evidence on
whether R, or testing speed has a significant effect on the
release force or not, especially when increasing the
number of factor levels and obtaining an irregular pattern
which means there are increasing and decreasing at the
same pattern, thus not obtaining a clear result. So that,
another statistical technique such as the analysis of
variance (ANOVA) is used in the design of experiments
to provide stronger and clear results.

TABLE VI. RELEASE FORCE VALUES ACCORDING TO THE 22-
FACTORIAL DESIGN

Ra Testing Release force
(m) speed (kN)
(mm/min) Replicates
1 2 Average
Smooth 2 34.2 35.8 35
Rough 2 56.8 48.1 52.45
Smooth 4 37.3 36.1 36.7
Rough 4 55.5 53.6 54.55
. Ra (um) Testing Speed (mm/min)
Z
2 50
§ 45 _—
& —
s
E 40
35
Smoath Rough 2 4

Figure 12. Main effect plots of the R, and testing speed for means of the
release force.

Testing

Ra * Testing Speed

Speed
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- a
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Figure 13. Interaction effect plot for means of the release force.

The analysis of variance (ANOVA) is a statistical
method that is used to determine the significant factors in
the experiments. This method based on a partitioning of
the total variability in the response variable into
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components that are consistent with a model for the
experiment [28]. Thus, the first step is that assumed a
suitable statistical model to explain the relationship
between the response variable and the independent
variables or regressor (factors). So, the following
statistical model was used in this study:

i=1,2
Yijk = W+ T+ B+ ()i + Eijk'[j = 1'2} (7
k=12

Where, y;, is a random variable denoting the (ijk)th
observation of the release force, | is the grand or overall
mean effect, 7; is the effect of the ith level of the Ry, B; is
the effect of the jth level of the testing speed, (z3);; is
the interaction effect between the R, and testing speed,
and € is the (ijk)th random error ~ NID (0,6 means
that is normally distributed with zero mean and constant
variance.

Depending on Eq. (7), the ANOVA is applied to the
data in Table VI by using Minitab statistical software.
The results of ANOVA are shown in Fig. 14. The P-value
(in Fig. 14) is calculated and then compared to a which is
called a significant level (o = 0.05 in this study). If P-
value < o, this indicates that the factor has a significant
effect on the response, otherwise there is no significant
effect and the factor has a negligible effect. From Fig. 14,
the calculated P-value for R,, testing speed, and the
interaction effect is 0.002, 0.452, and 0.934, respectively.
Thus, it can be concluded that only R, has a significant
effect on the release force, and the testing speed and
interaction have a negligible effect on the release force.

Also, from the same figure, there is the R%-value which
is read R-sq in the figure. This value is called the
coefficient of determination, and it means the amount of
variability in the data explained or accounted for by the
statistical model that is presented in Eq. (7). Since the
calculated R?-value for the assumed model is equal to
93.80%, this means that 93.80% of the variability in the
data in Table VI is accounted for by the model in Eq. (7),
and only 6.20% of the variability in the data is credited to
the error. This confirms the validity of the model in Eq.
(7) and indicates that the obtained results are significant
statistically.

A three-dimensional surface plot of the release force as
a function of R, and testing speed is constructed as shown
in Fig. 15. This plot is useful to visualize the relationship
between the release force, Ra, and testing speed, and to
determine a pattern to obtain the optimal response value.
It can be seen from this figure that the release force
increases as R, increases alone, and it changes slightly as
testing speed increases alone because the testing speed
has a negligible effect on the release force.

In addition, Fig. 16 shows a contour plot that is derived
from the three-dimensional surface plot for the release
force. This plot is used to search for minimums and
maximums in a set of triradiate data. From this figure, it
can be noted that the maximum value of the release force
is obtained at the rough level of the R, regardless of the
testing speed because it is a negligible effect factor. Thus,
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the increased Ra. alone, that means from smooth to
rougher, contributes to increase the release force.

General Factorial Regression: Release Force versus Ra, Testing Speed

Factor Information

Factor Levels Values
Ra 2 Smooth, Rough
Testing Speed 2 2,4
Bnalysis of Variance
Source DF RAdj 55 Adj MS F-Valus P-Value
Model 3 630.345 210.115 20.18 0.007
Linear 2 630.265 315.132 30.26 0.004
Ra 1 623.045 €23.045 59.84 0.002
Testing Speed 1 7.220 7.220 0.89 0.452
2-Way Interactions 1 0.080 0.080 0.01 0.5934
Ra*Testing Speed 1 0.030 0.030 0.01 0.334
Error 4 41.650 10.412
7

Total 671.995

Model Summary

5  R-3g R-ag(adj) R-ag(pred)
3.22634  93.80% 25.15% 75.21%

Figure 14. Mintab output for the ANOVA calculations based on the
assumed statistical model in equation (7).

[

Rough

Release Force (kN)

Ra (um)

Smooth

Testing Speed {mm/min)

Figure 15. Three-dimensional surface plot of the release force as a
function of R, and testing speed.
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Figure 16. Two-dimensional contour plot of the release force that
derived from Fig. 15.

One-Sample T: Release Force

Mean StDev 5E Mean
44.88 g.80 3.4¢
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Variable H
Release Force &

Figure 17. Mintab output for the 95% confidence interval calculation
based on the data in Table VI.
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In summary of the ANOVA results, it was concluded
that the testing speed and interaction between testing
speed and R, have a negligible effect on the release force,
and only R, has a significant effect on the experimental
results of the release force, and this interprets the
variability in the experimental results and relative error
between the analytical or numerical results and the
experimental results that was shown in Table V.

Also, a 95 % confidence interval (CI) on the mean of
the release force is calculated based on the data in Table
VI as shown in Fig. 17. This confidence interval has a
lower limit of 36.48 kN and an upper limit of 52.87 kN.
The analytical result and numerical result that were
respectively 38.7 kN and 36.6 kN lay within this interval,
thus it can be said that the analytical result and numerical
result are statistically plausible results and the difference
between analytical, numerical, and experimental results
that found in this study are interpreted and acceptable.

VI. CONCLUSIONS

In the scope of the results and analysis presented in
this study to evaluate the release force for a gear shrink-
fitted over a solid shaft, the following can be concluded:

1) The relative error between the analytical and
numerical results was 5.4%, and this error is
caused by two main reasons. The first is that the
analytical model was a two-dimensional model,
while the numerical model was a three-
dimensional model. The second reason is that
the analytical model was built based on a
cylinder, whereas the numerical model was built
based on a gear.

2) The ANOVA for the experimental results
showed that testing speed and interaction
between testing speed and R, are non-significant
factors in terms of their effect on the release
force, and only R, has a significant effect on the
release force. Thus explains the variability in the
experimental values of the release force and the
relative error between the analytical or
numerical results with the experimental results.

3) The analytical and numerical computations of
the release force lay within the 95 % confidence
interval on the mean release force established
experimentally, which validates the analytical
and numerical calculations and thus the
underlying models developed in this study.
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