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Abstract: In sensitive mechanisms, achieving the required accuracy of the final
parts at the most suitable price is a complex process. The tolerance design process
is essential in design and manufacturing to achieve a quality and low-cost product.
Allocation of appropriate tolerances is always time-consuming and challenging,
especially for complex products, as it involves many aspects of design,
manufacturing, and quality issues. In this research, a program has been written in
MATLAB, in which by only one geometry model, all possible interferences of
assembled parts for all tolerances and nominal sizes in different production modes
have been investigated. By using this program, it is possible to add or reduce applied
tolerances to nominal sizes and check the interference of parts for all tolerances.
Also, temperature effects must be considered when designing a product that operates
in a wide temperature range. This approach could ensure that the values of the output
parameters of the mechanism remain stable with various temperature changes. The
considered case study is particular clock whose structural parameter tolerances often
significantly affect the accuracy of the timing output of the entire movement of the
mechanism in the program; the tolerance of the parts of the delay clock mechanism
has been studied. By analysing the tolerance of geometric non-interference and
considering the strain of the parts due to the operating temperature of the
mechanism, 24% of the examined sizes should be reduced to avoid interference and
the tolerance of the axis position of the clock should be reduced to +0.01.
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1 INTRODUCTION

There are wvarious unknown factors, such as
manufacturing errors, which modify the performance of
a produced mechanism. Forces, acceleration, and
temperature changes cause changes in dimensions and,
hence, design tolerances. As a result, they adversely
affect the performance of the product. The tolerance
analyses of many products have indicated a failure to
meet design requirements, signaling the inefficient
performance of the system under different operational
conditions.

Tolerance analysis methods include worst-case
tolerance analysis and statistical methods [1]. Worst-
case tolerance analysis considers the worst possible
combination of part tolerances, which leads to highly
strict tolerances and increases manufacturing costs. On
the other hand, statistical tolerance analysis is a more
practical and economical tolerance adjustment approach
that ensures good efficiency. Some researchers have
used this method to examine product tolerances. For
instance, Dantan et al. [2] employed the worst-case
method based on the Monte Carlo simulation for
tolerance analysis. Tolerance analysis can be performed
using highly accurate methods of sensitivity analysis [3-
4]. Doltsinis and Kong [5] utilized optimization
methods, including sensitivity analysis and participation
analysis, to design structural parameters. Tolerance
analysis was also used by Zang et al. [6], Huang and
Zhong [7], Zhou Kai et al. [8] to achieve an optimal
design and Shao et al presented a tolerance analysis
approach to spur gears [9].

In mechanism design, the best tolerance combination
must be applied to manufacture parts by considering
multiple objective functions, such as the provision of
suitable spaces for parts, conformance to operational
requirements, improvement of product quality, and
reduction of manufacturing costs [10-12]. Numerous
models have so far been developed to represent
geometric features, cumulative deviation, and tolerance
interval estimation [13].

Conventional tolerance modeling methods are generally
classified into tolerance map (T-map), small
displacement torsor (SDT), homogeneous
transformation matrix (HTM), and other heuristic
methods.

T-maps consider vectors for surfaces of various
components. However, they use only five standards:
planes, cylinders, spheres, cones, and toruses [14-17]. In
addition, modeling techniques such as neural networks
[18], volumetric envelopes [19], modal analysis [20-21],
and graph theory [22-23] have been used to model
tolerances between parts and assemblies. Previous
research indicates that skin model shapes are very useful
for representing product geometry by considering
geometric deviations and form errors [24-26]. For
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instance, finite element analysis has been introduced to
help reduce modeling errors and enhance model quality
[27]. Researchers have demonstrated that discrete skin
model shapes have a higher potential for assembly
simulations, performance analysis, and tolerance
analysis [28-30]. Regarding part contact and
interference, Faraji and Abbasi [31] stated that the use of
the average diameter for common form deviations
cannot guarantee the acceptance or rejection of a part in
geometric conformity quality control since the
relationship between joint strength and average
interference is not linear in these cases. This is due to the
changes in the friction coefficient at the contact surface
based on changes in the radius of curvature and the local
contact pressure between the two surfaces. Hence, in the
case of oval defects that reduce interference between the
two parts below the nominal values, it is best to promptly
address the factors causing these defects in the
production line and remove defective parts from the
production cycle. Researchers demonstrated that
geometric parameters and tolerance analysis have a
significant effect on the efficiency of mechanical
systems [32-33].

In the analysis of mechanical assemblies, one must first
perform an interference tolerance analysis before
addressing dynamic requirements. Mechanical systems
are in a static state before operation. Assimilability
analyses of mechanical systems are performed under
stationary conditions and fully depend on the tolerance
ranges of parts. On the other hand, under static
conditions, factors such as gear engagement or position
sensor placement are of considerable importance at the
beginning of motion or in other initial controls. Given
the significance of dimensional and geometric tolerances
in these cases, it is necessary to perform tolerance
analyses of stationary mechanical systems in addition to
examining the effects of external forces on them. For this
purpose, the lack of part interference is defined as an
objective function in the tolerance analysis of geometric
interference.

In this research, a novel tolerance analysis method for
mechanisms was presented in the form of a MATLAB
program and was used to analyze a model created in
SolidWorks. To implement this method, the program
creates different tolerances in the three-dimensional
model and examines their effect on the lack of
interference between the model parts. It must be noted
that the proposed technique and the written program do
not belong to a specific mechanism and can be applied
to any mechanism with any operation. This program
calls the three-dimensional model created in SolidWorks
only once. It then extracts the nominal values and part
tolerances of the three-dimensional model as inputs.
Next, each tolerance interval is divided into 10 or 100
equal parts, one or more of these parts are added to the
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nominal value step by step, and a geometric interference
analysis is performed in each step.

For example, if a mechanism is composed of 10 parts,
and each part has 10 significant dimensions, there will
be a total of 100 significant dimensions in the problem.
Assuming the tolerance intervals of each part are divided
into 10, the parts can be assembled with different
(permitted and unpermitted) tolerance configurations,
leading to a very large possible design space.
Accordingly, only one geometric model is created in the
MATLAB program, with the nominal and upper and
lower tolerance bounds defined as inputs. The nominal
dimensions of this model are changed by a tenth (or
hundredth) of the corresponding tolerance interval, and
geometric interference is examined for each state.
Subsequently, tolerances causing part interference in the
mechanism are decreased by a tenth (or hundredth) in
each step until no interference is observed. A major
advantage of this method is the shorter time it needs to
reach a set of tolerances that causes no interference.
Another advantage is that the designer can ensure that
the selected tolerance combination does not result in the
locking of the mechanism during and after assembly.
Sensitivity analysis on mechanical systems, especially
sensitive mechanisms, has certain complications [34-
35]. According to the research done so far, the effect of
temperature on the performance of sensitive
mechanisms has not been done. So, the present research
considers the effect of changes in temperature and the
appearance of thermal strains and, thus, elastic
deformation in the parts during operation. This is an
important factor, especially in sensitive mechanisms,
which must perform well under a wide range of
temperatures. For this purpose, the temperature-related
tolerance must be deducted from the design tolerance in
part interference analysis. The proposed method is
capable of simultaneously changing the design
parameters. By analyzing the mechanism’s performance
under a wide range of temperatures, one can ensure the
suitable performance of the product under this
temperature range during its service life.

In a geometric interference analysis, possible part
interference during assembly is examined by
considering the tolerances of the manufactured parts.
Using this part, one can modify the tolerances or the
nominal dimensions of parts to prevent geometric
interferences between them. To analyze geometric
interference using the written MATLAB program, first,
all the nominal part dimensions are applied to the initial
model. Then, each dimension is changed based on the
corresponding defined tolerance. Next, the new model is
inspected in terms of interference. The main advantage
of the proposed technigue (including the MATLAB
program) is that remodeling by the user is not required
after changing the tolerances and the three-dimensional
model.

3 TOLERANCE-BASED INTERFERENCE
ANALYSIS

2 TOLERANCE ANALYSIS VIA PROGRAMMING

The proposed tolerance analysis is carried out as a
systematic computer procedure. The first step involves
an algorithm for computations designed to obtain the
tolerances affecting part interference. The design
specifications usually depend on the inherent properties
of the system. Therefore, the dimensional and geometric
deviations of the influential variables due to various
sources can directly affect the performance of a
mechanical system.

Before the tolerance-based interference analysis, the
SolidWorks assembly must be inspected concerning
interference in the nominal dimensions. First, the
MATLAB program calls SolidWorks in the background
and stores all the part dimensions in an Excel file. Next,
the upper and lower tolerances suggested for each
dimension are entered by the user (or these tolerances
are extracted from the model if they have been entered
in the model). Subsequently, the MATLAB program
divided the interval between the nominal dimension and
the upper bound into 10 or 100 increments based on the
user's requirements and adds one increment to the
nominal value in each step. Then, the three-dimensional
model is updated, and the interferences in the model are
examined. If any tolerance increment causes
interference in a step, the tolerance value of the previous
step is stored in an Excel file as the final value, and the
program moves on to the next dimension. After all the
upper tolerances have been inspected, the program
begins examining the lower tolerances. In this case, a
tenth or hundredth of the tolerance interval is deducted
from the nominal value in each step, and the optimal
lower bound is also stored in the Excel file. Figure 1
displays the flowchart of the tolerance-based
interference analysis using the written program.

It must be noted that the program modifies the tolerances
if this resolves interferences. Sometimes, constraint-
based interferences may arise, in which case the
constraints must be corrected. Finally, changes in the
part lengths due to thermal strain within the operational
range of the mechanism are deducted from the tolerance
intervals, and the optimal part tolerances appropriate for
that operational range are applied to the manufacturing
drawings.



Get the 3D file

Upload the Excel file of tolerance parameters

Apply upper limit tolerance to parameters

Model structural analysis

Checking the interference of parts

Reducing the tolerance of the parameters in order to
eliminate the geometric interference of the parts

Apply lower limit tolerance to parameters

Model structural analysis

Checking the interference of parts

Reducing the tolerance of the parameters in order to
eliminate the geometric interference of the parts

Excel output with tolerance without geometric interference

Fig. 1  Steps of the tolerance-based interference analysis.

4  FULL DESCRIPTIONS OF THE TOLERANCE-
BASED INTERFERENCE ANALYSIS

4.1. Geometric Modeling

In this part, the MATLAB program calls SolidWorks.
MATLAB is linked with SolidWorks and performs the
required modifications via related programs on the parts
and assemblies designed in SolidWorks to obtain the
desired outcome from the tolerance analysis.

Every part has a simple sketch and a few features. In
SolidWorks, each dimension in the sketch is exclusively
specified with a name. Each of these names is assigned
a value, which is the nominal size of the corresponding
dimension. For instance, if a part is stored with the name
Part.1 and includes a rectangular shape, each dimension
of the rectangle is given a name, such as D1. The
MATLAB program recognizes these dimensions with
the following expressions. An example of this
dimensional designation is D1@Sketch1@1.Part.

Next, MATLAB reads the nominal dimensions of each
part and places them in front of the corresponding
dimension name stored in the previous step. Finally, the
names and dimensions are stored in a file.

The upper and lower tolerance bounds of each nominal
size are manually entered into the columns of the above-
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mentioned Excel file. Subsequently, the written
MATLAB program examines the possible interferences
caused by the tolerances in SolidWorks by considering
their upper and lower bounds. Then, the tolerances
written in the Excel file are read, and changes based on
these tolerances are applied to the newly created model.

4.2. Changes in The Assembly Based on The New
Dimensions

SolidWorks updates the model based on the tolerances
in the Excel file for new interference analysis.

4.3. Inspection of Possible Interferences
In this step, the updated model is examined by the
proposed method for possible interferences.

4.4. Storing of the Final Tolerance in The Output
Excel File

After the final tolerance interval is determined from the
interference analysis of the previous step, the new upper
and lower bounds are stored in the final output file.

5 CASE STUDY

To demonstrate the implementation steps of the
proposed algorithm and its effectiveness in tolerance
analysis, this section investigates the mechanism of a
highly sensitive and precise mechanical watch. The
advanced analysis of geometric interference tolerance
considers the presence of temperature variations
exceeding one hundred and disregards the impact of
component weights. The mechanism depicted in “Fig. 2”
is a time-delay clock mechanism designed to function
effectively within a temperature range of -33 to +71°C.
This mechanism typically comprises three primary
components: gear, weight gear, and escapement.

Pinio

R Cylindric
al Base

Escapeme

Weig " __g’" Weighted

Fig.2  Geometric model of the various components of the
clock mechanism.

All the components of this mechanism are mounted on a
cylindrical base plate, and based on experimental tests,
its rotational speed is measured at 15000 rpm
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(revolutions per minute). In this mechanism, the weight
positioned outside the center of the weighted component
acts as the driving force, initiating the motion. The
rotation of the weight and the weighted gear occurs
slowly due to the interplay of gears among the
components, and it completes its motion at a specific
time. As shown in “Fig. 37, the movement of the
mechanism is considered complete when the initial
position of the target circle aligns with the center of the
time-delay set.

Concluding position of target

Cylindrica
| base

Rotational

.. .. direction
Initial position of target of the

Fig. 3  The starting and ending positions of the motion.

According to the conducted experimental test, the target
circle takes 0.07 seconds to reach the center of the
assembly accurately. The weight located outside the
assembly's center (weight and the weighted gear) is in
the form of a bean-shaped weight, which is placed on the
weighted gear and is also known as the weighted
component. The weight initiates rotation along with the
entire assembly. The motion of the weight positioned
outside the center of the weighted component is
transmitted to other parts by connecting it to the
weighted gear, serving as the driving mechanism for the
time-delay clock. This situation is depicted in “Fig. 3.
The escapement is a mechanism that converts
continuous  rotational motion into  intermittent
movement. This component serves as an energy
regulator and acts as a mechanical oscillator. Due to its
control over the rotational speed of the weight, it is often
recognized as the heart of the clock. One end of the
escapement connects to the rotating base plate of the
clock, while the other end engages with the small gear.
By combining both rotational and linear forces, this
mechanical system generates an oscillating motion. The
functionality of this mechanism is significantly
influenced by temperature and friction.

The escapement, positioned between the gear set and the
oscillator, plays a crucial role in the motor's function.
The regular back-and-forth motion of the oscillator
determines the time interval that the escapement
transfers to the weight through the gear set. This
alternating movement, coupled with the friction between
components, leads to a significant energy loss. As a
result, the escapement holds the most potential for
enhancing the performance of mechanical clocks. With
each movement, when the escapement engages in one
direction, the small gear returns it to its initial position.
As shown in “Fig. 47, the axes of the time-delay clock
mechanism must be installed on a plate with a coordinate
tolerance of 0.05 mm, after which the assembly is
subjected to angular velocity. The material and
mechanical properties of the components of the time-
delay clock mechanism are provided in “Table 1”.
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Fig. 4  The tolerance of axis positions (base plate).

Table 1 Material and mechanical properties of the
components of the time-delay clock mechanism
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As a continuation of this research, two components of
the mechanism, namely the weighted component and the
base plate, were selected. Six samples of each
component were placed in a refrigerator at a temperature
of -33°C for a duration of six hours, and one dimension
of both components was measured using an optical
measurement device. The results related to the weighted
component are presented in “Table 27, while the results
related to the base plate are shown in “Table 3”.

Table 2 Effect of temperature on one dimension of six
samples of the weighted component

. Nominal
Npaar:e ngégst dimension 4.1mm
(mm)
Dimension
Sample +21°C -33°C difference
1 4.115 4.114 0.001
2 4.108 4.095 0.013
3 4.096 4.087 0.009
4 4.105 4.096 0.009
5 4.117 4.098 0.019
6 4.078 4.067 0.110

Table 3 Effect of temperature on a dimensional of six
cylindrical base plate samples

Part I_\Iomin_al
Base Plate dimension 4.45mm
Name (mm)

Dimension
Sample +21°C -33°C difference

1 4.494 4.485 0.009

2 4.477 4.476 0.001

3 4.476 4.474 0.002

4 4.484 4.476 0.008

5 4.480 4.472 0.008

6 4.492 4.489 0.003

To highlight the importance of accounting for thermal
strain within the operating temperature range of -33°C
to +71°C, compared to the design tolerance of time-
delay clock mechanism components, an analysis was
conducted on the displacement of the main axes of the
mechanism concerning the center point of the base plate.
The analysis was carried out using the Static-General
method. Initially, the ambient temperature was set at
21°C, and then the component experienced thermal
stress, reaching temperatures of +71 and -33°C,
respectively. The thermal analysis employed the
RT8D3C mesh. To validate the results obtained in “Figs.
5a and 5b”, the mesh sensitivity analysis is presented at
two temperatures of -33 and 71 degrees Celsius. As can
be seen, there is a good compatibility between these two
conditions.
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Fig.5  Mesh sensitivity analysis at temperatures:
(a): -33 degree Celsius and, and (b): +71 degree Celsius.

The deformation of the mechanism's base plate and the
positioning of the axes were analysed at a temperature
of -33°C, and the element displacements at this
temperature are illustrated in “Fig. 6”. The positions of
the axes are marked with red circles in the Figure.

Fig.6  Change in coordinates of axis positions on the
below plate, axis positions at -33°C.

The analysis focused on the change in coordinates of the
axis positions on the base plate of the clock mechanism,
where the mechanism's axes are located. This analysis
was conducted at a temperature of +71°C, and “Fig. 77
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illustrates the displacements of the elements at this
temperature.

Fig. 7  Change in coordinates of axis positions on the
below plate, axis positions at +71°C.

Table 4 displays the positions of the main axes at
temperatures of -33 and +71°C. The results in “Table 4”
indicate that the positions of the main axes fall within
the manufacturing position tolerance specified by the
designer, even at temperatures exceeding 100°C. This
underscores the importance of conducting a thermal
tolerance analysis.

Table 4 Changing the position of the axis of the delay clock

in the working temperature range
Di . change of | change of
imension i I
Row position, position,
(mm)
mm mm
T,°C +21°C -33°C +71°C
. X -6.09
Position 1 v 459 0.018 0.0151
o X -8.15
Position 2 v 148 0.0127 0.0121
Position 3 é 3.5;0 0.0132 0.0110

In the clock mechanism, there are 33 dimensions for all
its components that require tolerance considerations
during the design phase. By dividing each nominal
dimension's tolerance range into ten subdivisions,
approximately 10% three-dimensional models need to be
analysed to investigate geometric interference within
both the upper and lower tolerance limits. However, the
program has been developed to create only one
SolidWorks geometry model using nominal dimensions.
All the nominal dimensions, along with their upper and
lower tolerance limits, have been inputted into the
program through an Excel file. After implementing the

program and conducting the analysis to prevent
component interference, it was found that only in one
base plate component, the axis position tolerance needs
to be adjusted from the initial value of £0.05 (before the
geometric interference tolerance analysis) to £0.03. This
modification ensures that all components remain free
from geometric interference at ambient temperature.
However, considering that the axis positions undergo a
maximum change of +0.02 due to thermal strain, the
designer must exclude the thermal tolerance from the
geometric interference tolerance assessment. As a result,
a tolerance of +0.01 should be applied to the
manufacturing drawings to ensure there are no
interference issues during production.

6 CONCLUSIONS

In this research, for presenting the proposed method,
coding has been carried out in a way that involves
constructing only one geometric model in SolidWorks
software. By providing nominal dimensions and upper
and lower tolerance limits in an input file, tolerance
analysis of the mechanism can be performed. To achieve
this, the program can adapt the geometric model for
multiple desired configurations, enabling the detection
and adjustment of tolerance values that could cause
component interference within the mechanism. As a
result, during the assembly of the mechanism with
different manufacturing tolerances for each component,
the movement of various parts will be possible without
any interference, ensuring the mechanism functions
without any locking issues. In the current study, a
precise and sensitive mechanical clock mechanism
system was analyzed to showcase the effectiveness of
the proposed tolerance analysis method, particularly
under conditions of geometric interference. Given the
requirement for precise functionality in this mechanism,
any changes in the mechanism's shape due to variations
in the operating temperature should not be disregarded
during the design process. 24% of the examined sizes
should be reduced and the tolerance for the clock axis
positions in this mechanism has been modified to £0.01.
The tolerances have been carefully evaluated to ensure
no component interference, and the tolerance for the
displacement of the clock axis positions resulting from
the operating temperature of the mechanism has also
been calculated. The implemented program can be
utilized for different types of mechanisms; it is not
restricted to a specific one. Consequently, the proposed
method is well-suited for precise mechanisms with a
substantial number of involved components,
demonstrating excellent performance.
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