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Abstract— Monte Carlo is an efficient tool to simulate complex physical and mathematical systems.  Large sample sizes are 
usually required to obtain acceptable accuracy.  This obviously exaggerates the slowness and expensiveness problem inherent part 
of the method.  The motivation to this research is to tackle such disadvantage and identify a proper alternative to this method. The 
aim of this work is to conduct a comparative study of tolerance analysis of mechanical assemblies using two different techniques, 
namely Monte Carlo method (MC) and Orthogonal Arrays (OAs).  In particular, standard and small orthogonal experiments are 
utilized to replace the huge sample sizes needed in case of Monte Carlo method.  The mean and variance of design functional 
requirements are determined using both methods.  Then, a comparison between the results, that were obtained from both methods, 
were assessed to evaluate the performance of the Orthogonal Array (OA) method as an alternative of Monte Carlo simulation 
(MCS) tool. In this paper, disk-drive assembly, knuckle joint with three arms assembly, one-way clutch assembly, and helical 
spring have been used as case studies of mechanical assemblies to highlight the strength of the alternative method. Based on the 
achievable results one can argue that Monte Carlo method can be replaced by Orthogonal Arrays gives acceptable results in a 
shorter time.  The first and second moments of examples revealed that both methods give close results. However, the second 
moment not completely matched that obtained using Monte Carlo method at 3-levels; it matched that obtained using Monte Carlo 
method at 2-levels. These discrepancies are challenging issues for further investigation in future work. Apart from this 
imperfection, it is recommended to play a significant role, particularly to simulate a wide range of engineering applications. 
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Monte Carlo method and orthogonal arrays are especially selected to attempt to combine the precision and simplicity at 
the same time at lower cost. Monte Carlo simulation is one of the most accurate methods to perform the statistical tolerance 
analysis but requires a huge sample size which making it highly expensive of the commonly used methods. As the result, the 
orthogonal array method is selected cause of the ability of replacing the large sample sizes by small orthogonal experiments 
and also reducing the loss function.  

  

A. Orthogonal Arrays (OAs) 
The proposed method is Orthogonal Arrays or what is known as Taguchi method. It is one of the most powerful methods 

for improving engineering productivity and quality and reducing the cost [6, 7]. Orthogonal Arrays method was selected for its 
ability to gather dependable information about design parameters with small number of experiments. Orthogonal arrays are a 
set of tables of numbers, the variables can be assigned to their columns and the rows express to a number of experimental 
situations. Tolerance domain can be turned into numbers of points[5]. For example, the tolerances of two variables A and B 
were +- 0.04 and +- 0.02 respectively. The tolerance domain would be {-0.04, 0.0, +0.04} as 1st, 2nd, and 3rd levels of A and 
similarly {-0.02, 0.0, +0.02} for variable B. Then the combinations between that variables will be (-0.04, -0.02), (-0.04, 0.0), (-
0.04, +0.02), (0.0, -0.02), (0.0, 0.0), (0.0, +0.02), (+0.04, -0.02), (+0.04, 0.0), (+0.04, +0.02). Where the number of variables=2 
and number of their Levels=3, Orthogonal Arrays can be represented by L Run (levels Factors). The average and standard 
deviations are calculated accordingly. 

B. Monte Carlo simulation (MCS) 
The Monte Carlo simulation for statistical tolerance analysis is mainly depends on a random number generator to evaluate 

the variations of dimension tolerances for individual assemblies. Selecting value of each manufactured dimensions based on 
their statistical distribution as shown in Fig.2. An assembly function is combined these dimensions to calculate the value of the 
assembly variables for each simulation assembly. The results of set values of assembly function are used to calculate the first 
and second moments to study the behavior of the assembly. Although Monte Carlo method is easily tool for tolerance analysis 
problems, it is too expensive in terms of computational time [8-11]. 

 

 
Fig. 2. Monte Carlo Simulation 

 

III. EXAMPLES STUDIED 
Four mechanical assemblies studied herein presented to conduct a comparative study of tolerance analysis of this examples 

using two different techniques, namely Monte Carlo method (MC) and Orthogonal Arrays (OAs). In those assemblies, the 
mean and standard deviation will be computed for their design functions by the two methods. The probability distribution of 
inputs variables is assumed as normal distribution. In this work, the samples size 10000, 100000, and 1000000 are used. 

 

A. Example 1: Disk-drive assembly. 
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Fig. 3. Disk-drive assembly 

A disk-drive assembly was solved by O'Connor and Srinivasan [12] as a linear problem. The disk-drive assembly as shown 
in Fig. 3 consists of arm, arm_bearing, disk_bearing, and disk. The critical assembly characteristic is the spacing g between the 
arm and disk which assosciated with the part dimensions l1, l2, l3, and l4 , shown in Table 1, by linear relation known as gap 
function as in (1). 

    g = l1 + l2 - l3 - 14    (1) 

 

TABLE I. NOMINAL DIMENSIONS AND TOLERANCE OF  DISK-DRIVE ASSEMBLY. 

Dimension(s) Nominal Values Tolerances (ti) ±
Arm  l1 1.75 0.05

Arm Bearing  l2 2.00 0.07
Disk Bearing  l3 2.00 0.07

Disk  l4 1.00 0.03
 
B. Example 2: knuckle joint with three arms assembly. 

 
Fig.4. Knuckle joint assembly 

The knuckle joint assembly as shown in Fig.4 , which presented as a case study in several works [13-16] , consists of three arms. There are  three design 
functions Y1, Y2, Y3 involve seven individual dimensions Xi=(X1, X2a, X2b, X3a, X3b, X4, X5) in product assembly as shown in Table 2. The design tolerance 
associated to X2a andX2b is t2, and that associated to X3a andX3b is t3 because all similar dimensions are manufactured in same machine. 

Design Functions : 

   ଵܻ ൌ ܺଶ௕ െ ଵܺ     (2) 

   ଶܻ ൌ ܺଷ௕ െ ሺ2ܺଶ௔ ൅ ܺଶ௕ሻ    (3) 

   ଷܻ ൌ ܺସ െ ሺ2ܺଷ௔ ൅ ܺଷ௕ ൅ ܺହሻ    (4) 

These design functions (2), (3), and (4) were solved by Monte Carlo Simulation (MCS) and orthogonal arrays method and then obtained the first and second 
moments by the both methods. A comparison between MC method and the proposed method will be clarified in the result section. 

 

 

TABLE II. DIMENSIONS AND TOLERANCE OF  KNUCKLE JOINT ASSEMBLY. 
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Dimension(s) Nominal Values Tolerances (ti) ±
X1 100 0.1478
X2a 50 0.0495
X2b 105 0.0495
X3a 50 0.0512
X3b 210 0.0512
X4 340 0.0214
X5 25 0.0241

 

C. Example 3: One-Way Clutch assembly. 
 

 
 

Fig. 5. One-Way Clutch assembly 

 

The second example taken for illustration is a one-way clutch assembly which is presented as a case study in several 
papers [10, 17-19]. The one-way clutch consist of three important components:hub, roller, and outer ring  shown in Fig. 4. 
The important functional dimensions and tolerances are given in table 2. The contact angle Φ must be controlled can be 
expreesed by nonlinear function  (5). ׎ ൌ ૚ିܛܗ܋ ቀࢇାࢉିࢋࢉቁ    (5) 

TABLE III. COMPONENTS AND DIMENSIONS OF ONE-WAY CLUTCH ASSEMBLY. 

Dimension(s) Nominal Values Tolerances (ti) ± 
Height of hub a 27.645 0.0125 
Radius of roller c 11.43 0.01
Radius of ring e 50.8 0.05

 

D. Example 4: Helical Spring. 

 
Fig. 6. Helical Spring   
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The helical spring shown in Fig. 6 has three decision variables in all [13, 15]. There are two interrelated dimension chains 
corresponding to respective design functions; one linear and other nonlinear, giving rise to two constraints given below (6) 
and (7). All length dimensions of helical spring are in mm and force in N, when G is a constant value equal 100000. 

Design Functions: ܭ ൌ ீ.ௗరೢሼ଼ሺௗ೔ାௗೢሻయேሽ     (6) ݀௢ ൌ ݀௜ ൅ 2݀௪     (7) 

TABLE IV. DIMENSIONS AND TOLERANCE OF HELICAL SPRING EXAMPLE. 

Dimension(s) Nominal Values Tolerances (ti) ±
di 25.4 0.02
dw 2.54 0.4645
N 10 0.2054

 

IV. RESULTS 
The presented resutls are for samples size: 10000, 100000, and 1000000 of Monte Carlo simulation (MCS). All the design 

functions of case studies used contain at most four variables, so the resulting array shoud be for 2-level 24= 16, and for 3-
level 34= 81. This is the full factorial array. So we focused our attention on both of L64 (2-level) and L81 (3-level) of 
Orthogonal Arrays method (OAs). 

TABLE V. THE RESULTS OF MCS VIA OAS. 

Examples Obictive 
Functions Moments 

Monte Carlo Simulation
Sample size

Orthogonal Arrays
Experiments

10000 100000 1000000 L64 (2-levels) L81 (3-levels) 

Disk-drive 
Assembly g 

Mean 0.7504 0.7500 0.74998 0.75 0.75 

STD 0.1144 0.1149 0.1149 0.1157995 0.0943928 

Knuckl joint 
with three arms 

assembly 

Y1 
Mean 5 5 5 5 4.9982 

STD 0.1556 0.1559 0.1559 0.1571 0.1263 

Y2 
Mean 4.9995 5 5 5 5 

STD 0.12207 0.122 0.12199 0.1229 0.1002 

Y3 
Mean 5.0003 5 5 5 5 

STD 0.1189 0.1187 0.1189 0.1199 0.0977 

One-way clutch 
Assembly ߮ 

Mean 6.98618 6.98597 6.98622 6.9869 6.9973 

STD 0.66549 0.66517 0.66531 0.66466 0.54101 

Helical spring 

K 
Mean 0.14588 0.14588 0.1459 0.1459 0.1458 

STD 0.00792 0.0079 0.0079 0.0080 0.0065 

݀௢ 
Mean 30.48093 30.47996 30.47988 30.48 30.48 

STD 0.46552 0.46601 0.46617 0.4699 0.3830 

 

V. DISCUSSION 
In this section, discussion of the proposed method as an alternative to MCS and accompanied results are given. OAs are 

used for planning experimentation with small number of experiments to replace the large samples size of MCS. Two and 
three-level of OAs are employed. From the results, the OAs method is found on a relative close to MCS espcialy at L64 2-
levels for all case studies considered, i.e. disk-drive assembly, knuckle joint with three arms assembly, one-way clutch 
assembly, and helical spring. Table V shows that the results  obtained using MCS and OAs methods for the tolerance analysis 
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B. knuckle joint with three arms assembly . 

 
(a) Y1 design function. 

 
(b)  Y2 design function. 

 
(c) Y3 design function. 

Fig. 8. A comparison of  STD  between  MCS and OAs of knuckle joint with three arms assembly  
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C. One-way clutch assembly. 
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