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Abstract: Accuracy is the key issue in the precision forging. Geometric error is one of the major errors 
found in cold forging part. The error becomes more critical as the complexity of part increase. In this 
study, geometric and dimensional error of an Autonomous Underwater Vehicle (AUV) propeller blade 
is quantified by comparing the profiles obtained from optical method. The profile of the forged blade is 
consider as the final part, while the profile obtained from the punch is consider as the targeted profile. 
Two geometric parameters were evaluated in this study i.e. the twist angle and the blade thickness. The 
CMM was used to validate the methodology. The result shows that the thickness error depends on 
deformation ratio, while the twist angle accuracy rely on amount of twist and thickness of the blade.  
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INTRODUCTION 

 
 Part error can be generally divided into two, shape error and dimensional error (Lange, 1985). Shape or 
geometric error can be described as the deviation of the geometrical form of a part. Another category is 
dimensional error, which is defined as the deviation of the actual dimension from the desired value. This 
category of error is mainly due to die elastic deflections. Usually the two most common terminologies to be 
referred in discussing the error in the forging part are ‘as manufactured’ to represent component that produce at 
the end of the forging process and ‘as targeted’ to represent the desired shape that supposed to be produced. Ou 
and Armstrong, 2002, further described the errors into thickness error, aerofoil bow error and twist error. In their 
case, thickness error can be defined as the difference of the desired and actual thickness of the cross-section of 
the formed component. It can be measured at different selected positions from the root to the tip of the turbine 
blade. While the bow error can be described as the deviations of the actual aerofoil compared to the desired 
aerofoil at the central position of the cross-section. Similarly in the case of the twist error, the same 
consideration has been made, where it can be measured from the two ends of the cross-section. While 
Hernandes et al., 2006, consider geometrical error as the difference between the maximum blank thickness and 
sheet-metal thickness. 
 There are several methods developed to quantify the error. In most of the cases, FE becomes the most 
common tool used to simulate the forging process. For example, Long, 2006, quantify the error of the outer 
radius of the cup in the cold backward cup extrusion using ABAQUS. The error can found at different stages 
and can be due to many sources. For example, Long, 2006, determined error due to elastic deformation of the 
die during forming, the compression of the die during punch unloading, the elastic recovery of the cup after 
ejection and thermal contraction of the cup after cooling. The forged part profiles can be in various form, for 
example CAD model Suh  et al., 2002, visual images from SEM Hernández et al., 2006, digital images (Lee et 
al., 206) and CMM was commonly used as a validation tools (Makem et al., 20088). The problem arises, as the 
part complexity increases and size become smaller. As a result, most of the current approaches are not practical 
or very expensive to be employed. 
 The objective of the paper is to evaluate the geometric error analysis of a cold forged AUV propeller blade. 
The error is determined by comparing the resulted profiles obtained from image gathered from Infinite Alicona 
system. Profiles are from the forged blade and the punch. CMM was used to validate the method. In this paper, 
the geometric error is determined by considering the part thickness and twist angle. The paper starts with 
introduction and brief explanation regarding the new manufacturing of the blade using cold forging process of. 
Followed by the methodology employed in the study and then the results will be discussed. The paper ends with 
conclusion. 
 
Cold Forging Process of The Blade: 
 Manufacturing of AUV propeller blade using cold forging process is a new method introduced by Khaleed 
et al., and proven produced better propeller blade compared than other manufacturing method (Khaleed et al., 
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Fig. 2: Typical cold forging process of the AUV blade, (a) pre-forming, (b) shaping to get hydrodynamic 
shape, (c) trimming, (d) pin formation and (e) twisting. 

 
Methodology: 
 In this study, profile was obtained using optical technique namely InfiniteFocus Alicona system. For 
validation, CMM was utilized. The study begins as the profile of the blade and the punch was model in the CAD 
software. Since the profile of the blade and the punch are complex and the geometries are varies, therefore both 
blade and punch are divided into five sections as shown in Figure 3. The AUV propeller blade is placed on the 
table and optimal 5.0X lens was used to scan the profile and the profiles were obtained in the form of length, l 
and z coordinates as illustrated in Figure 4. To measure the profile deviations, the blade profile is scanned on a 
same dividing line as mention in the previous sectionThe profile of the blade is the bottom surface, which in 
contact with die surface. As the result, profiles of both are plotted in Microsoft Excel. Since the profile of both 
die and blade are not similar in terms of direction therefore a mirror line need to be defined. This is because the 
Alicona system will create the profile based on the scanned surface and as a result, the die will produced 
concave profile, whereas the blade will show the convex profile. The mirror line is constructed to become the 
reference line and then the difference between blade profile and punch shape can be measured. Error, δ is 
defined to be difference between distances from mirror line to blade, Δb and die, Δd profiles. This procedure is 
repeated for every selected section. . The approach of error measurement is as shown in Figure 5 (a) to (d). 
 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.  3: CAD model of the blade and section views. 
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Fig. 4: The captured image using Infinite Alicona Imaging, (a) with sectioning line and (b) the plotted profile. 

 

 
 

(a) Die and blade profile position during forging 
 

 
 

(b) Die and blade surface to be scanned 
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(c) Die and blade profile plotted with mirror line 

 

 
 

(d) The difference between die, Δd and blade, Δb profile is defined as error, δ 
 

Fig. 5: The methodology involve in determining thickness error. 
 
 To valifade the result, CMM was used. The blade is mounted on a standard custom-made fixture to ensure 
accurate measurement and quick workpiece setup. The fixture is is also allow faster datum determination since 
the profile of the blade is consist of complex profile.  

 
RESULTS AND DISCUSSION 

 
 In this study, two geometric parameters will be discussed in this paper i.e. the twist angle and thickness. 
The twist angle is defined as the mid-line of the cross-section of the blade perpendicular to the normal as shown 
in Figure 6. The measured thickness for each section along the chord can be seen in Figure 7.  

 

 
Fig. 6: Measurement of the twist angle of the blade 

 

 
 
Fig. 7: The thickness of the blade at each section. 
 
 The resulted profile from Alicona is as shown in Figure 8 (a) to (e) to represent section 1 to 5. The thickness 
error of the first two sections depicts larger amount of error compared to the rest of the section and the 
maximum amount of error is 0.46mm. This is because based on several reason, for example these are two 
locations where involved minimal deformation at the middle, i.e. initially preform at 3.0 to final dimension at 
2.84 mm or about 5.33% deformation, while section 2, involved 23.33% deformation if we compared than the 
right and the left area, where large deformation involved. Therefore deformation ratio is significant in 
influencing the thickness error. 
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(d) 

 

 
(e) 

 
Fig.  8: The mapped profiles for each section, a-e represent section 1 to 5 respectively. Note that unit for both 

axes are in mm except for the y-axis of (c) to (f), where the unit is in µm. 
 
 Figure 9 show the error pattern along the chord. The measurement is made at several locations selected on 
both profile and obviously can be seen that section 1 and 2 depict a quite large error compared than other 
sections. Note that the gap between the punch and the die at the end of the process is 0.5mm. Based on that the 
twist angle for the profile obtained from Alicona. Using the chord length that has been determined previously, 2 
edge point of each section can be identified. By construct a straight line to connect those two points, the twist 
angle can be measured. Then, the Alicona profile will be adjusted to the nominal blade profile. The orientation 
of the blade is considered as perpendicular to the surface by taking the pin-head as the reference surface. This is 
because, only the head has flat surface. In real situation, the blade is assembled to the hub at 45o clockwise. 
Therefore the range of error is between 5 to 28%. Therefore Similar pattern found for the twist angle as 
summarized in Table 1. The result show a different pattern, where the twist angle become larger toward the tip. 
This due to thickness ratio to the angle of the twist, which is larger as moving to the tip. 
 For validation, CMM was used to map the profiles. Since the shape is varies from the root to tip, therefore a 
special fixture was designed to mount the blade. The fixture also allows easier reference point determination. 
Based on the result, the profiles obtained from Alicona is almost similar to profile measured using CMM with 
the deviation of less than 10%. Figure 10 (a) and (b) show two sections as an example.  
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Fig.  9: The measured thickness error along the chord. 
 
Table 1: Twist angle error. 

Alicona CAD Model % of Error 
2.54 3.80 33.16 
4.27 6.76 36.83 
7.67 13.90 44.82 
11.20 20.48 45.31 
11.50 22.35 48.54 

 
  

 
 

(a) 
 

 
 

(b) 
 

 
Fig. 10: The comparison between the profiles obtained from Alicona and the CMM. 
 
Conclusions: 
 The paper presents the geometric error and dimensional analysis of the cold forged AUV propeller blade. 
The measurement is based on difference between the profile obtained from Alicona and CMM was used to 
validate the result. The error is measured based on the selected section of the propeller blade, which assumed to 
represent the overall profile of the blade. The main contribution of the paper is mainly based the following 
findings and observations. 
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a) The deformation ratio plays a significant effect to the thickness error. This can be seen that thickness error 
of the right section of the blade, which has large thickness difference between the middle and right and left 
sides. Moving to the tip, where the difference is less, depict a smaller error. 

b) The twist angle error depends on the thickness of the blade and amount of twist. The larger angle of the 
twist and the thicker the blade, the larger error. 

c) Optical image provide a clear profile of the blade that can be used to evaluate the geometric and 
dimensional error. 

 
 For future work, a systematic algorithm will be developed to generate the mirror-line automatically from 
the profile. This will assist in gaining better result in terms of consistency and reliability of the error. 
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