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Abstract 

An English wheel is an exceedingly adaptable instrument in traditional metalworking. It is currently employed as a manual manufacturing 
technique, enabling skilled craftsmen and blacksmiths to shape complex compound curves in sheet metal panels. Accurate measurements and 
precise adjustments are essential when operating an English wheel to ensure that the metal is shaped with the desired curvature. An automated 
method to form English wheeled panels through robot forming has recently been proposed. For such a method to be successful, accurate tracking 
of sheet information including positions, orientations, and deformation is important for error compensation and the design of the subsequent tool 
paths. In this study, a Vicon motion capture system is employed to monitor the position and shape of the sheet metal during the English wheeling 
process. The initial experimental results demonstrate the potential of such an in-process metrology system, along with possible avenues for future 
work. 
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1. Introduction 

Metal forming continues to hold a dominant position within 
the manufacturing sector. As the demand for customized parts 
that can be produced at a scale grows, so does the need for 
increased flexibility. The goal is to achieve high productivity 
in crafting intricate shapes while adhering to strict tolerances in 
physical dimensions [1]. To cater to these evolving 
requirements, conventional metal forming tools like the 
hammer, English wheel, shrinker/stretcher, and spinning lathe 
have undergone renewed scrutiny and adaptation to align with 
current industry standards [2, 3, 4]. Due to its exceptional 
ability to shape intricate compound curves with precision, the 
English wheel stands out among these processes.  

Accurate measurements and precise adjustments are 
essential when operating an English wheel to ensure that the 
metal sheet is shaped with the desired curvature. Traditionally, 
craftsmen use their eyes and tactile feedback as sensors for real-

time adjustments during the process, especially as large 
curvatures are imparted to the sheet. Recently, the use of robots 
to form sheet metal panels using the English wheel as a method 
to achieve repeatable results has been suggested [4]. For robotic 
forming to mimic the degree of accuracy of a traditional 
craftsman more closely, metrological components must be 
integrated.  

Metrology plays a paramount role in the manufacturing 
processes, serving as the science of measurement and 
underpinning the foundation of quality assurance, precision, 
and accuracy. Its significance lies in its ability to guarantee that 
manufactured products align with design specifications and 
stringent quality standards, thereby meeting customer 
expectations and complying with regulatory requirements. 
Metrology also empowers manufacturers with real-time 
process control capabilities, allowing for constant monitoring 
and adjustments to maintain consistent product quality. 
Metrological systems not only contribute to the assurance of 

http://www.sciencedirect.com/science/journal/22128271
https://creativecommons.org/licenses/by-nc-nd/4.0
https://creativecommons.org/licenses/by-nc-nd/4.0


2 Y. Zhang et al. / Manufacturing Letters 00 (2023) 000–000 

high-quality products but also result in cost reduction as early 
issue identification reduces the need for reworks. Some of the 
commonly used metrology techniques today include 
Coordinate Measuring Machines (CMMs) [5] equipped with 
touch probes or laser scanners, which allow precise 3D 
measurements of complex parts, optical and vision 
measurement systems [6, 7], which utilize advanced optics and 
cameras for non-contact measurements, 3D scanning 
technologies for capturing det  ailed surface information [8, 9], 
and portable metrology devices such as portable arms and laser 
trackers, enabling flexibility in on-site measurements [10, 11]. 
These techniques are employed across various industries, from 
aerospace and automotive to healthcare and electronics, 
ensuring quality control and precision in manufacturing and 
research but often carry high cost and have limited applicability 
towards a process like English wheeling. Additionally, the use 
of advanced software for data analysis and visualization has 
become integral to modern metrology, enhancing the accuracy 
and efficiency of measurement processes [12, 13].  

In this work, a motion capture system, Vicon, is employed 
to track the metal sheet's positions and shape during the English 
wheeling process. Vicon systems are cutting-edge motion 
capture solutions designed to capture and analyze human and 
animal movements. These systems have revolutionized the 
fields of biomechanics, animation, sports analysis, and more. 
Vicon technology uses infrared cameras and specialized 
markers to track the positions of objects/subjects in three-
dimensional space, offering incredibly accurate data for a wide 
range of applications. To demonstrate the effectiveness of 
position tracking and shape reconstruction of the metal sheet 
comprehensive experiments were conducted. 

2. Experimental setup 

The aim of this work is to track the positions and reconstruct 
the shape of sheet meal during the English wheeling process. 
Figure 1 depicts the proposed experimental setup. The 
proposed system, Vicon, uses 6 infrared cameras to track 
markers that will be placed on the sheet. Because the toolpath 
occupies a large part of the sheet, markers can only be placed 
on the outside edges of the sheet as to not collide with the 
wheels while forming. This limits the number of points on the 
surface for reconstructing the shape of the sheet. One work 
around is to place additional markers in the center of the sheet 
(where the tool path is) after a number of cycles, capture data 
with these additional points, and then proceed to remove the 
markers before starting the next forming cycle. It is worthwhile 
mentioning that the Vicon system operates by creating local 
“objects” composed of at least 3 markers. These “objects” must 
be locally rigid, meaning this small cluster of markers should 
remain relatively fixed to one another. Else, position tracking 
errors will arise. As such clusters of at least 3 markers are put 
close together. Further details of the components of the system 
are given next. 

2.1. English wheel and robot arm 

English wheel. The English wheel utilized is shown in Figure 
2. It is an Eastwood Elite Mini English Wheel with a 190.5 mm 
throat with a fully customized frame manufactured in-house. 
The upper wheel has a lateral radius of 40.5 mm and a frontal 
width of 24.6 mm. The bottom wheel is doubly curved (lateral 

Figure 1. The overview of a) the entire system setup. The Vicon system consists of b) six infrared cameras and c) software to provide the 3D locations of 
markers attached on the object in real time. 
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and frontal radii) and interchangeable, with a frontal width of 
24.6 mm. During this study, a bottom wheel with a frontal 
radius of 12.7 mm was used.  
Robot arm. The robot arm (UR5e manufactured by Universal 
Robot) with an end effector (custom-built gripper) is shown in 
Figure 3. The custom gripper allows for extra degrees of 
freedom as the sheet is deforming compared to a static fixed 
gripper. The gripper has two contact points. Both contact points 
can rotate. One contact point is laterally fixed, while the other 
can move laterally along a rail. The custom gripper can 
conform to the shape of the deforming sheet, which is not 
possible with a static fixed gripper. 

2.2. Vicon Motion Capture System 

A Vicon motion capture system, equipped with 6 infrared 
cameras, is utilized. The Vicon system, based on optical 
tracking, records the three-dimensional movement paths of 
reflective markers with a precision up to 0.017 mm. The details 
of the proposed metrology system are illustrated in Figure 1. 
Camera. The six infrared cameras installed on the setup boast 
a 1.3 MPX resolution and 330 FPS and excel in capturing 
swiftly moving subjects, including athletes and drones, or 
multiple performers/objects, all while maintaining 
exceptionally low latency. The resolution of the cameras is 
1280 × 1024, with a focal length of 4 mm. The field of view 
(FoV) is 79.0°(𝐻) × 67.6°(𝑉). 
Calibration. The system is first calibrated by a Vicon Active 
Wand that serves as an electronic calibration tool for motion 
capture, featuring five pairs of LEDs.  The known positions of 
these LEDs play a crucial role in the calibration process. 
During calibration, the system tracks the positions of the LEDs 
on the Active Wand, determining the projected positions when 
observed by the cameras. This information is then used to 
establish the association between the cameras and the LEDs by 
calculating both the intrinsic and extrinsic parameters of six 
infrared cameras. The re-projection error for six cameras is 
around 0.1 pixels.     
Data processing. The output of the Vicon system are the 3D 
locations of each marker placed on the metal sheet, as depicted 
in Figure 4. By triangulating the reflections of the markers and 

using the known geometry of the camera setup, Vicon can 
precisely determine the 3D position of each marker in real-time. 
Metrology method. The distribution of markers is illustrated 
in Figure 4. To obtain the positions of sheet in real time, 3 
markers are placed at each corner, as shown in Figure 4(a). In 
this way, the positions of sheet can be determined by the Vicon 
system. There are no markers at the center of the sheet; 
otherwise, they would be impacted by the wheels during the 
forming process. To obtain the shape of the metal sheet with 
high accuracy, five extra markers are placed at the center of the 
metal sheet after the English wheeling process is finished. 
Finally, a cubic interpolation method is employed to reconstruct 
the shape based on the 17 markers shown in Figure 4(b). 

Figure 3. Overview of robotic forming components. 

Figure 2. A mini English wheel system designed and made at 
Northwestern University. 

Figure 5. The details of the toolpath and the dimensions of the sheet metal. A 
cycle encompasses the entire path starting from the initial point (start), going 
through the red path, and returning to the starting position. 

Figure 4. The distribution of markers during/after the English wheeling 
process. 
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3. Experiments 

To ascertain the proposed system’s ability to track the 
sheet’s position (Section 3.1.1) and reconstruct its shape 
(Section 3.1.2) experiments were conducted on 0.6 mm thick 
316L stainless steel sheets along a triangular track pattern/tool 
path as shown in red in Figure 5.  The UR5e robot with the 
custom gripper was used to move the sheet.  Three sheets were 
wheeled, for 2 cycles, 5 cycles, and 10 cycles, respectively. A 
cycle is defined as starting at the initial position, reaching the 
end of the path, and returning to the initial position.  

3.1. Position tracking 

3.1.1 Curvature  

The curvature measurement of the sheet not only provides 
additional insights into the surface shape but also provides a 
pathway for future in-situ toolpath updating considering the 
sheet’s deformation. To obtain the curvature of the deformed 
metal sheet during the process, 12 markers at four corners were 
used, as depicted in Figure 4(a). However, it is not possible to 
stick markers over the entire metal sheet during the 
deformation process as the markers in the middle of the panel 
will interference with the wheeling process. Therefore, two 
normal vectors (𝑁𝑙 and 𝑁𝑟) are used to represent the curvature 
of the metal sheet in the left and right regions, respectively, as 
shown in Figure 6(a). The normal vector for the left region 𝑁𝑙 
is computed based on the plane created by the positions of one 
left-up marker (Marker A in Figure 4), one left-down marker 
(Marker B in Figure 4), and one fixed contact point between 
the wheels and the metal sheet (see in Figure 1). The normal 
vector for the right region 𝑁𝑟 is computed in the same way. To 
ensure a fair comparison, the normal vectors are computed for 
both regions when the sheet is at the same position and follows 
the same movement direction during the first three cycles of the 
English wheeling process. The outcomes are visually presented 
in Figures 6(b) and (c). It is evident that: 1) the angle between 
the normal vector and the 𝑧-axis increases with each successive 
cycle, and 2) as more cycles are completed, the normal vectors 
of three cycles are gradually no longer on the same 𝑥𝑦 plane. 
This observation implies the presence of a twisting 
phenomenon during the English wheeling process, a 

phenomenon that aligns with practical expectations in real-
world applications. 

3.1.2 Movement consistency 

The primary objective of this section is to validate the 
movement consistency of the robot arm and the metal sheet 
during the English wheeling process, ensuring repeatability of 
the English wheeling process. To this end, three markers are 
placed on the robot arm to track robot movement. To compare 
the difference in movement between the robot arm and the 
metal sheet, the rotation and translation matrix of the robot arm 
position between the initial and the current time step are first 
computed. Subsequently, these matrices are applied to the 
initial positions of the 12 markers representing the metal sheet 
as shown in Figure 4(a). The disparity between the newly 
transformed positions of the metal sheet and the positions 
detected by the Vicon system is finally used to represent the 
level of consistency. Specifically, principal component 
analysis (PCA) is employed to obtain the rotation matrix 𝑅 and 
translation 𝑡 based on the initial positions, 𝑃𝑟𝑜𝑏𝑜𝑡 , and current 
positions, 𝑃′𝑟𝑜𝑏𝑜𝑡 , of the robot arm represented by three 
markers. Singular Value Decomposition (SVD) is applied to 
perform Principal Component Analysis (PCA) [14], given by: 

 

𝜇 =
1

𝑁𝑟𝑜𝑏𝑜𝑡

∑ 𝑃𝑟𝑜𝑏𝑜𝑡(𝑖)

𝑁𝑟𝑜𝑏𝑜𝑡

𝑖=1

, 

𝜇′ =
1

𝑁𝑟𝑜𝑏𝑜𝑡

∑ 𝑃′𝑟𝑜𝑏𝑜𝑡(𝑖)

𝑁𝑟𝑜𝑏𝑜𝑡

𝑖=1

, 

𝐻 = (𝑃𝑟𝑜𝑏𝑜𝑡 − 𝜇)(𝑃′
𝑟𝑜𝑏𝑜𝑡 − 𝜇′),            (1) 

[𝑈, 𝑆, 𝑉] = 𝑆𝑉𝐷(𝐻), 
 
where 𝑁𝑟𝑜𝑏𝑜𝑡 represents the number of markers attached to the 
robot arm, and 𝑖 indicates the index of the marker. 𝜇 and 𝜇′ are 
the mean value of marker positions. 𝑁𝑟𝑜𝑏𝑜𝑡 is set to 3 in this 
study. 

The rotation matrix 𝑅 and the translation matrix 𝑡 of robot 
arm positions between different time steps can be obtained 
from: 

 
𝑅 = 𝑉𝑈𝑇 , 

𝑡 =  𝜇′ − 𝑅𝜇.                                 (2) 

Figure 6. The results of the calculated orientation of two regions on the metal sheet over the English wheeling process. 
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To quantify the difference in movement between the 

positions of the robot arm and the metal sheet, the Mean Square 
Error (MSE) is calculated. Specifically, the error is determined 
by computing the MSE between the current positions of 
markers affixed to the metal sheet 𝑃′𝑠ℎ𝑒𝑒𝑡  and the transformed 
initial positions of markers 𝑃𝑠ℎ𝑒𝑒𝑡  on the metal sheet. The 
positions are obtained by the Vicon system. This 
transformation is achieved using the rotation and translation 
matrix obtained from the movement of the robot arm. 

 
𝐸𝑟𝑟𝑜𝑟 =

1

𝑁𝑠ℎ𝑒𝑒𝑡
∑ ‖𝑃′𝑠ℎ𝑒𝑒𝑡(𝑖) −  𝑅𝑃𝑠ℎ𝑒𝑒𝑡(𝑖) − 𝑡‖

2

𝑁𝑠ℎ𝑒𝑒𝑡
𝑖=1 , (3) 

 
where 𝑁𝑠ℎ𝑒𝑒𝑡  represents the number of markers attached on the 
metal sheet, and 𝑖 indicates the index of the marker. 𝑁𝑠ℎ𝑒𝑒𝑡  is 
set to 12 in this study. 

Table 1. Experimental results of the movement consistency between robot arm 
and deformed metal sheet. 

Method Details Error (mm) 

Method A Difference between initial and subsequent 
time steps 0.60 

Method B Difference between consecutive time steps 0.12 

 
Based on Eq. 3, the errors are computed during the English 

wheeling process in two ways: 1) Method A - by evaluating the 
disparity between the initial positions of markers on the metal 
sheet and their subsequent positions, and 2) Method B - by 
assessing the distinction between each two consecutive 
positions of markers affixed to the metal sheet. The 
experimental results are presented in Table 1. The consistency 
errors calculated through either method are below 1 mm, and 

the error between each two consecutive positions is notably 
minimal, with a value of 0.12 mm. Considering that the sheet 
metal is gradually deformed during the English wheeling 
process, it is rational to observe a slightly larger consistency 
error in Method A (0.60 mm) compared to that in Method B 
(0.12 mm). In summary, it is deduced that the movement 
between the robot arm and the metal sheet is remarkably 
consistent. 

3.2. Shape reconstruction 

It is necessary to assess whether the sheet meets geometric 
requirements. The goal of this section is to reconstruct the 
surface of the metal sheet after the English wheeling process. 
To achieve this, 17 markers were attached to the metal sheet, 
as depicted in Figure 4(b), and their 3D positions were captured 
through the Vicon system. Subsequently, the surface 
reconstruction process is executed using the cubic interpolation 
method based on the 17 marker locations. To assess the 
accuracy of the reconstructed surface, we conducted 
comparisons with the real shape of the sheet. The real shape 
(ground truth) of the deformed metal sheet is obtained by a 
7525 Romer Absolute Arm Scanner. The scanned error is 
within 0.02 mm. 

The experimental results are visually depicted in Figure 7. 
Specifically, three comparisons were conducted to reconstruct 
the shape of the metal sheet after 2, 5, and 10 cycles of the 
designed toolpath for the English wheeling process (See Figure 
5 for one cycle of the toolpath). Observations from Figure 7 
indicate that the general trend of deformation across the entire 
surface remains consistent, and the primary source of error is 
concentrated along the edges of the sheet. Simultaneously, the 
average error across the entire surface and specifically within 

Figure 7. The comparison between the real shape of the metal sheet obtained by 3D scanner and reconstructed shape based on the 3D locations of markers. 
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the forming regions on the sheet was also computed. The 
results are listed in Table 2. The average error between the 
reconstructed shape and ground truth (i.e., the real shape) is 
around 1 mm for all three experiments, and the average error 
within the forming regions is notably lower compared to the 
error across the entire surface. The possible reason for the latter 
is that the markers are not attached uniformly on the metal sheet, 
resulting in the reconstructed shape at the edge area having 
lower accuracy. In summary, the reconstructed shape within 
the operational regions, based on the precise 3D marker 
locations detected by the Vicon system, exhibits a notable level 
of precision.  

Table 2. Comparison of the reconstructed shape by 3D locations and the ground 
truth after 2, 5, and 10 cycles of the English wheeling process. 

Num. of cycles 
Average error (mm) 

Whole sheet Forming area 

2 0.90 0.52 

5 0.69 0.21 

10 0.97 0.27 

 

3.3. Discussion 

In this study, a Vicon motion capture system is employed to 
track the positions and reconstruct the shape of metal sheets 
during the English wheeling process. The employed system 
showed good accuracy but had limitations. “Objects” created 
through markers (minimum 3) must remain locally non-
deformable - otherwise, the detected 3D locations of the 
markers lose accuracy. To obtain more comprehensive 3D 
information across the entire metal sheet, additional markers 
need to be affixed at the center of the sheet after each cycle of 
the wheeling process is finished. As part of future work, a deep 
learning-based method to predict the normal vector for the 
entire surface and reconstruct the shape of the metal sheet 
without interruptions is being considered. As the deep learning-
based methods need large-scale dataset for training and testing, 
we can use the Vicon motion capture system to collect data and 
the ground truth. 

4. Conclusions 

This study has delved into the dynamics of the English 
wheeling process, leveraging advanced metrology techniques, 
and the Vicon motion capture system, to comprehensively 
assess and analyze the movement and deformation of the metal 
sheet. The obtained experimental results underscore the 
efficacy of the proposed metrology system, showcasing a high 
level of precision in monitoring and reconstructing the shape of 
the metal sheet. Accurate tracking of sheet deformation can 
make it feasible to implement updatable robotic toolpaths to 
better mimic the dexterity of the traditional craftsman. 

Future endeavors will focus on addressing inherent system 
limitations and exploring innovative methodologies, 
potentially integrating deep learning techniques. The goal is to 
enhance the system's capabilities, enabling seamless and 
uninterrupted prediction of metal sheet orientation and shape. 

This continuous evolution at the intersection of traditional 
craftsmanship and cutting-edge technology holds promising 
prospects for advancing the field of metalworking, paving the 
way for more efficient and accurate practices. 
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