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Abstract

The English wheel is a highly flexible traditional metalworking tool. Currently, English wheeling is a manual manufacturing process that allows
skilled craftsmen/smiths to form compound curves. The geometric accuracy and repeatability of the forming pieces are heavily influenced by
human factors. Consequently, its applications in modern production industries are limited due to its mechanism. This paper presents the
application of a single-robot automation system in the English wheeling process (i.e., robot forming). The automation system reads simulation-
based toolpaths or camera-tracked trajectories, autonomously computes the end-effector trajectory and ensures efficient robotic end-effector
motion planning by avoiding workspace constraints in operation setup. The automation system hardware (UR5e robotic arm) setup and software
program structures developed are demonstrated. Experiments are conducted to compare the automation system performance against human
performance when following the same toolpath data. It is found that the automation system is compatible with various types of trajectory data
and the system effectively enhances the accuracy and repeatability of toolpath executions.
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local stretching. The typical setup of an English wheel is shown
in Fig. 1. It is comprised of a flat upper wheel and a domed
bottom wheel held together by a frame. While both wheels
can rollin place, the vertical height of the upper wheel remains
fixed while the vertical height of the bottom wheel can be
adjusted through a threaded lead screw to achieve the desired
clearance. An operator would hold the sheet at one end or at
its sides while the sheet is engaged between the top and
bottom wheels at the desired clearance and proceed to drive
the sheet in forward/backward/zig-zag patterns. The manual
English wheeling process has several advantages: springback is
negligible as the operator’s hands act as a soft boundary
condition, thinning is minimal leading to good structural
integrity, and non symmetric shapes can be formed leading to

Metal forming remains a dominant area in manufacturing.
With the increasing need for custom parts that can be
manufactured at scale, the concept of flexibility has been re-
evaluated recently: to meet high productivity in achieving high
shape complexity through adequate degrees of freedom while
maintaining tight tolerances in physical variation [1]. To meet
these flexible demands, traditional metal forming processes
including the hammer, English wheel, shrinker/stretcher and
spinning lathe have begun to be re-examined and adapted to
current industry standards [2]. One such of those processes is
the English wheel.

The English wheel is a metalworking tool capable of
producing sheet metal parts with compound curvature

through
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a wide variety of possible designs although highly non-shallow
local features are not feasible. Several challenges arise from
the English wheeling process that have deterred it from
industry adoption. At its core, traditional English wheeling is an
art-form. Smiths spend vyears learning the craft, able to
intuitively know what patterns and pressure to apply while
actively receiving tactile feedback from the sheet throughout
the driving motion. From a mechanics standpoint, the metal
sheet undergoes complex plastic deformation after each pass.
Limited Finite Element Method (FEM) studies on a single pass
of the English wheel [3] [4] have been performed, and the
relationship between the driving path and the final shape is
still not well understood, even more so for multiple passes. The
first step in industry adoption of the English wheel would be
its automation, leading to repeatability, which is the focus of
this paper. Robot forming has become more popular with the
advent of flexible manufacturing processes such as Double
Sided Incremental Forming (DSIF) [5]. Robot forming has also
been applied to traditional metal forming processes such as
the shrinker/stretcher [6] [7], with recent advances in
knowledge based approaches [8]. While automation of the
English wheel has been suggested and performed in an
architectural context [9], a robust and technical depiction of
the repeatability of an automated framework has not.

In this paper, a single-robot automation system for the
English wheeling process is developed in which the designed
toolpaths are processed and converted to robot end-effector
trajectories. The trajectory generation algorithm will first
compute the wheeling point motion based on toolpaths
coordinate data and transform it to the robot tool center point
(TCP) trajectory. The wheeling point is defined as the point at
which the wheel is in contact with the sheet. Additionally, a
TCP update algorithm is developed and applied to iteratively
update the TCP to coincide with the wheeling point at each
time step as the robot follows the generated trajectory. The
trajectory generation algorithm enables the robot to follow an
efficient path in 3-D space that avoids workspace constraints
and large joint motions through joint limit implementation.
The following sections discuss the physical setup and tool path
plan for the proposed experiments, the details of the
developed algorithms, and the experimental results that
highlight the repeatability of parts made through the
automated English wheeling process.

2. Methods

2.1. Physical setup and experimentation plan

The setup for the automated English wheeling process is
shown in Fig. 2, pertinent dimensions are shown in Fig. 1. An
F1.2 710 28-Inch Throat English wheel manufactured by KAKA
Industrial is utilized. The top and bottom wheels have a lateral
radius of 101.6 mm (rt;) and 38.1 mm (rb,), respectively. The
frontal radius of the bottom wheel is 76.2 mm (r»s). Both
wheels have a frontal width (ws) of 50.8 mm. An UR5e robotic

arm manufactured by Universal Robot is utilized. A
polycarbonate L adaptor is designed to connect the robot to
the sheet. The center outer edge of the sheet is clamped down
to the L adaptor using two C-clamps.

The robotic arm and control commands can be
communicated through both offline programming and real-
time control communication via RoboDK simulation software.
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Fig. 1. Key components of the English wheel and wheel dimensions
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Fig. 2. Robot forming: automated English wheel setup

Offline programming can be achieved by programming script
files in the URScript programming language that can be directly
uploaded to the UR5e processor and converted into URSe
readable .urp execution files. Real-time robot control
communication is achieved by connecting the UR5e robot to
the host computer via an Ethernet cable. Once the connection
is established, robotic commands in the URScript programming
language can be directly sent to the robotic arm for command
executions via RoboDK simulation software.
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Two trials are performed using 80 320 mm and 260 320 mm
sheets of Aluminium alloy 2024-T3 with a thickness of 0.5 mm.
The clearance between the top and bottom wheel is kept
constant in both trials by keeping the threaded lead screw
height at a fixed position after inserting the sheet. Fig. 3
depicts the toolpaths of both trials. Both trials start 120
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Fig. 3. Trial toolpaths (shown in red) used in trial 1 (left) and trial 2 (right) along
with points and vectors discussed in Section 2.2

Fig. 4. URS base frame fsg and end-effector frame feg demonstration

mm away (z-direction) from the bottom edge to avoid the
potential collision between the top wheel and the L adaptor or
C-clamps. Trial 1 has a 120 mm straight line (y-direction) tool
path. Beginning from the starting point (green), the sheet will
be pulled back and then forward returning to the original
position as one cycle, for a total of 10 cycles. Three samples of
trial 1 are performed through the automated wheeling process
and three samples are done manually by hand. Trial 2 follows

a zig-zag/triangular pattern. Beginning at the starting point
(green), the sheet will be rotated and pulled/pushed to follow
the path. Once the end of the path is reached, the path is
reversed, returning to the original position to complete one
cycle. Three samples of trial 2 are conducted through the
automated wheeling process.

2.2. Wheeling point trajectory generation

The wheeling point is defined as the point where the metal
sheet is in contact with the English wheel at every instance.
The rotation and translation required to transform the current
wheeling point, p 2 R3, to the wheeling point at the next time

step, p02 R3, can be described by the transformation matrix
Topo2 R*“. Alternatively, the transformation matrix Tppocan also
be decomposed into its corresponding Euler angle
representation, which specifies the required ZYX-axis rotation
angle, and Cartesian coordinate translation. Section 2.2
outlines the process to generate wheeling point trajectory in
both forms.

Let v 2 R®and v° 2 R3 be two normalized vectors that define
the direction that p and p° point to respectively (i.e., the
orientation of p and p®shown in Fig. 3). Note that the initial
orientation vat t =0 s needs to be specified to perform a series
of calculations for all wheeling points.

The rotation axis, w” 2 R3, and the rotation angle, 6, that
defines the rotation to align v with V° is calculated by the
following equation:

w'=v (1)

B=cosv wvo) (2)

Given the physical setup, the workspace of the robot is

constrained by the shape and position of the robot adaptor,

English wheel, and metal sheet. Implementing joint limits is an

effective way to avoid reaching workspace constraints. The

rotation angle 8 is restricted to [—%, %]. The constrained rotation
angle B. will be calculated as:

%Gc = PRRRRREOO6 +- ru ifif 6 <6 > 3

(3) EIRERREO if - 3 6 3

The rotation matrix, Rwe 2 R33, that rotates v around the
rotation axis w" by angle B.to align with v°can be calculated

as: Rwo= (cosO¢)l + (sinBc)[w”™ ] + (1 + cosBc)(w™ w™ ) (4)

where [w" ] 2 R33is the cross product matrixof w", w" w" 2 R?

3is the outer product and | 2 R33is the identity matrix. The
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translation required to move from p to p° can be simply
expressed as p°- p.

Hence, the transformation matrix Rppois calculated as:

"Rwvo po- p#
Topo= (5)

i |
I

'}

| Wheeling Point : 8 =
= .

Step a Step b

different from the conventionally defined tool-frame
transformation, where the tool-frame translation is performed
first, followed by the tool-frame rotation. The reversed order
of operation (i.e., perform the tool-frame rotation first,
followed by the tool-frame translation) ensures that the TCP
motion in space aligns with desired orientation first and then
translates to the desired location. Additionally, the TCP will be
iteratively updated to coincide with the wheeling point at each
time step. The TCP update algorithm that performs the update
will be introduced in Section 2.4. Fig. 4 and Fig. 5 illustrate all

T oo — r - T

Wheeling Point

Step ¢

Fig. 5. lllustration of frame transformation from pre-rotational frame ftg (step a) to post-rotational frame ft’g (step b) and to post-translation frame ft"g (step

c)
where p°-p is the translation required to move from the
current wheeling point p to p°at the next time step.

Fig. 3 demonstrates the transformation from the starting
point p to p®. The first part of the transformation from p to p°
involves translation only, whereas the transformation from p°
to p®involves both rotation (61) and translation.

To decompose the rotation matrix Rwe, Slabaugh [10]
developed techniques that convert rotation matrices into their
corresponding Euler angles. The conversion process will be
denoted as fo( ) in the following sections. The rotations can be
expressed in Euler angles as fo(Rwo) and the translations can be
expressed as p° - p. Note that the z-axis rotation angle derived
from fe( ) is arbitrary as vectors’ co-linearity is independent of
the z-axis rotation. Hence, the z-axis rotation should be
specified in the tool path design to define the metal sheet
inclination angle.

2.3. Tool center point (TCP) trajectory generation

The TCP configuration is defined by the transformation
matrix as Tst 2 R*4 which describes the configuration of the TCP
frame relative to the base frame at the current time step. The
TCP will first perform the tool-frame rotation and then the
tool-frame translation to reach the desired configuration at the
next time step. Note that the motion of the TCP is distinctly

defined frames for trajectory generation where s is the base
frame, t is the pre-rotational frame, t’ is the post-rotational
frame, and t” is the post-translation frame.

The tool-frame rotation from step a to step b shown in Fig.
5 is defined by the following equation:

Tsto= Tst Rotto(w,0" ) (6)

where Ts02 R* 4 represents the post-rotation tool frame ft'g
relative to the base frame fsg, Tst represents the pre-rotation
tool frame ftg relative to the base frame fsg, which is obtained

from the forward kinematics of the robot, Rotio(w,8" ) 2 R*%is
the tool-frame rotation matrix that rotates the pre-rotation
tool frame ftg by angle 6 about rotation axis w” defined in the
pre-rotation tool frame ftg to reach the post-rotation tool
frame ft’g. The rotation matrix Rotuo(w,0" ) is defined as:

n #
Ritto O

Rotw(w,0" )= (7)01
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where Riwo2 R33is the consecutive ZYX Euler angles rotation
required to rotate the pre-rotation tool frame ftg to the post-
rotation tool frame ft’g. Note that the wheeling point
trajectory (TCP frame trajectory) is the inverse of the tool path.
For instance, in order to create a forward path on the metal
sheet, the robot end-effector will need to move backward,
given that the English wheel is fixed in space. Hence, Riois
defined as:

Rtto= =1 Rwo (8)

where Rwois the wheeling point rotation matrix at the current
time step defined in Section 2.2.

Substituting Eq. (7) into Eq. (6), the post-rotation
configuration relative to the base frame fsg is defined by:

n #
Tsto= RstRtto Pst (9)
0 1

where rotation matrix Rst 2 R33 and translation vector Ps; 2 R®
represents the rotation and translation of the transformation
matrix Tst (i.e., the configuration of the pre-rotation tool frame
ftg relative to the base frame fsg)

The tool-frame translation from step b (i.e.,, the post-
rotation configuration Tsw) to step c (i.e., the desired post-
translation configuration) at the next time step is defined by
the following equation:

Tsto=Tsto  Tran Stotoo( P) ( 10)

where Tsw02 R**represents the post-translation tool frame ft”g
relative to the base frame fsg, Transwwo(P) 2 R* # is the
translation matrix that translates the post-rotation frame ft'g
by P defined in post-rotation tool frame ft’g to reach the post-
translation tool frame ft”g. The translation matrix Transtotoo(P)
can be defined as:

n #
| Ptotoo

Transwwo(P) =  (11)0 1

where | 2 R33is identity matrix and Ptotooz R3is the translation

required to translate from the post-rotation frame ft’g to the
post-translation tool frame ft"g.

Similar to the derivation of the rotation matrix, Riuo, Since
the wheeling point trajectory is the inverse of the tool path,
Pwoo2 R3is defined as:

1(p° p) (12)

Pttoo=

where Puw represents the translation required to translate
from the pre-rotation tool frame ftg to the desired post-
translation tool frame ft°g. To derive P, the frame rotation
due to the rotation matrix Rotwo(w,0" ) needs to be considered.
Hence, the translation vector, P+, defined in the pre-rotation
tool frame ftg needs to be defined in the post-rotation tool
frame ft’%g. The change of reference frame is implemented
through the static frame transformation, which defines Piotwoas:

1h TiT
Ptotoo = Ttto Pioe 1

= ROtttol(w,eA ) hPttooTllT (13)

where T 2 R*%is the inverse of the transformation matrix Tio.

Since Two!represents the configuration of the pre-rotation tool

frame ftg relative to the post-rotation tool frame ft'g, it is
equivalent to Rotw (w,0" ) 2 R* 4 hPttODT 1' 72 R*is the

translation vector Pweowritten in homogeneous coordinates for
dimensional consistency.

Substituting Eq. (9), Eq. (11) and Eg. (13) into Eq. (10), the
post-translation configuration relative to the base frame fsg is
defined as:

00@AR 010 (W,0" ) hPttoor 1i7ARRARAR (14) Tst =
stORtt Pst + Rottt 1

2.4. TCP Update Algorithm

Since the wheeling point serves as the reference point for
trajectory generation at every time step, a TCP update
algorithm resets the TCP, which initially locates at the end-
effector frame feg (shown in Fig. 4), to the wheeling point
frame ftg. As stated in Section 2.3, the transformation from
one TCP configuration to the next TCP configuration requires
two time steps. Let k be the total number of TCP
configurations, then the total number of time steps involved in
the TCP trajectory is 2k. At the initial time step, the
configuration of the tool center point (TCP) is set to coincide
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with the initial wheeling point configuration, denoted as To 2
R*4, As TCP goes through the cumulative updating process, the
TCP configuration at time step i, 8i 2 N such that 0 <i 2k is:

T

ioTipplo...T2ppoT1ppoTO fij i= 2n,n 2 Ng

Ti= pp "

ROtippoTipplo...TproTlppoTOfij i=2n+ 1,n 2 Ng

where Tihp 2 R*#is the transformation matrix Tppo derived in
Section 2.2 at time step i, Rotiype 2 R* % is the rotation

component of the transformation matrix Tppo at time step J,

defined as:

= 150 r | =

= ..

g ] —
= ) §.
? 50 - Nl
'-5 4 4 2
S B ] 2
= 2 "g
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T - g " >

z
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Y
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- . . -4
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X

io "Rivvo O# (16)

Rotpp = 0 1

where Riwo2 R33is the rotation matrix Rwoderived in Section

2.2 at time step |.

3. Results

All samples (after wheeling) were scanned with a 7525
ROMER Absolute Arm scanner, volumetric accuracy of 0.029
mm. Fig. 6 and Fig. 7 depict the y-contour (out of plane
direction) plots for the wheeled samples for trial 1 and 2,

10

=2

__ 1 -4
~50 0 50 -50 o 50 50 o 50

Sample 4  Sample 5 Sample 6

Fig. 6. Trial 1 results (mm): z coordinate plots of formed parts through robot forming (left) and manual forming (right). The deformation pattern for the automated

wheeling parts is consistent while the manual one is sporadic.
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Fig. 7. Trial 2 results (mm): z coordinate plots of formed parts through robot forming. The deformation pattern is consistent.
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Sample 3

respectively. Table 1 lists associated values with the y contours
of Fig. 6: lowest y point, highest y point, and L2 distortion, a
measure of how curved/distorted the sample is. For parts with
multiple curvatures finding a reference plane can become
arbitrary. The distortion measure used here samples the edge
points of the scanned part data, finds the best-fit plane from
those edge points, then rotates all the points in the scan data as
to align the original reference plane with the new best-fit plane.
Then the L2 norm of the y distance of all surface points to the
plane is taken. This measure was found to work well as an
aggregate when comparing the deformation of the sheet and
the repeatability of the parts. Other methods to measure local
curvature can also be used such as Gaussian curvatures. Looking
at the y contour plots of Fig. 6, the automated wheeling samples
show repeatability with the overall shapes being consistent and
the bulk of the deformation occurring around the tooling path.

The contour of the automated wheeling samples leans slightly left (-x direction). With the current setup,

Fig. 8. Robot/manual toolpath width comparison

initially fully aligned. Looking at the L2 distortion values (2.57,
2.90 and 2.87 mm), affirms the repeatability of the automated
samples.

Meanwhile, the manual samples have a larger spread of L2
distortion (5.14, 7.14, 3.43 mm). Of note, the curvature of the
manual samples is consistently larger than that of the
automated wheeling samples. Fig. 8 shows a picture of the top
surface of an automated and manual sample from trial 1. The
contact mark width for the manual sample (0.9 cm) is much
larger than that for the automated sample (0.4 cm). This larger
contact area increases the region of local stretching
accounting for the larger curvatures in the manual samples.
The manual process is less reliable as one can deviate even for
a simple tool path of forward and backward strokes,
inadvertently increasing the contact area between the sheet
and wheels. Moreover, for a manual process, the degree of
keeping the sheet gripping fixed (with hands) depends largely
on the skill of the operator.

Table 2 lists associated values with the y-contours of Fig. 7.
Looking at Fig. 7, even for this more complex toolpath good
repeatability is seen, affirmed by the L2 distortion values
(11.09, 10.49, 11.13 mm). Note that for this trial, the most
important measurement of performance is the consistency of
the obtained curvature. Here, the maximum difference
between the three samples is 0.64 mm, although larger than
that in the automated/robot forming of the straight toolpath
case (0.4 mm), it is still smaller than the manual case (0.9 mm)
in Trial 1, which is a much simpler toolpath. The y profile is not
symmetric, as expected, since although the toolpath is
symmetric, the initial deformation occurs at one edge of the
sheet and progresses to the other. It was noticed that
significant curvature was developed before finishing the first
sweep of the zig-zag pattern. The authors hypothesize that
this large initial curvature on the side of the sheet where the
tool path starts also contributes to the skewness of the final

the initial contact position between the sheet and wheel is set
manually, leading to potential initial misalignment. In the
future, a detector will be implemented to ensure the sheet is
shape. It is suggested to wheel thicker sheets in the future to
minimize this effect.

It was noticed that the samples made through automated
wheeling achieve their final configuration once the grip has
been removed. Introducing the fixed grip condition adds a
springback effect. While robotic forming improved the
repeatability of the process several additional improvements
are to be made to achieve less deviation between samples: (1)
tight tolerances on the initial curvature of work pieces and
their material homogeneity must be enforced, and (2)
methods to reduce vibrations in the frame and robot arm.
Moreover, using thicker or stiffer sheets will avoid possible
elastic buckling of the sheet during the driving motion of the
robot. While the toolpaths in the trials shown were in plane
with the sheet (the robot arm end effector does not change y
position), a 3D movement can be easily implemented given
the methodology presented (a 3D or non-linear sequence of
points can be specified and the algorithm will work
accordingly). Future work will take into account the
progressive deformation of the sheet, adjusting the toolpath
in 3D. For the trials shown the toolpath was executed
successfully. For very high clamping forces between the
wheels and sheets, the contact area can present problems for
the robot arm when rotating along an arbitrary point - this

must also be investigated.
Table 1. Trial 1 sample results (mm): L2 distortion values are more spread out
for manual samples than those from robot forming highlighting the
repeatability of automated wheeling.

Sample Forming Yiow Vhigh L2 distortion
Sample 1 Robot -1.69 5.47 2.57
Sample 2 Robot -2.01 5.85 2.90
Sample 3 Robot -2.13 5.81 2.87
Sample 4 Manual -6.50 13.67 7.34
Sample 5 Manual -3.70 10.70 5.14
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Sample 6 Manual -3.69 7.21 3.43

Table 2. Trial 2 sample results (mm): L2 distortion values are fairly consistent
showing the repeatability of automated wheeling.

Sample Forming Yiow Vhigh L2 distortion
Sample 7 Robot -14.05 20.56 11.09
Sample 8 Robot -13.45 18.76 10.49
Sample 9 Robot -15.07 19.44 11.13

4. Conclusion

The process of automating the English wheel via a robotic
arm was outlined including the algorithms used to determine
the robot arm kinematics based on a prescribed toolpath.
Results from two separate trials (straight and zig-zag patterns)
showed good repeatability of the automated wheel with L2
distortion values for the straight toolpath (2.57, 2.90, 2.87 mm)
and zig-zag toolpath (11.09, 10.49, 11.13 mm) closely matching
between samples. For the straight tool path, a set of manual
experiments was also performed and showed much less
repeatability with spread out L2 distortion values of (7.34, 5.14,
3.43 mm).

Several improvements are to be made in future work. In the
manual English wheeling process, after a pass, the sheet has
become deformed, and as such the smith adjusts the next pass
taking into account this deformation. To account for each pass
deformation, a feedback system must be implemented to scan
the current state of the sheet as to inform the next pass. A
combination of compliant grippers and updating the end
effector position to account for the current curvature of the
sheet are possible methods to more closely mimic manual
wheeling. Currently, the clearance of the top and bottom wheel
is prescribed through the adjustable lead screw. A small
deviation in this clearance can potentially lead to a drastically
different clamping force between the sheet and wheels. A
method to actively measure this clamping force must be
implemented. Additionally, a motor can be added to the
bottom lead screw mechanism for more control over the
vertical position of the bottom wheel. Moreover, deflection in
the frame was noticed as the sheet was more tightly clamped
between the wheels. This deflection must be tracked to
determine an accurate clearance gap between the wheels
while the sheet is inside. Once the automated wheeling process
more closely mimics the degree of flexibility of the smiths in a
controlled fashion one can start tackling the inverse problem:
determining what tool path and with what wheel gap will yield
a desired deformed geometry considering springback effects.
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