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Abstract

Single point incremental forming is a novel sheet metal forming process that crafts 3D shapes out of sheet metal using layerwise
deformation of the metallic sheet with a simple tool, which is typically cylindrical with a hemispherical ball-end. In this work, a
combination of intelligent clamping and toolpath strategies was used to manufacture tunnel-shaped parts using aluminium alloy,
AA1050AH14. The toolpath strategies helped improve on the low forming limits for failure typically associated with the manufacture
of such shapes. A new method for compensating the inaccuracies in the parts caused by springback and other plastic deformations
associated with the process using predicted 2D sectional views was also tested. The predicted sectional views were generated using
training sets from the scanned geometries consisting of large datasets of point clouds. The training sets helped generate multivari-
ate regression equations which were then used to create the predicted sections. The predicted sections were interpolated to create
compensated geometries which then enabled part manufacture with improvement in accuracy. The result from this new strategy
was compared with improvements observed in 3D compensation followed by adaptive pocketing and contouring toolpath strategies.

Keywords Single point incremental forming (SPIF) - Tunnel parts - Toolpaths - Compensation - Multivariate adaptive
regression splines (MARS) - Pocketing - Contouring

1 Introduction

In recent years, single point incremental forming (SPIF) has
come forth as a flexible, dieless sheet metal forming process that
utilises the principles of computer numeric controlled (CNC)
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machines to craft 3D shapes out of sheet metal using layerwise
deformation of the metallic sheet using a simple tool, which
is typically cylindrical with a hemispherical ball-end [1]. This
process has been examined closely over the last two decades,
leading to improved understanding of the deformation mechan-
ics and process limitations in terms of sheet thickness variations,
forming limits and achievable accuracy [2]. Multiple variants of
the basic forming process have been explored such as the use
of electrical heating [3] and laser support [4] to improve form-
ability, ultrasonic vibrations [5], double-sided forming [6] and
hybridisation with processes such as stretch forming [7].
Typically, SPIF has been used to form 3D sheet metal
parts that have closed, continuous cross-sections perpen-
dicular to the forming axis. As such, research on SPIF
has primarily focused on forming fully constrained sheets,
which are clamped on all four sides, creating parts that
have the shape of a container post-forming. The disadvan-
tage in forming container shapes is the waste of material
when manufacturing products whose eventual shape is not
meant to be a container and being limited with the product
dimensions. Hence, recent research has started looking
at the forming of tunnel-shaped parts [8]. Applications
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of such tunnel shapes include crawl tunnels for children,
cable trays, transmission tunnels for race cars and street
machines, rollforming lines for metal shuttering, bio-med-
ical implants and thin sheet moulds [9], as shown in Fig. 1.

Early design rules and process modelling techniques for
tunnel and semi-tunnel parts were discussed by Afonso et al.
[14]. However, this work did not illustrate any improvement
in process outcomes such as geometric accuracy or improved
formability. Leem et al. demonstrated the manufacture of cor-
rugated structures using a Regional Plastic Incremental Bend-
ing (RPIB) strategy that uses a forming tool and a supporting
tool to create tunnel-like shapes which had improvements
in maximum deviations that were higher than a mm for alu-
minium alloy, AA5754-O and AA7075-0 sheets [15]. While
there is a marked improvement in the accuracy using such a
technique, its limitation lies in the ability to create a two-tool-
based setup to achieve such an improvement. In the absence of
such a setup, in order to use the SPIF process specifically for
making tunnel shapes without tooling changes that convert it
into a double-sided process, there is a need for investigating
other techniques such as 3D shape compensation functions
[16, 17], multi-stage forming [18], soft computing approaches
using neural nets [19] and support vector machines [20] to be
able to realise geometric accuracy improvement.

Early work on geometric accuracy in SPIF had looked
into the use of counter dies, online profile measurement and
correction, optimised toolpaths, optimisation of forming
parameters, etc. [21, 22]. The limitations of these techniques
were overcome by some of the later work that took into
account the complexity of a network of features in the part
using graph topology [23], use of mesh morphing techniques

Fig. 1 Various applications of
tunnel-shaped sheet metal parts:
a crawl tunnels for children
[10], b CAD models for the
crawl tunnels showing manufac-
ture as two halves which can be
formed separately, ¢ transmis-
sion tunnels for automobiles
[11], d cable tray [12] and e
rollforming lines for metal shut-
tering [13]

[24], statistical optimisation [21], etc. Hussain et al. looked
into the effect of five parameters, viz. sheet thickness, tool
radius, step size, wall angle and pre-straining level of sheet
on geometric accuracy and found that the sheet thickness,
wall angle, step size and the interaction between the sheet
thickness and wall angle had significant effect on the final
geometric accuracy [21]. Sbayti et al. [25] carried out a
Box-Behnken design of experiments together with a genetic
algorithm-based optimisation to find out the optimised tool
diameter, friction coefficient and increment step size that
affected three process outcomes simultaneously, viz. form-
ing force, final achieved depth and final sheet thickness [25].
However, due to the lack of a proper computer-aided process
planning tool, this study was limited to only improving the
depth accuracy rather than the accuracy of the whole part.
Gupta et al. manufactured channel shapes for aerospace
applications and found that strain localisation at the corners of
such shapes resulted in part failure [26]. They reported that both
formability and geometric accuracy needed to be accounted for
simultaneously in making such shapes. Excessive thinning at the
edges leading to part failure in tunnel-shaped parts was reported
by Afonso [27]. This work also reports that forming limits of
tunnels are much more reduced than container type parts and
the geometric accuracy is also worse. The forming of alumin-
ium alloy AA 1050-H111 parts of 2-mm thickness and a tunnel
width of 100 mm results in a maximum forming angle of 68°,
which is 8° lower than that reported for container-type parts by
Verbert [28]. As such, there is a key research gap in addressing
the twin issues of formability and low accuracy simultaneously.
The tunnel shapes (see examples from this research in Fig. 2)
were achieved by using semi-constrained sheets with only two
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sides of the blank sheet clamped and the other two free. This
usually results in a lower formability and parts fail at a lower
critical wall angle at failure. Additionally, the deformation
mechanics are different from container-type parts leading to
accuracy of the final formed shape being of a different magni-
tude and shape as compared to forming a fully constrained sheet.

To address the research gap surrounding issues related
to the deformation mechanics in tunnel-shaped sheet metal
parts, this work explored the effect of various toolpaths on the
accuracy and formability of these parts. The aim of the cur-
rent study was to investigate the effect of semi-constraining on
the achievable part accuracy and improve part accuracy using
novel toolpath strategies. Tunnels with planar side walls and
varying wall angles made of aluminium alloy AA1050AH14
were formed and their accuracy behaviour was studied. The
formed surfaces were compared to their nominal 3D computer-
aided design (CAD) models. The accuracy data from these
experiments were used to train a regression model using mul-
tivariate adaptive regression splines (MARS). This model was
then used to predict the part accuracy of formed parts outside
the training sets. These predictions were used to compensate
the original CAD model using a known 3D compensation
strategy [29] and a new 2D slice-based strategy to create com-
pensated CAD models. The compensated models were used
for optimised toolpath generation using two different toolpath
strategies, viz. (i) contouring and (ii) adaptive pocketing. The
accuracy results of the compensated parts formed using the
various techniques were then compared to yield insights for
optimised tunnel manufacture.

2 Methodology

An experimental setup with a dedicated rig for incremental
forming was developed. Toolpaths were generated using dif-
ferent strategies such as contouring and adaptive pocketing
with stepdowns in the z-axis varied at various locations. Part

Fig.2 Tunnel shapes formed

as part of this work a placed
horizontally after forming and b
placed vertically under a GOM
laser scanner

compensation was done using a software tool that works on
part geometries in stereolithographic (STL) file format. The
data from the experiments was used to predict the accuracy
using MARS. This was then used together with conventional
3D compensation and a novel 2D slice-based compensation,
which is covered next.

2.1 Experimental setup

First, a dedicated rig was designed for manufacturing the
parts. Experimental tests were performed on a XYZ 2500
SMX CNC milling machine. Parts were made from alumin-
ium alloy, 1050AH14 sheet of 2-mm thickness which were
cut to dimensions of 15570 /mm x 155*) ' mm. The toler-
ances on the sheet thickness were observed to be +0.05 mm.
A 10-mm spherical tip punch was used with a feed rate of
2000 mm/min with a spindle speed of 200 rpm and using
ROCOL V-cut MP oil as a lubricant. To make tunnel shapes,
the sheet was clamped only on two sides and two backing
plates were used, one for each top edge of the tunnel (Fig. 3).
Truncated tunnel-shaped pyramids with planar side walls
and wall angles 25°, 30° and 40° were formed to be used as
training sets and analysed for their accuracy behaviour. A
pyramid with wall angle 35° was used to validate the model
created by using the training sets and test for accuracy
improvement or deterioration.

2.2 Toolpath generation for tunnel-shaped parts

Three types of toolpath strategies were experimented with.
These are shown in Fig. 4. In the first strategy, a contouring
toolpath with stepdown of 1 mm in the z-axis located at the
edges of the planar faces was used. This toolpath strategy uses
alternating directions in each forming step, with the travel
from one wall of the tunnel to the opposite made outside the
part edge, as shown in Fig. 4a. In the second strategy, a con-
touring technique was used with stepdown of 1 mm located
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Fig. 3 Incremental sheet form-
ing rig showing a setup for
container type parts and b setup
for non-container tunnel-shaped
parts

Clamping on all four sides

(@)

at the mid-section of the planar face. This meant that for each
pass, half of the length was repeated, as shown in Fig. 4b. In
the third strategy, an adaptive pocketing toolpath was used,
where the tool went around the entire geometry in closed
loops with a stepdown location and depth selected by the
CAM software, Autodesk Inventor, as shown in Fig. 4c.

The toolpath programming for contouring toolpaths used
customised programming using FSPIF, a Visual C# software
tool that takes as input the geometry of the part defined in stereo-
lithographic (STL) files, where the 3D shape is broken down into
triangles with vertices and normals [29]. For the contouring tool-
paths in Fig. 4a, the CAD model surface was extended by 5 mm
on each edge (to allow a side changing position outside the true
part edge) and a constant Z strategy was applied. The direction
of tool travel for the even steps was then changed with stepdown
at the edges (Fig. 4a). The toolpaths were post-processed to a
numeric G-code to be run on the CNC milling machine.

2.3 Feature detection on STL files

The accuracy of parts made using SPIF depends on the geo-
metrical features being formed [23]. Behera et al. identified

Fig.4 Toolpath strategy for
tunnel-shaped parts illustrating
a contouring toolpath with step-
down at the edges of the tunnel,
b contouring toolpath with
stepdown at the mid-section of
the tunnel planes and ¢ pocket-
ing toolpath that goes around
the entire geometry including
the non-formed areas

(a)
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No clamping on
two sides

Clamping on two
sides

(b)

a taxonomy of 33 features where the classification was
based on geometry, curvature, orientation, location and
process-related attributes [30]. These features can be iden-
tified in FSPIF.

The feature recognition process is carried out by calcu-
lating the principal curvatures at each individual vertex of
the STL file. This is done by following the steps outlined
by Lefebvre et al. [31]. The curvature tensor at a vertex ‘v’
of the STL model is calculated as follows:

1 ee’
N© =75 X Plle ﬂAnW )

where |Al is the surface area of the spherical zone of influ-
ence of the tensor and f(e) is the signed angle between the
normal vectors of the STL facets connected by the edge e.
P(e) is positive for a concave surface and negative for a con-
vex surface. The factor, e [ A, gives the weight for the con-
tribution by an individual edge. The normal at each vertex
is estimated as the eigenvector of A (v) calculated by the
eigenvalue of minimum magnitude. The remaining eigen-
values, k™" and kmax represent the minimum and maximum
curvatures at the vertex v. Using these principal curvatures,
four types of features can be classified as defined below:

(®) (c)
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e Planar feature: kmin = () 4 £, and kKM% =0 + €y where &
is a small number that can be tuned for identifying planar
features.

e Ruled feature: k™" =0 + ¢, and k™ = X, where X is
a positive non-zero variable. Another possible case is
where k™" = X and k™ =0 + €,, where X is a negative
non-zero variable. €, is a small number that can be tuned
for identifying ruled features.

o Freeform feature: k™™ = Y + grand k™ = X + g, where
X and Y are non-zero variables such that X < p_ .. and
Y < pin» Where p,.. and p,;, are threshold values for
distinguishing freeform and rib features. £, is a small
number that can be tuned for identifying freeform fea-
tures.

o Rib feature: k™™ < p_. and/or k"™ > p

2.4 Accuracy predictions using multivariate
adaptive regression splines

The accuracy of sheet metal parts formed by SPIF can be
predicted using regression models generated from accuracy
data obtained by scanning a set of formed parts that serve
as training sets. Typically, this accuracy data is obtained by
using a dimensional metrology touch probe or a laser scan-
ner that creates a point cloud of the formed part. This point
cloud is usually made of many points (100,000-500,000)
and can be meshed to create a stereolithographic (STL) file
where the points are joined together to form triangles that
represent the surface of the formed part. This mesh can be
compared to the original CAD model of the part to yield
deviations at each individual point in the part. The devia-
tions are then exported as a text file. The deviations are then
linked to normalised parameter estimates on the nominal
model to create another text file where each deviation cor-
responds to values of specific predictor variables, such as
the distance to the edge of the feature and the distance to
the bottom of the feature, as shown in Fig. 5. Next, the text

Fig.5 Distance parameters for
creating regression models

files from the training sets are post-processed in a statistical
software to create the regression models.

As the features formed in the current study are all planar,
the initial set of parameters that were used is as follows:

1. Normalised distance from a vertex to the edge of the
feature in the tool movement direction:

D
d. =
b~ c+D @

2. Normalised distance from a vertex to the feature bot-
tom:

4= 7= 3)
3. Total vertical length of the feature at the vertex:
d,=A+B 4)
4. Total horizontal length of the feature at the vertex:
d,=C+D 3)

5. Wall angle at the vertex (in radians):

One technique for creating the regression models for parts
made by SPIF is multivariate adaptive regression splines
(MARS) [29]. MARS is a non-parametric regression tech-
nique that analyses a data set to discover the best possible
relationship between the predictor variables and a response
variable. It generates a response surface with continuous
first-order derivative. MARS models take the form:

Fo=3" cB,w ©)

where the response variable is a weighted sum of basis func-
tions B, (x), and the coefficients c, are constants. The basis
function B, (x) takes on one of three forms:

Feature Top

A

D

Feature Bottom
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i. aconstant,

ii. a hinge function of the type max(0, x —¢) or max(0,
c—x), where c is a constant and max(p, g) gives the
maximum of the two real numbers p and g or

iii. a product of two or more hinge functions that models
interactions between two or more variables.

The hinge functions consist of knots that are constants
calculated using a forward pass step that initially over-fits
the given data and then followed by a backwards pruning
step which determines terms that are retained in the final
model. The MARS models generated in this study were
fitted using the ‘Earth’ library of R, which is a statistical
software [32].

2.5 Compensation techniques

The accuracy prediction MARS models can be used to
compensate for part accuracy by transforming the 3D CAD
model of the part to be formed. Past work has looked at
transforming the entire 3D CAD model based on predic-
tions for every single point in the geometry [16]. This often
has the effect of creating a distorted surface with sharp,
uneven edges as the mathematical compensation cannot
ensure that the normals of the compensated surface con-
form to a smooth surface. To get rid of the distortions in the
compensated geometry, often a further smoothing step is
required. That has the effect of creating a surface that may
not be truly representative of the compensation required by
the MARS model predictions. Hence, a new approach using
accuracy predictions for 2D slices of the CAD model was
developed in this study. The conventional technique and the
new technique are discussed further below.

2.5.1 Conventional 3D compensation

Using the predicted deviation obtained from the MARS
model for an unclamped part, every vertex on the STL file
of the part to be formed is translated in a direction normal to

Fig.6 Conventional 3D com-
pensation illustrating translation
of individual points on the STL
file normal to the feature [29]; z
the predictions are made on the
unclamped part

F

Nominal CAD section
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L.

Predicted MARS section

the feature on which it is present. This is illustrated in Fig. 6.
The translated vertices are meshed to form the compensated
model on which toolpaths are generated in a CAM software
package such as NX or Autodesk Inventor. Typically, a com-
pensation factor is used which can be tuned for different
features, materials and sheet thicknesses. Mathematically, if
the point on the nominal CAD model is denoted by the vec-
tor 7i, the predicted point by the vector 3, then the predicted
deviation d is given by:

d=p-7 (7)

The translated point, 7, is calculated as follows:

i=ii-kd ®)
where ‘k’ is the tuneable compensation factor.

The conventional compensation approach often results in
a wavy surface profile, as shown in Fig. 7. This is because
the points in the STL file have been translated individually
based on a mathematical model without consideration for the
smoothness and regularity of the compensated mesh that is
generated from the translated points. While a local or global
smoothing tool can be used to eliminate such errors, this can
often be a time-consuming process and also deteriorate the
accuracy of the compensated part.

2.5.2 Sectional 2D slice-based response surface fitting

To deal with the issues emerging from compensating a STL
part model with ~ 10,000 to 500,000 points which leads to
wavy or non-uniform surface geometry, a new technique was
devised in this research. In this new technique, one or more
sections of the compensated MARS model are extracted and
then these sections are interpolated to form the compen-
sated part file. The result of such interpolation using vary-
ing number of extracted sections is shown in Fig. 8. Several
methods to interpolate between the compensated sections
and the tunnel edge were experimented with. The use of the
‘lofted surface’ feature functionality within Solidworks and
the ‘polygonize point cloud’ feature within GOM Inspect

Predicted point

/

Translated point
Nominal point
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Fig.7 Issues with MARS
compensation highlighting

a)

waviness and discontinuities in
the toolpaths in a and b and in
the compensated STL files in

compensated profile while the

blue lines indicate the nominal
profile

¢; the red lines in b indicate the

{

b

Fig.8 Compensation with 2D
sectional slices and the tunnel
edge showing use of a a single
compensated mid-section and b
two compensated sections

@

are examples of two techniques for creating the compensated
final part.

3 Results

Accuracy results from uncompensated toolpaths were first
analysed together with the effect of different types of tool-
paths on part formability. These accuracy results were then
linked to the detected features from the tunnels. These fea-
tures with linked accuracy data resulted in the creation of the
MARS models for error correction, which were then used
to create compensated parts using both 3D compensation
as well as the new technique that used 2D sectional slices.

3.1 Accuracy analysis of uncompensated parts

The initial uncompensated part tests, using the contouring
toolpaths shown in Fig. 4a, resulted in part failures at the
edges of the tunnels (see Fig. 9). This was due to the step-
down in the z-axis being programmed to be located at the

Waviness and discontinuities

// Tunnel edge

Intermediate section compensation

Mid-section compensation

(b)

edges. This results in the stress magnitudes being high at
these locations, where the sheet does not have any adjacent
material on one side of the stepdown location. Hence, for
subsequent tests, adaptive pocketing toolpaths with step-
down locations away from the edges were generated, which
helped avoid the failures at the edges (see Fig. 10).

Four uncompensated parts were made with wall angles
varying between 25 and 40°. Adaptive pocketing toolpaths,
shown in Fig. 4c, were used for these parts with varying
step-down being determined by the Autodesk Inventor
conforming to the part geometry. The formed parts were
scanned with a GOM Atos Core 200 laser scanner and the
resulting point clouds were meshed and compared with the
nominal CAD models, resulting in accuracy plots as shown
in Fig. 11. These accuracy plots were obtained after aligning
the parts following a two-step alignment procedure in GOM
Inspect, consisting of a pre-alignment step where the plane
of the backing plate was used as the reference, followed by
a best fit step. Once the nominal CAD model and measured
point cloud mesh were aligned, the deviations were calcu-
lated by the GOM Inspect software by using the nominal
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Fig.9 Uncompensated toolpath
test results showing part failure
at the edges where the stepdown
in the z-axis is located

Fig. 10 Uncompensated toolpath test results showing the use of an
adaptive pocketing toolpath that prevents failure at the edges

model as the datum or reference. The accuracy data from
these experiments, exported from within GOM Inspect as
text files, was further analysed in MATLAB resulting in the
deviations shown in Table 1. The key trend that was noted
from these experiments was that both underforming and
overforming increased with the wall angle being formed.
The average positive and average negative deviations were
higher with higher wall angles. Also, it was noted that the

deviations on the bottom of the part were significantly higher
compared to toolpaths for fully constrained container type
parts, which were formed using the setup shown in Fig. 3a.
This was because the toolpaths used to avoid failure at the
edges for tunnel-shaped parts needed pocketing approaches
as compared to conventional contouring approaches that do
not displace as much material towards the bottom.

3.2 Feature detection results

Features were detected on the STL files of the nominal mod-
els of the parts that were formed, using the software FSPIF.
The detection of features followed the procedure outlined in
Sect. 2.3 and using the taxonomy presented by Behera et al.
[30]. The thresholds used for detection of tunnel-shaped
truncated pyramidal parts were tuned for this geometry and
are presented in Table 2.

The tuning process is required as the feature detection
algorithm consists of an edge segmentation algorithm, fol-
lowed by a region growing algorithm, as discussed in [30].
Vertices are added to a seed vertex based on their calcu-
lated Gaussian curvatures and neighbourhood. Depending
on the thresholds that are set, a region may grow to cover
a much larger area than it covers or be detected as a set of

(a) (b)

() (d)

Fig. 11 Accuracy plots for parts with wall angles a 25°, b 30°, ¢ 35° and ¢ 40°
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Table 1 Accuracie:% Of Wall angle (°) Maximum Minimum Mean Average positive  Average
manufactured parts without deviation (mm) deviation (mm) deviation deviation (mm) negative
compensation (mm) deviation (mm)
25 1.860 -0.852 0.011 0.379 —0.283
30 1.506 —1.142 0.021 0.389 —-0.459
35 1.993 —-1.367 0.055 0.648 —0.603
40 2.000 —1.575 0.043 0.784 —-0.750
Table 2 Feature detection Threshold Value that planar parts are we}l pred%ctec.l using 3 tra.lining ser [16].
thresholds It may be noted that this multivariate regression predicts the
& 5¥107*  error at a point and is based on point cloud data of nearly
£y 1072 a million points from the 3 training set experiments and is
& 1073 regressed against 5 predictor variables. Due to the large num-
Pmin -0.01 ber of points used to carry out this regression and statistical
Prmax 0.01 measures such as R?, it has been proven to be a valid strategy.

neighbouring smaller features, both of which are not use-
ful when it comes to applying feature-based compensation
algorithms, based on the parameters which were defined in
Sect. 2.4. With the tuned thresholds, an example of feature
detection on a tunnel-shaped part is shown in Fig. 12.

One key observation for feature detection on shallow parts
with low wall angles is that the bottom horizontal plane occa-
sionally gets detected as an edge [33]. This is because only a
small number of triangles are available for feature detection at
the location where the ordinary non-horizontal planar (ONHP)
feature meets the horizontal bottom planar (HBP) feature.

3.3 Error correction equation

The accuracy data from the three truncated pyramidal tests
with wall angles 25°, 30° and 40° were used to train a MARS
model in the statistical software ‘R’. The reason for using
only 3 of the tests for training the model was to be able to use
the 35° as a validation test case. Also, prior work has shown

Fig. 12 Feature detection results
on a truncated pyramidal tunnel
(the nomenclature used follows
the shape feature taxonomy
defined in [30]: HTP, horizontal
top planar; NGSVE, negative
general semi-vertical edge;
ONHP, ordinary non-horizontal
planar; HBP, horizontal bottom
planar)

The following accuracy prediction equation, giving the
error in mm, resulted from the MARS analysis (R*=0.69):
e=1.64+023 * max(O, 0.53 - d,,) —0.48 x max(0,d, — 0.53)

+ 1.2 % max(0,0.59 — d, ) +0.15 + max (0, d, — 0.59)
+ 16 * max(O, d, - 0.93) — 44 % max(O, d, — 0.96)
—0.15 = max(O, 28 — dv) —0.31 = max(O, d,— 28)

— 6.6 * max(0,0.7— )

®

where dj, is the normalised distance from the point on the STL
file to the edge of the feature in the tool movement direction,
d, is the normalised distance from the point to the bottom of
the feature, d,, is the total vertical distance of the feature at the
vertex in mm and « is the wall angle at the vertex in radians.

It is worth noting here that the MARS method performs a
forward pass and a backward pass. The forward pass adds basis
functions in pairs and overfits the model. The backward pass
prunes the model deleting the least effective term at each step
until it finds the best sub-model. It is this process that elimi-
nated one of the 5 predictor variables mentioned in Sect. 2.4.
Furthermore, the different parameters may have different units

] urp
1 NGSVE

=1 =P
1 onuP
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or be dimensionless but then there is a constant in front of each
term, which can be thought of as having appropriate (e.g. units
of mm or inverse units such mm/radian) such that each term
in the predictor equation has dimensions of the predicted vari-
able, which is the error in mm.

3.4 Results of conventional 3D compensation

The MARS model, shown in Eq. (9), was used to compensate
the STL file of a part with wall angle 35° using the procedure
outlined in Sect. 2.5.1. The result of this compensation for a
section of the part geometry taken half-way through the tun-
nel for a compensation factor of + 1 is illustrated in Fig. 13.
The model was found to predict over forming in parts with
low wall angles such as 20° and increasing under forming as
the wall angle was increased in steps to 40°.

3.5 Results of sectional slice-based compensation
technique

Using the technique described in Sect. 2.5.2, the same part with
a wall angle 35° was compensated, as illustrated in Fig. 14.
While the compensated coarse mesh had several areas with
intersecting triangles and rough edges, the interpolated mesh
using the slices did not have these artefacts, resulting in a smooth

surface profile on which the generated toolpaths did not show the
waviness seen in the conventional 3D compensated parts. From
a comparison of the prediction accuracies for varying number
of slices (Table 3), it was seen that with increased number of
slices, the accuracy of the interpolated mesh came closer to the
MARS compensated mesh. However, for smoother meshes, a
lower number of slices served best. Hence, there was a trade-off
between obtaining a smooth surface vis-a-vis an accurate surface
and the number of slices had to be selected carefully.

3.6 Testing and validation

The results of part compensation and reprocessing are pre-
sented in Table 4, while Fig. 15 shows the effect of the three
accuracy improvement strategies including the new compen-
sation technique on part accuracy. In addition to the pocket-
ing toolpaths, contouring toolpaths with stepdown locations
at the centre of the part were also tested. The effect of repro-
cessing on accuracy magnitudes was also studied.

4 Discussion
The key challenge in this research was to simultane-

ously improve formability using novel toolpath selection
and improve the accuracy at the same time. Contouring

Fig. 13 Sectional view midway 0
through the part at y=72.5 mm
from the part edge for a part 2
with a length of 145 mm show-
ing nominal and compensated -4
sections
6
E
E-8
N
10
12
14
16 | -
-50 -45

Fig. 14 Part compensation
using extracted slices from a
compensated coarse mesh
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Table 3 Prediction accuracies of meshes based on number of extracted slices (all dimensions are in mm; the mesh generated from interpolating

the extracted slices was compared to the MARS compensated mesh)

Number of Average deviation Average positive  Average negative ~Maximum Minimum deviation Standard deviation
sections deviation deviation deviation
(mm) (mm) (mm) (mm) (mm) (mm)
3 —0.0228 0.8091 —0.5365 1.9689 —1.4575 0.766
5 —0.0958 0.2388 —0.4366 1.1498 —1.4781 0.3416
7 0.1675 0.673 -0.4518 2.4917 —1.2693 0.6192
9 —0.0622 0.7152 -0.4726 1.9684 —-1.2778 0.6587
11 -0.0117 0.1109 —0.1236 1.0476 —1.4143 0.152
13 —0.0161 0.0069 —0.081 0.4272 —1.078 0.0908
15 -0.01 0.0201 —0.0676 0.8972 —1.0035 0.0846
Table 4 Results of reprocessing and compensation for a part with wall angle of 35°
Toolpath strategy Compensa- Maximum Minimum Mean devia- Average positive  Average nega-
tion factor ~ deviation deviation tion (mm) deviation (mm) tive deviation
(mm) (mm) (mm)
Uncompensated 0 1.993 —1.367 0.055 0.648 —0.603
Reprocessed 0 2.000 —-1.677 -0.029 0.885 —0.768
3D MARS compensation—Pocketing 0.8 3.185 —-0.930 0.264 0.565 —-0.596
3D MARS compensation—Pocketing 1 1.165 —-0.691 0.240 0.401 —-0.417
3D MARS compensation—Pocketing 1.2 3.285 —0.663 0.333 0.514 —0.406
2D sectional compensation—Contouring 1 1.842 —0.896 0.071 0.467 —0.505
3D MARS compensation—Contouring 0.8 1.307 —0.559 0.076 0.309 —-0.269

Fig. 15 Accuracy colour

plot showing the effects of a
reprocessing and b sectional 2D
slice-based compensation and ¢
3D MARS-based compensation

(a)

toolpath generation using conventional CAM packages
with stepdown location at the edges of the tunnel shapes
typically resulted in part failure beyond a specific depth.
As such, tailored toolpaths were needed to prevent part
failure. This was achieved using adaptive pocketing tool-
paths, which were generated using Autodesk Inventor, and
modified contouring toolpaths with stepdown locations at

M
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the mid-section of the part generated using algorithms
written in FSPIF, the Visual C# software for SPIF.
Furthermore, it was noted that accuracy behaviour of tun-
nel-shaped parts varies significantly from pyramidal parts, as
seen from constant depth sections shown in Fig. 16. This is
because the semi-vertical ribs that separate the planar faces
in container type parts such as truncated pyramids module

(b)
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the accuracy behaviours such that at the mid-section of
the plane, the inaccuracy is the highest, while it drops to a
minimum at the ribs, which are generally quite accurately
formed due to their sharp curvature, as discussed previously
in extensive detail by Behera et al. [29]. These ribs are not
present in the tunnel-shaped parts and hence, the inaccuracy
is the highest at the edges of the tunnels. Due to this distinct
variation in accuracy in tunnel-shaped parts, which is the
opposite of container-type parts, the compensation functions
using MARS, as well as the compensation technique needs
to account for these different accuracy behaviours.

While various approaches to improving accuracy in SPIF
have been tried and tested, most of these techniques use

Fig. 16 Comparison of accu-
racy behaviours of container
and non-container parts by tak-
ing sections at a specific depth

some form of tooling support, multiple toolpaths or a hybrid
process that integrates SPIF with other process mechanisms
[34]. Mollensiep et al. looked into 19 different regression
approaches that can help compensate toolpaths and ulti-
mately concluded that regression methods need to be aug-
mented with feature-based approaches [35]. This is because
the stiffness of the sheet is different at various locations after
clamping. Specifically, it is different at the top as compared
to the bottom. In addition, features themselves tend to have
different stiffnesses, such as semi-vertical ribs, which tend
to be stiffer than planar and ruled features due to the differ-
ence in Gaussian curvatures [23]. Hence, feature-depend-
ent parameters, such as the distance to the top, bottom and

(Z=14 mm) for a 25° wall
angle part (the container part is
a truncated pyramid with four
walls while the non-container
part is a tunnel-shaped part
with two walls only)
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ribs, used within a multi-variate regression model, such as
MARS, tend to perform better than a featureless method.

The results for feature detection on truncated pyramidal
parts as shown earlier by Behera et al. [23, 30] worked well
for tunnel-shaped parts too. The detection thresholds did
not vary much vis-a-vis fully constrained parts. The detec-
tion algorithms remained the same as well. It was noted
that in some cases, the horizontal bottom planar feature was
detected as an edge on account of low volume of triangu-
lation for smaller parts. Besides, the transition from one
plane to another induced a positive horizontal edge feature
which kept growing in volume as the detection algorithm
proceeded in these cases.

The results from the uncompensated tests indicate that
both under forming and over forming increased with wall
angle (Fig. 11). The average positive deviation increased
from 0.379 to 0.784 mm while the average negative devia-
tion increased from —0.283 to —0.750 mm (Table 1). The
mean deviations increased systematically as well. There was
significantly higher under forming observed in the bottom
of the tunnel-shaped parts as compared to what would be
expected for fully constrained parts. This was primarily in
cases where pocketing toolpaths were used to avoid failure
at the edges. The pocketing toolpaths displaced more mate-
rial towards the bottom due to processing the entire sheet,
as opposed to conventional contouring approaches that only
process the planar faces.

The effect of reprocessing the part was to increase the
over forming, while the under forming remained almost
the same. Hence, for this set of parts, reprocessing was
not able to improve the accuracy and rather deteriorated it.
Using conventional 3D MARS compensation with pock-
eting toolpaths, a compensation factor of + 1 worked best
and improved the average positive deviation from 0.648 to
0.401 mm, while the average negative deviation also saw an
improvement from —0.603 to —0.417 mm. For contouring
toolpaths with compensation, a compensation factor of 0.8
saw an improvement of the average positive and negative
deviations to+0.309 mm and —0.269 mm.

The new technique using 2D sectional compensation
also resulted in accuracy improvements to+0.467 mm
and —0.505 mm using a compensation factor of + 1 and con-
touring toolpaths. It performed better than using 3D MARS
compensation with pocketing toolpaths. This was because
the pocketing toolpaths moved the material towards the bot-
tom of the part by going around in loops around the entire
sheet and depositing it there. This increased the pillow effect
occurring at the bottom, thereby enhancing the overall under
forming of the part. As such, the new sectional 2D slice-
based compensation may be preferred to 3D MARS-based
compensation with pocketing. While the 3D MARS-based
compensation with contouring tool paths performed margin-
ally better than the new technique, it has the disadvantage

of not being able to produce an even and smooth surface.
Hence, for applications demanding a smooth surface finish,
the new sectional technique may be preferred.

5 Conclusions

The manufacture of tunnel-shaped parts requires the tool-
path generation to be specifically tailored to the geometry
such that failure can be avoided at regions of high stresses,
particularly at the edges. Adaptive pocketing toolpaths are
particularly helpful in this regard, with the stepdown loca-
tions kept within the internal geometry of the part away from
the edges. Likewise, contouring toolpaths with stepdown
location in the mid-section of the planar features are also
successful in distributing the stresses evenly and reducing
the chances of part failure. However, toolpaths with step
down locations at the edges are likely to result in failure after
forming to a relatively small depth.

The accuracy behaviours of truncated tunnel-shaped pla-
nar features using single point incremental forming (SPIF)
indicate some overlapping and some dissimilar trends as
observed for fully constrained truncated pyramids. The simi-
lar trends include over forming at low wall angles and under
forming at higher wall angles on the planar faces. However,
the accuracy magnitudes at the bottom of the part are dis-
tinct from fully constrained parts due to different toolpaths
needed to avoid failure at the edges of the tunnels. Feature
detection on STL models of tunnel-shaped parts requires
thresholds similar to fully constrained parts.

The use of conventional 3D compensation using multi-
variate regression splines (MARS) to compensate for part
accuracy in aluminium alloy, AA1050AH14 sheets, was tested
and found to work best for a compensation factor of + 1 for
pocketing toolpaths and with a factor of +0.8 for contouring
toolpaths. However, reprocessing of the tunnels did not result
in improved accuracy. A new technique using sectional 2D
slice-based compensation was tested and found to work well
for a compensation factor of 4+ 1. It was also noted that three
distance parameters and the wall angle of the part were the
selected predictor variables in the MARS regression model.

Further work in this area can involve looking into the
effect of material properties on compensation factors in
improving part accuracy, building on limited past work on
the effect of material properties [36]. Features may interact
with one another [37] and as such, this can be studied by
forming two slope tunnel-shaped planar features and inter-
acting ruled and freeform surfaces that help understand the
deformation mechanisms better, make good predictions and
form complex parts. The effect of material properties and
sheet thickness on accuracy profiles can be studied using
digital image correlation leading to better predictions using
generic error correction functions.
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