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Featured Application: The proposed variable stiffness mechanism will be used in robotic debur-
ring applications, in particular in applications with high and irregular burr profiles, ensuring a
precision cut without damaging the cutting tool or the robot.

Abstract: One of the main issues related to robotic deburring is that the tool can get damaged or
stopped when the burr thickness exceeds a certain threshold. The aim of this work is to devise
a mechanism that can reduce cutting forces automatically, in the event that the burr is too high,
and is able to return to the baseline configuration when the burr thickness is acceptable again. On
the one hand, in normal cutting conditions, the mechanism should have high stiffness to ensure
high cutting precision. On the other hand, when the burr is too high the mechanism should exploit
its compliance to reduce the cutting forces and, as a consequence, a second cutting cycle will be
necessary to completely remove the burr. After the conceptual design of the mechanism and the
specification of the desired stiffness curve, the main design parameters of the system are derived
thanks to an optimization method. The effectiveness of the proposed mechanism is verified by means
of dynamic simulations using selected test cases. A reduction up to 60% of the cutting forces is
obtained, considering a steel burr up to 6 mm high.

Keywords: deburring; robot; cutting forces; compliant mechanism

1. Introduction

The deburring process is mainly performed by using manual labor or computerized
numerical control (CNC) machines, but in the research field also robotic solutions have
been considered [1]. Workers can easily adapt to the unpredictability of the burr, but
the dangerous working conditions and the difficulty of the task suggest using dedicated
machines. To do so, special CNC machines have been developed, even if a comparable
robotic solution costs less than 1/3 than the cost of a CNC machine [2]; moreover, when
compared to a CNC machine, an industrial robot can provide a wider workspace, is usually
more flexible (since it has a higher number of degrees of freedom), and can provide a higher
dexterity, adapting its movement to complex geometries. The drawback of robotic solutions
relies on the fact that robots are generally less stiff and accurate than CNC machines [3]: this
affects the finishing of the workpiece, can cause chatter [4], and increases the programming
and setup time.

The literature related to robotic deburring is limited [1], when compared to the liter-
ature related to robotic machining. This can be related to the high variability of the burr
profile, which may behave differently depending on the workpiece material [5,6] and may
influence burr removal time [7]. In other fields, the effect of burr properties and grinding
tool on the final result has been studied. In particular, it has been of great interest in the
biomedical field, where the bone grinding is crucial for surgical operations [8]. In fact, the
shape of the tool itself provides different deburring results both in terms of temperature
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and tool wear [9], which may be fundamental for industrial applications, in which the burr
to be removed is made of a material sensible to temperature (e.g., plastics or aluminum) or
in intensive and repetitive tasks (e.g., robotic deburring). In depth analysis of the grinding
process has been developed for yttrium aluminum garnet (YAG) single crystals, in which
it is shown that strain rate plays an important role in the final deformation [10]. This
knowledge can be integrated in robotic deburring for specific applications.

In industrial robotics, most of the research effort has focused on obtaining a precise
control of the robot motion: Tao et al. [11] developed a sliding mode control method
based on radial basis function (RBF) neural network, which is able to learn uncertain
control actions. Quian et al. [12] proposed a sensorless force controller that uses the
information retrieved only from collaborative robot internal motor sensors to estimate
the burr dimensions. Other methods used to handle the high variability of the burr
profile include the use of sensors [13,14], but these approaches are not suitable in many
deburring applications since the working environment is usually dirty and dusty. If the
ambient is clean, however, sensors can be used effectively [15]. El Naser et al. [16] and
Gou et al. [17] have developed a robotic arm designed purposely for deburring. This
approach is similar to the development of a special CNC machine. On the other hand, Lai
et al. [18] have presented a novel design that includes an additional manipulator to be
linked to an existing industrial robot. In this way, the kinematic chain becomes similar to
the one of a parallel robot, thus increasing stiffness. These last two approaches, however,
requires a complex external equipment, which may be expensive and time-consuming for
industrial applications.

To increase or decrease the stiffness of the mechanical system during specific tasks,
variable stiffness actuators (VSA) and mechanisms have been developed. They can be
useful in many fields of application, such as in machining operations, since the stiffness
can be changed to improve the surface finishing or reduce vibrations. During the years
different solutions have been proposed. Vuong et al. [19] proposed a mechanism that can
be tuned to change its stiffness in a wide range, from zero to (theoretically) infinite. It uses
multiple linear guides in combination with a moving pivot and linear springs to achieve
this functionality. Another example of VSA can be found in [20], in which the authors
focused on the compactness of the system and obtained a stiffness inversely proportional
to the gear displacement. A variable stiffness robotic arm has also been designed [21]: in
this case a 7-degrees-of-freedom manipulator takes advantage of VSA to perform different
tasks in the SHERPA mission. Moreover, Petit et al. [22] developed an ad-hoc controller to
take advantage of VSA capabilities.

Deburring is a redundant task: the workpiece can be machined on any point of the
grinding surface of the grinding wheel. Therefore, it is possible to achieve functional
redundancy [23], and the robot can perform the same task using different configurations.
For example, if the stiffness and inertial properties of the robot are known or experimentally
identified [24,25] it is possible to choose a proper configuration so that the kinematic chain
of the robot is stiff enough to perform the grinding operation. However, this field of
research has only been partially explored. To overcome the functional redundancy, Nemec
et al. [26] proposed to create robot recipes by means of programming by demonstration:
by analyzing the movements of an expert human demonstrator, the robot can perform the
same task (in this case polishing) exploiting redundancy. Moreover, as can be seen in [27],
the stiffness map of a robot can be used to improve the accuracy of the assigned task. In
particular, in this work, the authors introduced a compensation strategy to improve a roll
hemming process. A stiffness model of a parallel haptic mechanism suitable for real-time
computation has been proposed in [28].

When traditional industrial robots are concerned, it is usually difficult to implement
force feedback controllers for deburring control purposes. Moreover, industrial applications
require high flexibility and reduced implementation costs.

In sum, the literature review suggests that novel deburring techniques are needed to
improve flexibility and precision and reduce costs. Indeed, CNC machines provide the
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best performance, but are generally more expensive and less flexible when compared to
robotic solutions. One of the main issues related to robotic deburring is that the tool can get
damaged or stopped when the burr thickness exceeds a certain threshold. A simple system
suitable for industrial application is thus required to automatically compensate cutting
force peaks. A passive mechanical system is a possible solution: the robot programming
remains unaffected, and, if unexpected deburring forces appear, the mechanical system
will automatically adapt to reduce the forces applied to the robot.

To achieve this objective, in this paper a simple mechanism is presented that can
be used to reduce the peaks of deburring forces that could harm the robot structure or
deburring tool. The mechanism will reduce cutting forces automatically if the burr is too
high thanks to its compliance, while it will return to the baseline configuration when the
burr thickness is acceptable again. The proposed system has also the advantage not to
need a high setup time, when compared to a force feedback controller implemented in an
industrial robot.

The work is organized as follows: in Section 2 the formulation of deburring forces is
covered; in Section 3 the proposed mechanism and its mathematical model are presented;
in Section 4 the design of the mechanism is addressed; Section 5 presents the dynamic
analysis and simulation of the system in selected test cases; finally, Section 6 concludes
the paper.

2. Deburring Forces

Limited information is available about the estimation of deburring forces. However,
a simple model has been developed starting from the grinding process [6,29,30]. In the
deburring configuration considered (Figure 1), the material is removed by the cylindrical
surface of the deburring wheel, with the workpiece moving from the right to the left (along
the y axis) and the deburring wheel rotating counterclockwise.

mechanism axis
of movement

f
grinding wheel

r, &

J L > » ?“ ; workpiece >
i x -— J
= / /
workpiece
(a) (b)

Figure 1. Scheme of the workpiece position in relation to the mechanism axis of movement (a);
deburring forces (b).

The material removing rate (MRR) of a single chunk of material can be calculated
from the burr dimensions and workpiece movement speed:

3
MRR - b'w . h * Ug {nfsl} (1)

where by, and & are the width and height of the material chunk, and v, is the linear
workpiece movement speed. If the material and its specific removal energy u are known
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and the rotational speed w of the grinding wheel is defined, it is possible to calculate the
tangential cutting force needed to remove the slice of material as follows:

- bw‘h‘vg'u

F
! w - R

[N] 0
where R is the radius of the grinding wheel.

In practice, (2) depends on the position of the mechanism since the burr height that
the grinding wheel removes varies with its x position. As a result, F; can be expressed as:

_ ba;'va'u. (h_x)

F,
f w R

®)

It is worthy to point out that the other main force component involved in the cutting
process is the force F;, normal to the burr surface. The ratio (4 = F;/F,) between F; and F,
depends on the material, but its value is usually between 0.2 (ceramics and high strength
steel) and 0.8 (mild steel) [31]

If the material is removed by a small portion of the grinding wheel surface (Figure 1):

h—x=R—Rcos(6) — 9-arccos<1—h£x> 4)

Since F; and F, are applied evenly on the surface of the material being removed, it is
possible to consider them applied in the middle of the surface, so they are inclined of /2
with respect to the y and x axis, respectively. The resulting force along the mechanism x

axis is:
(0 0 F 0
Fy=F sm(j), E.x=F, cos(z) = Jcos(zg

Frot = Fpy — Fyy = boet. Lgx) (% cos(%) —sin %))

©)

It is worth to notice that in practice R >> h, so usually § — 0. Equation (5) is still valid
for a generic deburring process, but in this case it is possible to simplify it to calculate the
actual normal component of the deburring force applied to the mechanism Fj:

bw-vu-u.(h—x)

EF =~
b pw R

(6)

3. Proposed Mechanism

It is assumed that the robot arm is holding the workpiece, while the grinding wheel
is attached to the ground through the proposed mechanism (Figure 2). The robot end-
point trajectory assures the desired depth of cut and feed rate of the piece with respect
to the grinding wheel. To develop a mechanism that is as simple as possible, the main
compliance direction, assumed normal to the burr (i.e., parallel to the direction of the
normal component of the deburring force (6)), should be fixed. The cutting forces that arise
during the deburring can be projected along the tangent and normal directions to the burr
profile [32], as discussed in Section 2, and the tangential component of the deburring force
is balanced by the manipulator.
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Figure 2. System configuration: the robot holds the workpiece whilst the compliant mechanism
holds the grinding wheel.

The main objective is to obtain a mechanism that does not change configuration in
normal conditions (assuring a precision cut thanks to its high stiffness), while it changes
configuration and reduces its stiffness (and thus the forces applied to the grinding wheel)
when the burr exceeds a certain threshold value. In this case, a second cutting cycle is
necessary to completely remove the burr.

The proposed mechanism is a slider-crank, where the crank is attached to the ground
and the grinding wheel is fixed to the slider. To introduce some forces that allow the
system to return to the baseline configuration, some springs are connected to different
parts of the mechanism. To obtain a suitable mechanism behavior, it is chosen to place the
mechanism close to a singularity, namely close to the top-dead-center (TDC) point. As
a result, when the mechanism is close to the TDC, the slider-crank mechanism can react
with a maximum force value (see Section 3.1), below which the slider (which supports the
grinding wheel) does not move. Of course, if the mechanism is exactly at the TDC, the
force value becomes the one giving the structural break of the structure. If this threshold
is exceeded, the grinding wheel moves away from the workpiece, thus removing less
material, and consequently reducing the cutting force. The slider-crank is ideal for the
task at hand since it is easy to build and is suitable for working conditions near the TDC.
To avoid to reach the singular configuration, a mechanical stop is applied to the slider
(described in more detail in Section 5).

3.1. First Temptative Mechanism

The possibility to add three translational springs to the classic slider-crank mecha-
nism is explored (Figure 3): one for the y-translation of the crank-end (k1); one for the
x-translation of the crank-end (k»); one for the x-translation of the slider (k3). In this first
stage the springs are connected to sliders, so that their elongations remain parallel to the
main axes x and y. The free lengths of the springs are such that they do not generate any
forces when the mechanism is in the TDC (angle of the crank 6 = 0, and angle of the rocker
arm link « = 0), i.e., the free length of k; is zero, the free length of k; is /1, while the free
length of k3 depends on the anchor point.
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Figure 3. Slider-crank mechanism with three translational springs, two of which are connected to
sliders so that their movement is purely along one axis. I is the crank length, I, is the rocker arm
link length.

When neglecting friction forces, the principle of virtual work gives:
SL=0—) 0Li=) F-6x;=0 )

where F; is the i-th force applied to the mechanism, dx; is the associated virtual displace-
ment, and JL; the related virtual work. From the mechanism configuration of Figure 3 and
(7) it is found that:

F-6x —kzx-6x —kysy-0s1 —kasy-0sp =0 (8)
where:
sy =1Il;sinf@ — sy =1 cosB - 660 ©)
sp =11(1—cos®) — sy =1ysinb - 60
Substituting s1, sp, and their differentials in (8) results in:
(F — kax)ox — (kal3 sinf cos @ + kal3(1 — cos ) sin )66 = 0 (10)

It is possible to calculate the magnitude of the force F that is balanced by the springs in
each configuration of the mechanism starting from the speed ratios of the slider-crank mech-
anism:

0 cos(a) 86 b cos(0) da
T Lisin(a+60) ox’ Tox =3 Lisin(a +6)  dx (1)
and using them in (10), which results in:
F—kyx + k111 sin 6 cos 6 cos & + kpl1 (1 — cos ) sin 6 cos & (12)

sin(a + 6)

This equation is only a function of the variable x, since & and 8 can be written as:

. B+l —x)* 12
0= arCCOS<211(ll+12x)

(13)
® = arcsin(% sin 9)

Starting from (12) it is possible to obtain different behaviors of the mechanism by
changing the stiffnesses of springs and link lengths. As an example, in Figure 4 two
configurations are shown: to the left only the springs k1 and k; are used, while to the right
only k; and k3 are used. In the first case the mechanism can withstand higher forces with
the increase of x, whereas in the second case the opposite happens.
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Figure 4. Variation of the force necessary to maintain the mechanism in static equilibrium as a
function of x. (a) Only k; and k; are used (k; =1500 N/m, k, = 3000 N/m). (b) Only k; and k3 are
used (k1 = 1500 N/m, k3 = 150 N/m).

It is important to notice that the force F results in a finite value when the mechanism is
close to the TDC configuration, and this force is a function of k1 only, i.e., (12) when x — 0
and using (13) becomes:

: hip

lmF = kg as
In sum, both progressive and regressive forces as a function of the slider displacement
can be obtained with the proposed mechanism and layout, together with a finite value force
for configurations close to the TDC. These last two are precisely the ingredients necessary
to build a system capable of reducing the cutting forces when the deburring height exceeds
a given threshold. Indeed, during deburring the grinding wheel has to remove a certain
amount of material, while preserving the structural integrity of the robot. The mechanism
is able to withstand a certain deburring force (finite value around the TDC). When this
threshold is exceeded, the mechanism becomes compliant (with regressive curve), thus

reducing the cutting forces.

3.2. Final Mechanism

The mechanism proposed in Section 3.1, although theoretically suitable for the target
application, is difficult to build. In particular, it would be quite impractical to include
sliders at the at the anchor points with the frame, in order to keep the springs aligned
with the reference axes. Therefore, a new mechanism is proposed with the springs fixed at
some distance from the crank fixed hinge (Figure 5). Even with this modification, the basic
principles described in Section 3.1 hold valid.

k;

Figure 5. Slider-crank mechanism with translational springs connected to fixed ends (a). Two
particulars of the mechanism are shown in the right figure (b).

Additionally, in this modified design, the springs are unloaded when the mechanism
is close to the TDC (x — 0). The principle of virtual work is to be applied in the same
way as in (7), but the virtual displacements of k1 and k; (s; and sy, respectively) have to be
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modified according to the new mechanism. Starting from the dimensions of Figure 5, the
spring displacements are:

51 = \/l% +d2 —2lidcos(y1 +0) — /[ (a — 11)* + 2
Sy = \/l% + b2 — \/l% + b2 *2l1b51n(9)

(15)

where d is the distance between the anchor point of k1 and the crank hinge, and 7 is the
angle of the vector crank hinge-anchor point with respect to the x-axis:

d=+Va2+c2, 4= atan( ) (16)

c
a

The differentials of s; and s, can be calculated as:

a5y _ l1dsin(y146) .
%1=3 0 = I andcosmie (17)
Sy — % .50 — I1b cos(9)

2112 —2l;bsin(0)

As a result, the force F at the slider becomes:

lLidsin(y; +0) I1bcos(0)

F=ksx+ | k151 + k22 Tor  (18)
VB +d2 —2hd cos (1 +6) VB + 12— 211bsin(6)
The expression (18) for x — 0 simplifies to:
. Kilhbe (82 + ) + kol b2 ((a — 1) + ¢2) )
imF =
x—0 (11 +lz)((&l—ll)2+c2> (b2+l%)

Differently from (14), which depends on k; only, (19) depends both on k; and k.
Similarly to the mechanism of Figure 3, the new mechanism behaviour depends on its
main dimensions. Nevertheless, in this case also the dimensions 4, b, and ¢ have a great
impact on F. As an example, two different mechanisms are shown in Figure 6, whose
main parameters are listed in Table 1. Similarly to the mechanism presented in Section 3.1.,
both progressive and regressive forces as a function of the x displacement can be obtained,
with a finite value of the force around the TDC. The regressive curve is preferred for the
application at hand since it is related to lower cutting forces.

300 T T T T T 300

Z450 0T
i
100 1 100
—1,7,70.15 —1,71,=0.15
........ 1,=0.15,1,=0.20 serene] 20,15, 1,20.20
L 1 2 i L 1 2 |
50 - = 1,20.15,1,=0.30 50 - = 1,20.15,1,=0.30
—m1,=0.15,1,= 0.40 —emn1,20.15,1,= 0.40
o ‘ ‘ ‘ : ‘ 0 ‘ ‘ ‘ : ‘
0 0005 001 0015 002 0025 003 0 0005 001 0015 002 0025 003
x [m] x [m]
(@ (b)

Figure 6. Variation of the force necessary to maintain the mechanism in static equilibrium as a
function of x. ((a) Mechanism #1, (b) Mechanism #2).
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Table 1. Main mechanism parameters.

Parameter Mechanism #1 Mechanism #2
I 0.15m
I [0.15,0.2,0.3,0.4] m
a 0.05m 0.14 m
b 0.15m 0.03m
c 0.05m
kq 1500 N/m
ko 3000 N/m 0
k3 200 N/m 0

4. Design

In normal cutting conditions, the mechanism should have high stiffness to ensure
high cutting precision. On the other hand, when the burr is too high the mechanism should
exploit its compliance to reduce the cutting forces and, as a consequence, a second cutting
cycle is necessary to completely remove the burr.

The desired regressive behavior of the mechanism is related to its geometrical param-
eters and to the springs stiffness. If the link lengths (/; and Iy) are defined by the scale of
the application (related to the workpiece dimensions and maximum burr height), there are
5 other parameters to be chosen (see Figure 5): k1, k2, k3, a, and b. It is not straightforward
to find a good set of values by trial-and-error, so an optimization algorithm has been used.
The algorithm aims at finding the parameters whose resulting mechanism forces F fit a
desired (regressive) curve.

In this work the desired force profile is set to F = 150 — 300x [N] (blue dotted line in
Figure 7) with [y = 0.15 m and I, = 0.3 m. The fmincon MATLAB function has been used to
find the optimal parameters that minimize the error between the actual and desired force
profiles. The optimization algorithm yields the values listed in Table 2. It is worth to notice
from Figure 7 that the system is stable: the normal component of the deburring force (F;)
decreases with x faster than the elastic force on the slider (F):

oF, OF

Ideal function

\ Optimized curve
250 k\ Deburring force ||
\
\\
2001\
Z \
§ 150 fanssess ‘J‘y ...........................................................................................
51 \
w \
\
100 | \
50t \
O il 1
0 0.005 0.01 0.015 0.02 0.025 0.03

x [m]

Figure 7. The optimization algorithm finds the mechanism parameters whose F(x) (red line) fits at
best the objective curve (blue dotted line). Black line shows how F,(x) decreases with the movement
of the mechanism (with & = 5 mm).
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Table 2. Parameters computed by the optimization algorithm.
k1 k> ks a b
1560 N/m 47 N/m ~0N/m 0.14m 0.028 m

The black line of Figure 7 is the deburring force (normal component, as discussed in
Section 2). This curve moves to the right for higher burr heights (with higher cutting forces
for x = 0), and vice versa. The intersection between this line and the optimized curve
(red line in figure) yields the equilibrium point, i.e., the x value at which the mechanism
moves to balance the deburring force and the elastic force of the mechanism. For very
low values of & the black line does not intersect the optimized curve, so the mechanism
does not move. In this case, a precision cut is ensured, with cutting forces below the force
threshold that activates the mechanism compliance. For the parameters of Table 2 and
Figure 7 (see Table 3 in Section 5.3 for the complete list of parameters) the burr height (steel)
that activates the mechanism compliance is 2.5 mm.

Table 3. Simulation parameters.

Parameter Value
bw 1103 m
Ua 15*1073 m/s

u (steel) 30*10°J/m?
w 100 rad/s
R 0.1m
U 0.75
Ceq 2000 Ns/m
k1 1560 N/m
ko 47 N/m
k3 0 N/m
a 0.14 m
b 0.028 m
c 0.05m
I 0.15m
12 0.3m
m 30 kg
my 1.0kg
me 0.5 kg

kstop 10’ N/m

Xstop = X0 3*1074m
X1 0m
ho 0 Ns/m
I 10* Ns/m

It is important to notice that it is possible to perform the optimization starting from
a different desired force curve and, in particular, different force thresholds can be set
depending on the application. This will result in a different set of springs and anchor points.

From a mechanical point of view, it is important to include a mechanical end stop for
the slider to avoid possible changes in configuration of the slider-crank (i.e., to keep the
rocker arm link always above the slider axis) and to avoid that the mechanism works in the
TDC. Indeed, the mechanism is designed to work near the TDC, where it can generate a
finite elastic force, but not exactly in the TDC, which could be dangerous for the structural
integrity of the mechanism if the burr height is very large. The detailed model of the end
stop will be presented in Section 5.2.
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5. Dynamic Analysis
5.1. Dynamic Model

The proposed mechanism has one degree of freedom and can thus be modeled us-
ing a single equivalent mass m* that is excited via a single equivalent force F*. The
equivalent mass and force clearly depend on the mechanism configuration (x) and on its
main parameters.

The equations of motion are obtained by recalling that the power equals the derivative

of the kinetic energy:

_dE;
P=—F (21)

Since friction between the members of the mechanism and their potential energy can
be neglected. The kinetic energy of the equivalent mass equals by definition the kinetic
energy of all the members of the mechanism:

a1/ . ' . o 2
Ep = gm'i = (mx2 (G + g, ) + 1 + me (3G + i) + b ) (22)

where x is the velocity of the equivalent mass (equal to the one of the slider); m is the
mass of the slider (included the spindle and the grinding wheel); m;, I, xg;, §, are the
mass, barycentric moment of inertia, barycenter velocity along the x axis, and barycenter
velocity along the y axis of the rocker arm link, respectively; m,, I;, xg;, , are the mass,
barycentric moment of inertia, barycenter velocity along the x axis, and barycenter velocity
along the y axis of the crank, respectively. The coordinates of the centers of mass of the
rocker arm link and of the crank are (respectively):

{ XGr } _ ) ox+ 2 cos(a) { XGe } _ ) hth- 1 cos(6) 23)
e % sin(a) ’ YGe 171 sin(6)
The corresponding velocities are:
{ *Gr } _ | ¥ %sin(a)d { *Ge } _ | 3sin(6)6 24
Yer % cos(o)a ’ Yae 171 cos(0)0
By introducing (24) and the speed ratios of (11), the final form of (22) is:

) 12 . 2
Im*x™ =1 (m + m, (1 + 31— b sm(ac)r,xx) + T2, + me (iTezx)

+ICT92x)5C

(25)

The power P of F* can be calculated from the deburring force and the springs forces:
P=F'%x= —(klsl)él — (szz)éz - (k3x)5c - (Cqu.C)X + FbjC (26)

in which the force of a damper to be connected in parallel to spring k3 (with damping c.;)
is introduced in order to avoid undesired vibrations.
The equation of motion is found by differentiating (25) and putting it equal to (26):

. 2 : i :
m*x + % ( (217' + 22mr) TaxTax + (21C + Zlmc> ToxTox

—1ply (Tax 0. cos(a) + Taxsin(a)))x” = F*x

(27)

The differential Equation (27) is implemented and solved numerically in MATLAB for
different working scenarios. The simulation results and the simulation parameters used
are presented in Section 5.
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5.2. Mechanical Stop Model

To avoid the singular configuration at the TDC and changes in the mechanism config-
uration, a mechanical stop has been introduced. The mechanical stop should be made of
soft material to reduce unnecessary shocks to the mechanism structure. The mechanical
stop is modeled as a one degree of freedom system that is activated as soon as xsyp < Xstop,
in which xgy is the coordinate of the surface of the slider and x;t.) is the coordinate of the
mechanical stop when the slider is not in contact with it (see Figure 8).

A k

4 7V

- Xstop -
- Xsup -
— x —

Figure 8. Model of the mechanical stop of the mechanism.

The force transferred by the mechanical stop to the mechanism is:

Fstop = kstop (xsup - x0)e + f(xsup/ xo, o, X1, hl)x (28)

where:

kstop is the stiffness of the mechanical stop;

Xsup is the coordinate of the surface of the slider that impacts the mechanical stop;
X0 (=xstop) and x7 are the coordinates of the limits of the mechanical stop;

e is the exponent in (28), which is null in the case of the Kelvin-Voigt model;

hg and hy are the limits of the function f.

Function f is described by a polynomial function, whose normalized shape is shown
in Figure 9:

ho Xsup = X0
f(xsup/ x0, ho, X1, hl) = ho + aA2(3 —2A) X1 < Xsup < X (29)
hq Xsup < X1

where:
Xsup — X0

=h—hy , A=
a 1 0 X1 — X

(30)
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Figure 9. Normalized shape of function f (29).

5.3. Simulation Results

In this section the results of the dynamic simulations of the proposed system in
different working conditions are presented. The main aim of the simulations is to ver-
ify that the mechanism works properly and, in particular, it is important to check the
following conditions:

1. If the projection of the cutting force along the sliding direction is less than the elastic
force threshold of the mechanism, then the grinding wheel support should not move.
This happens for small burr heights. With the considered setup (specified in Table 3),
the elastic force threshold of the mechanism, which is equal to the elastic reaction
force for x — 0, is 149.01 N). This force threshold corresponds to a burr height of
2.5 mm with the considered setup.

2. If the projection of the cutting force along the sliding direction exceeds the elastic
force threshold, the grinding wheel support should move backwards according to the
compliance of the mechanism and the dynamics of (27); moreover, for a constant burr
height, an equilibrium condition should be achieved (after a transient) between the
cutting force projection and the elastic reaction force and, therefore, a cut profile with
constant height should be obtained.

3. If the burr height decreases, the compliant mechanism should move forward, and
return towards the TDC. This condition is very important since it assures the stability
of the system. Of course, even if the burr becomes very small, the mechanism can
never reach the TDC due to the mechanical stop.

Condition 1 assures the cutting precision of the system, if the cutting force (and
the burr height) is below a given threshold. Condition 2 assures that the mechanism is
compliant if the cutting forces are too high, so that they are reduced to an acceptable
value; nevertheless, the cutting precision is jeopardized and an additional cutting cycle is
necessary to completely remove the burr. Condition 3 assures that the mechanism returns
back (up to the initial configuration) if the burr height decreases.

In the simulations the parameters listed in Table 3 are used. A steel burr is considered
with y = 0.75 [31]. The mechanical stop has been modeled as discussed in Section 5.2.

Different burr profiles are used as an input to simulations. The outputs of simulations
are the position x (directly related to the cut profile) and velocity x of the grinding wheel
support as a function of time. In order to verify the conditions 1-3, simulations are carried
out with step variations of burr height. Between different steps the burr height is constant
in order to verify that an equilibrium condition (cut profile with constant height) is obtained
after an initial transient. Different test cases with different profiles of step burr height
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are analyzed as detailed below (Sections 5.3.1-5.3.5). Finally, this study will include a
simulation in which the burr height is defined by a random function (Section 5.3.6).

The dynamic simulations start (for t = 0 s) with the grinding wheel support in contact
with the mechanical stop. For this reason, the position x is 0.3 mm for t = 0 s in all the
simulations performed, which corresponds to the position of the mechanical stop. This
means that the mechanism initial configuration is very near to the TDC. Due to the initial
length of the springs, a small elastic force is present that presses the grinding wheel support
against the mechanical stop.

5.3.1. Test Case 1—1-Step Profile

A 1-step burr profile with a constant height (h = 5 mm, see solid line in Figure 10
(top)) is used as an input for the dynamic simulation. The burr height is sufficiently high
to make the projection of the cutting force along the sliding direction exceed the elastic
force threshold of the mechanism (dashed line in Figure 10). The simulation results, i.e.,
the position and velocity of the grinding wheel support in function of time, are presented
in Figure 10 (middle and bottom). From the analysis of Figure 10, it can be noticed that the
grinding wheel support moves backwards (positive values of x) thanks to the compliance
of the mechanism; moreover, an equilibrium condition is achieved (after a transient of
about 0.25 s with a small overshoot) between the cutting force projection and the elastic
reaction force and, therefore, a cut profile with constant height is obtained. Therefore,
the simulation results for this test case are in line with what was expected in this case
(Condition 2 of Section 5.3). The burr height, initially equal to 5 mm, after processing is
about 2.5 mm. This means that a second cutting cycle is necessary to completely remove
the burr. The maximum (normal) deburring force reduces to 148 N from the nominal value
of 300 N (corresponding to the nominal height of 5 mm), i.e., roughly a 50% (automatic)
force reduction is obtained, which is related to the 50% reduction of the cutting height (2.5
instead of 5 mm).

step

0.06 T T T T T T
0.04 1
< 002‘-\ 1

~ -0.02 -

tIs

Figure 10. Step burr profile (h = 5 mm, top); position (middle) and velocity (bottom) of the grinding
wheel support.
5.3.2. Test Case 2—3-Steps Burr Profile “Low—Low-High”

A 3-steps burr profile “low—low-high” (see Figure 11 (top)) is used as an input for the
dynamic simulation. “Low”/”high” means that the burr height is not/is sufficiently high
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to make the projection of the cutting force along the sliding direction exceed the elastic force
threshold of the mechanism. In this test case, steps with increasing height are investigated.
In the first two steps the cutting force is below the elastic force threshold, whereas in the
third step the cutting force is sufficiently high (above the threshold) to make the mechanism
work in the compliant mode of operation. The simulation results are presented in Figure 11
(middle and bottom). It can be noticed that the grinding wheel support does not move
while the first two steps are processed (precision cut), and it moves backwards thanks
to the compliance of the mechanism while the third step is processed. Similarly to the
previous test case, an equilibrium condition is achieved (after a transient of about 0.3 s
after the beginning of step 3) and a cut profile with constant height is obtained for step
3, as it can be noticed in Figure 11. Additionally, in this test case the simulation results
confirm the expected dynamic behavior of the system: the grinding wheel support moves
backward only when the cutting force projection exceeds the elastic force threshold, and
when this happens a constant cut profile is obtained, after an initial transient (Condition
1 and Condition 2 of Section 5.3). From another point of view, for small burr heights the
mechanism is (ideally) infinitely stiff, whereas it becomes compliant for high burr heights.
Some small oscillations can be noticed when the burr height changes value but is not
sufficiently high to allow the mechanism to work in the compliant mode (i.e., the grinding
wheel support does not move and the cutting precision is ensured). This is due to the
presence of the mechanical stop, which is not infinitely stiff. Nevertheless, this effect causes
a negligible effect on the grinding wheel position, as it can be noticed in Figure 11 (middle).
The maximum (normal) deburring force reduces again to 148 N from the nominal value
of 240 N (corresponding to the nominal height of 4 mm), i.e., roughly a 38% (automatic)
force reduction is obtained, which is related to the 38% reduction of the cutting height (2.5
instead of 4 mm).

low-low-high
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Figure 11. Three-steps burr profile (“low—low-high” (top)); position (middle) and velocity (bottom)
of the grinding wheel support.

5.3.3. Test Case 3—3-Steps Burr Profile “High-High—High”

A 3-steps burr profile “high—high—high” (see Figure 12 (top)) is used as an input for
the dynamic simulation. Similarly to the previous test case, 3 steps with increasing height
are investigated. Differently with respect to the previous test case, in this case, for all the 3
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steps the cutting force is sufficiently high to make the mechanism work in the compliant
mode of operation. The aim of this test case is to verify that, when it passes from one
step to another, the system moves from an equilibrium condition to a new equilibrium
condition. The simulation results are presented in Figure 12 (middle and bottom). It can be
noticed that, at each step, the grinding wheel moves backwards thanks to the compliance
of the mechanism. Three different equilibrium conditions are achieved (after a transient of
about 0.25 s each time) with increasing height of the residual burr and, inside each step,
a cut profile with constant height is obtained (after the transient), as it can be noticed in
Figure 12. The simulation results of this test case confirm the expected dynamic behavior
of the system: each time that the system encounters a higher step, it moves to a new
equilibrium condition with a higher height of residual burr (in particular, Condition 2 of
Section 5.3 is satisfied for all the 3 steps). The maximum (normal) deburring force reduces
to 147.3 N from the nominal value of 360 N (corresponding to the nominal height of 6 mm),
i.e., roughly a 60% (automatic) force reduction is obtained, which is related to the 60%
reduction of the cutting height (2.5 instead of 6 mm).

high-high-high

h [m]
o N b O

v [m]
o N b O
T %
1

i [m/s]
o
T =
T
=

-0.02 |- 1
-0.04 + -
-0.06 1 1 1 1 1 1

0

Figure 12. Three-steps burr profile (“high-high-high” (top)); position (middle) and velocity (bottom)
of the grinding wheel support.

5.3.4. Test Case 4—3-Steps Burr Profile “High-Highest-High”

A 3-steps burr profile “high—highest-high” (see Figure 13 (top)) is used as an input
for the dynamic simulation. The burr height is & = 4 mm in the first step, then it becomes
h = 6 mm in the second step, and finally it returns to &1 = 4 mm in the third step. In all
the three steps the burr height is sufficiently high to make the mechanism work in the
compliant mode of operation. The main aim of this test case is to verify that, if the burr
height decreases, the compliant mechanism moves forward and returns towards the TDC,
as specified in Condition 3 of Section 5.3. The simulation results are presented in Figure 13
(middle and bottom). It can be noticed that, during the first two steps, the grinding
wheel moves backwards thanks to the compliance of the mechanism, and two different
equilibrium conditions are achieved with increasing height of the residual burr. Moreover,
in the third step, the compliant mechanism moves forward and rapidly returns towards the
TDC. In this step, a new equilibrium condition is obtained, with the same height of residual



Appl. Sci. 2021, 11, 2883

17 of 21

burr as in the step 1 (as expected, since the burr height is equal in steps 1 and 3). Therefore,
the mechanism works properly and, in particular, Condition 3 of Section 5.3 is satisfied.

high-highest-high
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Figure 13. Three-steps burr profile (“high-highest-high” (top)); position (middle) and velocity
(bottom) of the grinding wheel support.

5.3.5. Test Case 5—3-Steps Burr Profile “High-Low-High”

A 3-steps burr profile “high—low-high” (see Figure 14 (top)) is used as an input for the
dynamic simulation. In the first and third step the burr height is sufficiently high to make
the mechanism work in the compliant mode of operation, whereas in the second step the
burr height is sufficiently low to generate a cutting force projection below the elastic force
threshold. The main aim of this test case is to verify that, when the burr height decreases
and generates a cutting force projection below the elastic force threshold, the mechanism
returns in the initial configuration, i.e., with the grinding wheel support in contact with the
mechanical stop. The simulation results are presented in Figure 14 (middle and bottom). It
can be noticed that, during the first step, the grinding wheel moves backwards thanks to
the compliance of the mechanism, and an equilibrium condition is achieved with a certain
height of the residual burr. In the second step, the compliant mechanism moves forward
and rapidly returns towards the TDC (Condition 3 of Section 5.3 is satisfied). Since the
cutting force projection is below the elastic force threshold, the mechanism would tend to
go to the TDC, but due the mechanical stop this is not possible. Indeed, an impact between
the grinding wheel support and the mechanical stop takes place, as it can be noticed in
Figure 14, in which small bounces are reported after t = 1.5 s. Of course, the amplitude
and damping of these bounces depend on the dynamic parameters of the mechanism
(masses, inertias, springs stiffness, and damping) and on the characteristics (stiffness and
damping) of the mechanical stop. After the bounces, the mechanism remains in the initial
configuration (x is about 0.3 mm, as it can be noticed in Figure 14), up to the beginning
of the third step. Finally, in the third step, a new equilibrium condition is obtained, with
a height of residual burr higher than in the first step (as expected, since the burr height
is higher).
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high-low-high

Figure 14. Three-steps burr profile (“high-low-high” (top)); position (middle) and velocity (bottom)
of the grinding wheel support.

5.3.6. Test Case 6—Generic Burr Profile

A set of generic burr profiles have been generated using a random variation of burr
height in order to test the mechanism in more realistic scenarios. The random burr profiles
are then used as an input for the dynamic simulations. Random profiles have been
generated starting from the power spectral density (PSD) of the random process [33].
The three most common shapes for the noise have been assumed, namely white noise (flat
PSD), flicker-noise (PSD with slope -1 in a log-log diagram), and random-walk noise (PSD
with slope-2). The latter is usually adopted when it come to the roughness of road surfaces
(ISO 8608:2016). The shape of the PSD is related to the frequency distribution of the profile,
while the area under the PSD is related to the RMS (squared) of the random profile. It has
been assumed that the profiles, which are generated with a frequency of 1000 Hz, have
RMS between 1 and 4 mm.

A random burr profile using a PSD slope of —2 and a RMS of 2.5 mm and the related
simulation results are presented in Figure 15. It can be noticed that the proposed mechanism
performs well also for a generic burr profile. In particular, the compliance of the mechanism
is exploited to reduce the cutting forces and, as a consequence, a second cutting cycle is
necessary to completely remove the burr (see Figure 16). Similarly to the Test case 5
(Section 5.3.5) small bounces on the mechanical stop are visible in the middle plot of both
Figure 15; Figure 16 (for example after t = 0.55 s, after f = 1.9 s, etc.). From the analysis
of Figure 16, it can be noticed that after the second cutting cycle a very high precision is
ensured: most of the burr profile is at 2.85 * 10~ mm that is the equilibrium position of
the mechanical stop, and very small variations (<1 * 10~> m) with respect to this value are
present. Indeed, in the second cutting cycle the grinding wheel support is always in contact
with the mechanical stop, and the small variations in the burr profile are due to the (Iow)
compliance of the mechanical stop. In this case the compliance of the mechanism is not
exploited, since the maximum burr height is below 2.5 mm, which is the minimum burr
height that is necessary to make the mechanism work in the compliant mode, as explained
in Section 5.3. Very similar conclusions can be drawn when other values of PSD slope and
RMS are used (as above specified).
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Figure 15. Generic burr profile, first cutting cycle (top); position (middle) and velocity (bottom) of
the grinding wheel support.

Second removal
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Figure 16. Generic burr profile, second cutting cycle (top); position (middle) and velocity (bottom)
of the grinding wheel support. Please notice that the scale of these graphs are the same of Figure 15

for comparison purposes.

6. Conclusions

A mechanism has been designed to be used in robotic deburring to ensure a precision
cut and to reduce cutting forces and avoid breaks of the robot/spindle in the case of high
and irregular burr profiles. The mechanism is based on a classic slider-crank, which is
provided with springs in order to give the desired force-displacement response. In the event
that the burr is too high, it exploits its compliance to reduce the cutting forces automatically,
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and is able to return to the baseline configuration when the burr thickness is acceptable
again. After the specification of the desired stiffness curve, the main design parameters of
the system have been derived thanks to an optimization method. The effectiveness of the
proposed mechanism is verified by means of dynamic simulations using selected test cases.
The simulations showed that, when the compliance of the mechanism is exploited to reduce
the cutting forces, a second cutting cycle is necessary to completely remove the burr and
ensure a high cutting precision. With the dataset considered, the (normal) deburring forces
remain always below 150 N thanks to the design of the mechanism, even if the burr height
would generate nominal forces much larger. This has been shown both with basic profiles,
such as steps, and with more realistic random profiles, thus ensuring cutting without the
risk of damaging the cutting tool. A limitation of the present work is the fact that the
proposed system needs to be validated experimentally, paying particular attention to the
vibrations induced due to the cutting operation, which could make it necessary to improve
the design. The experimental validation of the proposed mechanism and the development
of a dynamic model that includes the manipulator model will be part of future work.
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