ResearchGate

See discussions, stats, and author profiles for this publication at:

Kinematic Corner Smoothing for High Speed
Machine Tools

Article /1 International Journal of Machine Tools and Manufacture - June 2016

DOI: 10.1016/j.ijmachtools.2016.05.009

CITATIONS READS
3 184
2 authors:
g Oregon State University Oregon State University
9 PUBLICATIONS 14 CITATIONS 31 PUBLICATIONS 291 CITATIONS
SEE PROFILE SEE PROFILE
All content following this page was uploaded by on 08 July 2016.

The user has requested enhancement of the downloaded file.


https://www.researchgate.net/publication/303771655_Kinematic_Corner_Smoothing_for_High_Speed_Machine_Tools?enrichId=rgreq-80978e6d052fda8aafaf4d0223e93788-XXX&enrichSource=Y292ZXJQYWdlOzMwMzc3MTY1NTtBUzozODE2MDQxNzk1Mjk3MjhAMTQ2Nzk5MjkzNDA2NA%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/303771655_Kinematic_Corner_Smoothing_for_High_Speed_Machine_Tools?enrichId=rgreq-80978e6d052fda8aafaf4d0223e93788-XXX&enrichSource=Y292ZXJQYWdlOzMwMzc3MTY1NTtBUzozODE2MDQxNzk1Mjk3MjhAMTQ2Nzk5MjkzNDA2NA%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-80978e6d052fda8aafaf4d0223e93788-XXX&enrichSource=Y292ZXJQYWdlOzMwMzc3MTY1NTtBUzozODE2MDQxNzk1Mjk3MjhAMTQ2Nzk5MjkzNDA2NA%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Shingo_Tajima?enrichId=rgreq-80978e6d052fda8aafaf4d0223e93788-XXX&enrichSource=Y292ZXJQYWdlOzMwMzc3MTY1NTtBUzozODE2MDQxNzk1Mjk3MjhAMTQ2Nzk5MjkzNDA2NA%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Shingo_Tajima?enrichId=rgreq-80978e6d052fda8aafaf4d0223e93788-XXX&enrichSource=Y292ZXJQYWdlOzMwMzc3MTY1NTtBUzozODE2MDQxNzk1Mjk3MjhAMTQ2Nzk5MjkzNDA2NA%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Oregon_State_University?enrichId=rgreq-80978e6d052fda8aafaf4d0223e93788-XXX&enrichSource=Y292ZXJQYWdlOzMwMzc3MTY1NTtBUzozODE2MDQxNzk1Mjk3MjhAMTQ2Nzk5MjkzNDA2NA%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Shingo_Tajima?enrichId=rgreq-80978e6d052fda8aafaf4d0223e93788-XXX&enrichSource=Y292ZXJQYWdlOzMwMzc3MTY1NTtBUzozODE2MDQxNzk1Mjk3MjhAMTQ2Nzk5MjkzNDA2NA%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Burak_Sencer?enrichId=rgreq-80978e6d052fda8aafaf4d0223e93788-XXX&enrichSource=Y292ZXJQYWdlOzMwMzc3MTY1NTtBUzozODE2MDQxNzk1Mjk3MjhAMTQ2Nzk5MjkzNDA2NA%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Burak_Sencer?enrichId=rgreq-80978e6d052fda8aafaf4d0223e93788-XXX&enrichSource=Y292ZXJQYWdlOzMwMzc3MTY1NTtBUzozODE2MDQxNzk1Mjk3MjhAMTQ2Nzk5MjkzNDA2NA%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Oregon_State_University?enrichId=rgreq-80978e6d052fda8aafaf4d0223e93788-XXX&enrichSource=Y292ZXJQYWdlOzMwMzc3MTY1NTtBUzozODE2MDQxNzk1Mjk3MjhAMTQ2Nzk5MjkzNDA2NA%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Burak_Sencer?enrichId=rgreq-80978e6d052fda8aafaf4d0223e93788-XXX&enrichSource=Y292ZXJQYWdlOzMwMzc3MTY1NTtBUzozODE2MDQxNzk1Mjk3MjhAMTQ2Nzk5MjkzNDA2NA%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Burak_Sencer?enrichId=rgreq-80978e6d052fda8aafaf4d0223e93788-XXX&enrichSource=Y292ZXJQYWdlOzMwMzc3MTY1NTtBUzozODE2MDQxNzk1Mjk3MjhAMTQ2Nzk5MjkzNDA2NA%3D%3D&el=1_x_10&_esc=publicationCoverPdf

International Journal of Machine Tools & Manufacture 108 (2016) 27-43

. . . . L.
Contents lists available at ScienceDirect i
International Journal of Machine Tools & Manufacture
journal homepage: www.elsevier.com/locate/ijmactool i
Kinematic corner smoothing for high speed machine tools @ CrossMark
Shingo Tajima, Burak Sencer *
Oregon State University, School of Engineering, Mechanical Engineering Department, Corvallis, OR, USA
ARTICLE INFO ABSTRACT
Article history: This paper presents a novel kinematic corner smoothing technique for high-speed CNC machine tools.
Received 7 April 2016 Typically, reference tool-paths compromised of short GO1 moves are geometrically smoothed by means
ggcl'\f/:"edzgiée‘”s'fd form of arcs and splines within the NC system. In this study, a continuous feed motion is generated by directly
ay

planning jerk limited velocity transitions for the drives in the vicinity of sharp corners of the tool-path.
This approach completely eliminates the need for geometry based path smoothing and feed planning.
Contouring errors at sharp corners are controlled analytically by accurately calculating cornering speed
Keywords: and duration. Since proposed approach bases on kinematically planning axis motion profiles, it exploits
Numerical control(NC) acceleration and jerk limits of the drives and delivers a near-time optimal motion. Experimental vali-
Trajectory generation dation and comparisons are presented to show significant improvement in the cycle time and accuracy of

Corner smoothing touring Cartesian tool-path
Motion control contouring Cartesian tool-paths.

Accepted 31 May 2016
Available online 2 June 2016

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

CAD systems are utilized to design complex geometries based on smooth curves such as NURBS or B-splines [1]. Direct interpolation of
these curves is proven to be superior in terms of providing smoother and faster motion in high-speed machining [2,3]|. However, most CNC
machines are not capable of efficiently interpolating higher order parametric curves in real-time. Accurate calculation of curve lengths [4],
planning of time efficient feed profiles [5-7] suppression of feed fluctuations [8] and control of chord errors during real-time interpolation
are major bottlenecks still being addressed both by academia and NC builders. Instead, CAM systems are aided to discretize original
smooth part geometry with numerous short line segments, and NC systems are fed with linear “point-to-point” motion commands.
Interpolating paths compromised of linear segments limits productivity. Since linear moves are not continuous, motion has to stop at
junction points of linear segments, i.e. corners, leading elongated cycle times and generating rough, cornered surface finishes [9].

Local “corner blending (smoothing)” techniques have been proposed to achieve non-stop continuous motion [10,11]. The idea is well-known
and straightforward. In order to realize a continuous transition between consecutive linear segments, sharp corner is replaced with a smooth
blending curve by the NC system. As a result, the corner is no longer sharp, and reference path deviates from the original geometry. As a matter of
fact, this deviation is not detrimental during high-speed machining since sharp corners are rarely executed in roughing or semi finishing op-
erations. Instead, corners are programmed to be traversed continuously, subject to manufacturing tolerance constraints and kinematic limits of the
machine [12]. Thus, key requirements in continuous cornering are continuity [9], accuracy [13] and speed [14].

Current literature solves corner smoothing problem in two steps, namely; curve fitting followed by feed profile planning. First, corner geometry is
smoothed by fitting a highly continuous curve under user specified cornering tolerances. Jouaneh et. al. [10] replaced the corner with a circular arc for
fast cornering. However, a circular arc only delivers velocity continuous (C') motion transition. Later they used two clothoid curves to realize accel-
eration continuous (C?) motion transition[11]. Yutkowitz and Chester [15] utilized two quartic splines to generate curvature continuous cornering
geometry within user-specified tolerances. Sencer et al. [16] solved curve fitting problem with a single Quintic Bezier curve and others [17-21] used
B-spline curves to control both corner geometry and the continuity. Beudaert et. al. [22] extended sharp corner smoothing in five-axis machining paths.

Once sharp corners are smoothened, it becomes a mixture of linear segments continuously blended with splines. Thus, the second step is
scheduling of a feed profile. Due to curved corner profile, tangential speed (feedrate) must be lowered so that axis velocity and acceleration limits are
not violated at corner sections [9]. Jerk limited acceleration profile (JLAP) is widely used in high-speed machining [23,24]. It generates trapezoidal
acceleration transitions with piecewise constant jerk segments, which helps avoiding excitement of inertial vibrations of feed drive system
and provides a practical balance between smoothness and time-optimality. Erkorkmaz and Altintas [25] planned JLAP based trajectories along spline
tool-paths. Others generated JLAP based feed profiles along corner smoothed tool-paths [16,20,19].
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Nevertheless, separation of corner smoothing problem into curve fitting and feed planning is an inefficient approach. Since smoothened corner
geometry is essentially a parametric curve, it suffers from bottlenecks related to real-time interpolation [8,13,16]. In addition, planning of a time
optimal feed profile along corner blend is computationally stringent[6]. As a result, conservative cornering speeds are selected in real-time
implementation [9]. Recent approaches are towards development of kinematic corner blending techniques, which eliminate the need for para-
metric curve fitting. Okwudire and Ding [14] used optimal control to generate time-optimal cornering trajectories. Weck and Ye [26] and recently,
Sencer et al. [27] investigated on filtering techniques to accurately travel along sharp corners. Tsai and Huang [28] investigated incorporation of
servo dynamics into cornering trajectory generation to improve dynamic contouring accuracy.

This paper proposes a novel approach where continuous cornering is achieved without fitting a parametric curve. Instead, we solve the
problem “kinematically” by smoothly blending axis velocities from one segment to the other based on the JLAP. Fastest cornering speed, which
respects axis velocity, acceleration and jerk limits, and at the same time generates a cornering trajectory within user-specified cornering tolerance
computed analytically. Since one of the axis kinematic limits is primarily saturated, proposed “kinematic corner blending” technique provides
near time-optimal cornering motion. Section 2 presents the proposed kinematic corner smoothing method based on the JLAP. Section 3 shows
illustrative examples, experimental validations and comparisons to past literature. Lastly, Section 4 provides conclusions and discussions.

2. Kinematic corner smoothing problem

Majority of NC tool-paths contain series of linear segments as shown in Fig. 1a. A single planar(x,y) cornering scenario encountered on a
Cartesian manufacturing machine is shown in Fig. 1b. The two consecutive linear segments intersect each other to generate the sharp

corner, PC:[xC,yC]. The angles 6; and 6, define orientation of linear segments, and ?;:[cos(e]), sin(@)" and

T; = [ cos(0;1 + 07), sin(d; + 6,)] are the unit vectors defining feed directions along them. As observed, the geometry is position (G°)
continuous, which allows continuous interpolation of axis position commands. However, the feed direction changes discontinuously from
t; to t. at sharp corner point, P.. As a result, if sharp corner is to be traveled at constant speed, infinite amount of acceleration is necessary
to alter axis velocities at corner point, which saturates the drives. The machine simply has to come to a full-stop at the sharp corner before
continuing to the consecutive linear segment. This approach severely elongates cycle time of a manufacturing operation. Therefore,
current techniques focus on smoothening sharp corner geometry within specified cornering tolerance so that the machine could traverse
non-stop along linear segmented tool-path.

This paper proposes a novel technique where instead of smoothing the path geometry, a smooth and controlled cornering trajectory is
generated by designing motion profiles of the axes. Fig. 2 shows proposed smoothened sharp corner profile. The tool approaches vicinity of the
corner at a cornering speed of V. and an acceleration A.. As shown in Fig. 2a-b, the idea is to smoothly blend axis kinematic motion profiles from
entry and to the exit of corner so that feed direction can be changed continuously. In order to stay within kinematic limits of the drives, axis
kinematic profiles are interpolated at a finite cornering duration of T, which in return introduces deviation from original path geometry. Selecting
identical V. and A. at both ends of the corner generates a symmetrical corner profile around the bisector of the unit tangent vectors, and the
maximum deviation from the original sharp cornered geometry occurs at the center (see Fig. 2a). The problem is to determine the maximum
cornering velocity and accelerations, which keeps cornering trajectory within user specified cornering tolerance, € and utilizes drive's acceleration
Amax and jerk Jiq, limits to minimize total cornering cycle time.

2.1. Jerk limited acceleration profile

Jerk limited acceleration profile (JLAP) is a widely used trajectory generation scheme in modern CNC machine tools [9,23,30]. It is used to
accelerate or decelerate the tool from an initial velocity and acceleration, to a final velocity and acceleration within pre-determined acceleration
and jerk limits. Fig. 3 shows the jerk limited acceleration profile. It consists of 3 phases. In phase 1, acceleration is increased at constant rate
controlled by the piecewise constant jerk, J;. This is followed by a constant (cruise) acceleration phase A, and acceleration is decelerated at a
constant rate of J3 in phase 3. Through this 3-phased acceleration profile, both initial velocity of Vi and acceleration A are smoothly blended with
the final velocity V., and acceleration A.. If the initial conditions for displacement S;, velocity V; and acceleration A are known, and the jerk profile
is known, acceleration a(t), velocity v(t) and displacement s(t) profiles can be obtained by integrating the jerk j(t) as,
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Fig. 1. Sharp corner smoothing of discrete tool-paths.
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The jerk profile during acceleration/deceleration durations in Fig. 3 can be written as,
]], 0<t<t
j@®=40,4<t<t
hb<t<ts @)

where t denotes absolute time, ty, to, t3 denote the time boundaries of each phase; J; and J5 are jerk values in phases 1 and 3. Integrating
Eq. (2) with respect to time, reveals the trapezoidal acceleration profile

As+]1771: 0<t<tf
a(r) =14 A, H<t<b

A+m, bSt<t A3)

where A is the acceleration amplitude, and 7 is the relative time parameter, which starts at the beginning of the kth phase as shown in
Fig. 3. Similarly, integrating Eq. (3) with respect to time generates the velocity profile as,

Vet At + Jet 0<E<t V= Vot AT+ 2] T2

V(7) =4 Vi + Any, h<t<t, V,=Vi+ AL

1 1
Vo + Ars + 5]3132, b<t<sts Vo=V, + AT + 5]3 T2 @)
where V; is the initial velocity, and V, denotes the final velocity reached at the end of the motion. Ty (k=1,2,3) is the duration of the k™
phase, and Vj is the velocity reached at the end of each corresponding phase. Again, integrating Eq. (4) with respect to time yields the
displacement profile,

Ss+ Vo1 + %Asnz + %]1713, 0<t<ti $i=VIi + %Asle + %J1Tl3
S(r) = S]+V]‘I'2+%A‘L'22, H<t<b Sz=S]+V]T2+%AT22

1 1 1 1
So+ Vors+ —Ar2 4+ 133, b <t<t3 Se=S+WhE+ A% + -, T53
2+ Vars + SArs 6]313 25t Se=5+ B+ AL 6]33 5)
where s, (k=1,2,3) is the displacement reached at the end of each k™ phase.
In most general usage, jerk limited acceleration profile can be employed to generate smooth velocity and acceleration transition
between given kinematic boundaries, i.e. Vs, V, and A, A.. Owing to the nature of the trapezoidal shape of the profile, acceleration
amplitude A can be expressed as:
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A=A+ ] Ti=A. - 15 (6)

and correct signs for acceleration and jerk values can be determined from velocity and acceleration boundary conditions:
A =sgn(Ve - V;)Al
I = sgn(A)|]
Js = —sgn(A)]s|} @
Note that a negative A indicates deceleration instead of acceleration in the motion. The signs of jerk amplitudes are modified ac-
cordingly. If the value of A is zero, this indicates absence of an acceleration phase.
The jerk limited acceleration profile is constructed by determining durations of all the three phases, Ty, T, and Ts. If a constant ac-

celeration phase exists in the motion, maximum acceleration A=A,4 is reached at the end of phase 1. The maximum allowable jerk, J;qx iS
used to minimize the total motion duration. Therefore, durations for phases 1 and 3 can be computed from Eq. (6) as:

7:1 |Amax - ASl 7‘3 - |AlTlElX - Ae|

]max ’ ]max (8)

Knowing that both V, and A, are reached at the end of velocity transition, T, is computed from Eq. (4) to be:

Tz—]

Amax

2 2 2
|:|VE—V5|—AmaX2+AST1—AmaX+AeT3:|= 1 [lve_vsl_Amax +As + Ae :|

2 ]max zjmax

On the other hand, if the velocity transition AV is small, and acceleration capacity of the drives is large, T> computed from Eq. (9) may
yield a negative value, T, < 0. In this case, T, = 0 is set, which eliminates any constant acceleration phase, and acceleration amplitude is
adjusted from Eq. (9):

C)]

max

A2 + Ap?

A=sgn(Ve—Vs)JmaX(Ve—Vs)+ 3 (10

The non-zero jerk durations are then updated accordingly,
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RoW-AL L A=A
Jmax an

]max

Once all the segment durations are obtained from Egs. (8), (9) and (11), jerk limited acceleration profile can be constructed to realize
smooth velocity and acceleration transitions. The total distance traveled during the transition is obtained as:

1 1 1 1 .
Vi(T+5+B)+ EASTB +AT(L+ T) + EA(Tz + Y + Flmax (R -T%) + ijmalez(Tz +T) ifB#0
L=

1 1 .
V(i + T3) + SA(T + T) + nax (72 = %) + Smax T(Ti + T5) ifE=0

1
2 (12)

Please note that, although the most general form of the JLAP is given in above equations, typically the profile is used to generate
smooth speed transition between two cruise velocities. In other words, initial and final accelerations are generally zero, A; = A, = 0, and
construction of the profile becomes simpler. For instance, the acceleration profile becomes symmetrical from Eq. (3),

A=sgn(V, - Vi) Al

A =], Ty = J;T; where
R {11 =sgn@Aylandf; = -] (13)

and durations of phases 1 and 3 can be become:

T] — T3 = Amax‘
Jmax (14)

Knowing that only V. is reached at the end of velocity transition, T, can be computed from Eq. (4) to be

— |‘/€_ ‘/Sl _ Amax

T
2 Amax ] max ( 1 5)

and the non-existence of constant acceleration phase, T, < 0, is handled by setting T, = 0 and acceleration amplitude is calculated as:

A= Sgn(Ve - VS)\/.]max |Ve - Vslv (16)

and constant jerk durations are adjusted accordingly from Eq. (14):

AL

h=T= .
Jmax a7

Finally, total distance traveled during a velocity transition yields

(Ve + Vo) (A%ax +J max Ve = J max V&)

. 2 i h#o
| Ve Vo) (e (Ve — Ve
Ve Vo) U (e = W) -
I 18)

The acceleration phase of the JLAP is presented above, and it can be constructed to either interpolate constant velocity transitions, or
velocity transitions with initial accelerations. The deceleration phase can be planned by replacing acceleration amplitudes with negative
deceleration values. Therefore, it is omitted here. Following sections present the proposed kinematic corner smoothing (KCS) algorithm
designed based on the jerk limited acceleration profile.

2.2. Kinematic corner smoothing (KCS) with interrupted acceleration

This section presents the proposed kinematic corner smoothing (KCS) scheme applied to corners formed by the intersection of long
straight lines. For such long line segments, smoothing is highly localized to a corner region that is typically a small fraction of the total
length of the line. Thus, we assume that corners do not overlap each other, programmed feedrate along linear segments can be reached,
and the machine has capacity to decelerate to a specified cornering speed, V. Here, we assume that the cornering motion starts from a
constant cornering speed V. with zero initial acceleration A, = 0. Therefore, we call this method “KCS with interrupted acceleration”. As
shown in Fig. 2b, V. controls axis velocity boundary conditions at the start (Vs,, in Vyy) and end (Vey, in Vey) of a cornering trajectory. The
objective is to determine the fastest cornering speed, V. feasible so that axis velocity transitions can be planned, and resultant cornering
trajectory deviates from original sharp corner profile by a predetermined geometric tolerance value, ¢ (See Fig. 2a).

Assuming that the cornering motion starts and ends at identical tangential cornering velocity V., individual x-y axis velocity profiles
are planned based on the JLAP from Eq. (4) as:
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1 1
Vix + E]lelzv O0<t<t, Vix=Vu+ Ejlelz
Vi(7) = 9 Vix + Axza, h<t<b Vax=Viet+t AL ’

1 1
Vox + Axts + E]3x732v h<t<ts Vex=Vuu+ AL+ 5]3)(7%

1 1
Viy + ijlyff, 0<t<ty Viy=Viy+ EleTl2
Vy(r) = Vly + AyTZv h<t<b, V2y = Vly + AyTZ
1 1
V2y + AyT3 + 5_’33/ T32v Lt Vey = V2y + AyT3 + Ejgy T% 19)
where starting and ending velocity boundary conditions are calculated form Eq. (19) and corner geometry(See Fig. 3):
V= Ve cos(61)] [ Vex=Ve cos(61+ 62) = Vex + Ax(B + ) + 1/2], T + 1/2]3XT§l
Vi = Ve sin(61) | * [ Vey = Ve sin(61+02) = Viy + Ay(To+ T3) + 1/2)3, TF + 1/2)3, T3 |
Starting Velocity Constraints Ending Velocity Constraints (20)

where J1x= —Jsx J1,= —J3y are axis jerk, and A,, A, are axis cornering acceleration amplitudes. For a Cartesian motion system, identical jerk
and acceleration limits are generally selected, i.e. Jmax=Jxmax=Jymax aNd Amax=Axmax=Aymax- The total velocity transition for each axis
during a cornering trajectory can be obtained from Eq. (20),

AV, = VC‘ cos(6 + 02) — cos(6)1)|

AV, = V| sin(6; + 63) — sin(6y))| 1
Next, displacement boundary conditions are imposed to control the smoothened corner geometry. Since tangential velocity and ac-

celeration are identical at start and end of the motion, cornering trajectory is symmetrical around the bisector of the unit tangent vectors,

ts te, and hence maximum geometrical deviation from the sharp corner point occurs in the middle of the cornering trajectory. Cartesian
coordinates of the mid-point can be computed by integrating Eq. (19) and evaluating it at t = T; + 1/2T, as:

T 1, (LY 1 1 T
Xmid = Ve COS(él)(ﬂ + —2) + _Ax(_z) + g’ + ijlxﬂz(—z)

2) 27 2 2
. AR TZ)Z 1 1 (Tz) ’
L=V, o T+ 2|+ 2A| 2| + o), T3+ =, T2| 2
Ymid c Sln( 1)( 1+ 2)+ 2 Y( 2 + 6]1y 1T+ 2]1y 1 P 22)

The original sharp corner location P.=[x., y.| is considered relative from the start of the cornering motion, and it can be defined from
the cornering geometry (see Fig. 2a) as:

Xc =L, cos(el)}

Y. =Lc sin(6y) 23)

where L. is the Euclidian length used for corner smoothing. L. can be calculated based on the corner geometry and total displacement
traveled by the drives. For instance, considering X-axis's motion, L. can be obtained from Eq. (18) with the boundary velocity conditions
given in Eq. (20) as:

1 3 1 2 1 2
Le(cos(61) + cos(61+ 62)) = Ve cos(601)T; + €]1XT] +[ Ve cos(61) + §]1XT1 L+ EAXTZ

+ (Vc cos(6;) + %Jlx T2 + AxTz)T3 + %A,J}Z + %13,( T3

(24)
and the displacement constraints for the cornering motion is imposed from Eqgs. (22)-(24):
LY 1, (&)Y 1 1 T T
& = Xmid — Xc =V, cos(91)(T1 + 52) + EAX(EZ) + g]lel3 + 5]],(7"12(52) -V cos(6)1)(T1 + 52)
. LY 1,(%Y 1 1 T . T
&y =Ymia = Yo = Ve sm(&)(T] + ?2) + EAX(EZ) + gflel3 + Eflelz(jz) -V sm(&)(T] + ?2) 25)

where g = ¢ cos(@.), ey =¢ sin(es) are Cartesian projections of cornering tolerancee, and 6, = z/2 + 6, + 6/2 is the bisector of the corner
(See Fig. 2a).

Maximum cornering velocity, V. is sought to generate the fastest cornering speed, which saturates at least one of the axis acceleration
or jerk limits. Therefore, V. is constrained based on the axis, which experiences the largest velocity transition identified from Eq. (21). For
instance, if AVy > AV}, X-axis becomes the “limiting axis”. Velocity and displacement kinematic conditions are combined from Egs. (20) and
(25) for the x-axis as:
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a) Smoothened corner trajectory b) Velocity and acceleration profiles
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Fig. 4. Kinematic Corner smoothing with uninterrupted acceleration.
Velocity Constraint P Vex=Ve cos(01+ 62) = Vy + Ax(B+ ) + %]MT% - %bx i

2
Displacement Constraint: & = V. cos(@l)(Tl + E) + lAx(ﬁ) + %Ju T3+ %]u le(ﬁ) -V cos(91)(T1 + %)

2 227\ 2 2 (26)

and motion durations Ty, T> and Ts are identified with respect to axis acceleration and jerk limits as follows.

Firstly, the algorithm assumes that a constant acceleration phase exists during cornering motion. This implies that the acceleration and
jerk limits of X axis are fully exploited by setting ax=Amax J1x=Jmax= —J3x and the duration of constant jerk phase, T; and T3 are computed
by the trapezoidal nature of JLAP as:

Tl — T:J, — Arnax'
-’max (27)
Duration of the constant acceleration phase, T, is then obtained from Eq. (20):
T, = Avx Amax
2= I —
Amax Jinax (28)
and the maximum cornering velocity, V. is solved from displacement boundary condition given in Eq. (26) as:
JSAmaxe sin(6+ 2)| - Ame
‘/C — 3]max
| cos(61+ 62) — cos(n)| 9

On the other hand, if the velocity transition is small and acceleration capacity of the drives is large, T, computed from Eq. (28) may
become negative T, < 0. In this case, constant acceleration phase becomes unnecessary, and it is eliminated by setting T,=0. Eq. (26) is
used to re-calculate maximum axis acceleration as

Ay = 3622 €l cOs(@,)]. (30)

and the durations of constant jerk section, T; and T; are updated to:

R
Jrax [€2))
As a result, the fastest cornering velocity can be obtained from Eq. (26) as:
3[360max 2 sin?(01+ 2)
=
| cos(61 + 62) — cos(6y)| (32

For some applications where feedrate is slow and the corner geometry is severely obtuse, cornering velocity V. computed from Egs.
(29) or (32) may exceed the commanded feedrate. In this case, the cornering velocity is set to the programmed feedrate of the linear
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Fig. 5. Right-handed Sharp Corner Smoothing using KCS method with Interrupted acceleration.

segment. Cornering acceleration and jerk profiles are solved from Eq. (26) to satisfy the desired cornering tolerance. Please note that since
cornering velocity is lowered, maximum acceleration and jerk limits of the drives may not be saturated leading to a near time-optimal
cornering motion.

The total cornering duration is calculated by sum of all durations of the JLAP:

Te=T+h+T 33

On the other hand, if Y-axis experiences the largest velocity transition, then maximum cornering speed, V. is computed by replacing
cosine terms with sine in Eqgs. (29) and (32). Please note that the JLAP for less demanding, so-called the “trailing”, axis is planned with
identical segment durations computed from Eqs. (27), (28) and (31). As a result, the trailing axis is not driven at its kinematic limits, but
overall cornering motion is synchronized.
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Fig. 6. Right-handed Sharp Corner Smoothing using KCS method with Uninterrupted acceleration.
2.3. Kinematic corner smoothing (KCS) with uninterrupted acceleration

Previous section presented the kinematic corner smoothing(KCS) approach based on blending constant axis velocities at the entry and
exit of a cornering motion. In that algorithm tangential velocity is reduced to the fastest cornering V., and cornering motion starts and
ends with zero initial acceleration (See Fig. 2b). In an effort to further reduce overall cornering duration, this section extends the approach
presented in Section 2.2 by introducing cornering acceleration boundary conditions, A.. The objective is to realize an uninterrupted tool
motion as it is decelerated from segment's programmed feedrate to the cornering velocity and accelerated back to the next segment's feed
without interrupting acceleration. Thus, the KCS with uninterrupted acceleration method presented in this section imposes non-zero
cornering boundary acceleration conditions to further reduce overall cornering cycle time.

Fig. 4 presents the approach to blend both axis velocity and accelerations in an uninterrupted manner. Instead of employing all
3 phases of the JLAP as proposed in Section 2.2, only the acceleration ramp phase, i.e. phase 1, is employed to smoothly interpolate axis
velocity and accelerations from start to the end of the corner. The cornering motion kinematics can be written for X and Y axes as:
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Fig. 7. Obtuse corner smoothing using KCS with interrupted and uninterrupted acceleration profiles.
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Firstly, identical tangential acceleration magnitudes at the start and end of the cornering motion A, = - A = A., are imposed to

generate a symmetric cornering trajectory,

Ase = — Ac cos(6y) Aex = Ac €05(01+ 02) = Asc + ), Ti
Asy =-Ac Sin(91) ' Aey =Ac Sin(‘91 + 02) = AS—V +~]YT1

v

Starting Acceleration Constraints Ending Acceleration Constraints (3 5)

Similarly, velocity boundary conditions are imposed as:

Ve = Ve cos(61) Vex = Ve cos(61 + 62) = Vo + ATy + 1/2), i
Vo= Ve sin(6)) | | Vey = Ve cos(61+ 62) = Viy + Ay Ty + 1/2], T2

v

Starting Velocity Constraints Ending Acceleration Constraints (3 6)

Lastly, displacement boundary conditions are introduced. Planning cornering motion with identical start and ending tangential velocity
and accelerations ensures that the trajectory is symmetric around the bisector of the corner, hence maximum cornering error occurs at the
mid-point of the trajectory. The mid-point position can be computed from Eq. (34) as
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Fig. 8. Acute corner smoothing based on KCS with interrupted and uninterrupted acceleration profiles.
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and location of the sharp corner point is computed from cornering geometry (See Fig. 4a) as:

xc=1L
p= c c
yc:LC

cos(6;)
sin(6r)

where L. is calculated based on the distance x-axis traveled from Eq. (34):

VoeTi + 7Aa T + g T2

c=

cos(6) + cos(6; + 0;)

37

37

(38)

(39

The displacement boundary condition for cornering trajectory is imposed to control cornering tolerance from Egs. (38) and (37). For the
X-axis it can be written as:

& = Xmid — Xc = € COS(6.) =

stTl%(cos(t% +6) — cos(6y)) + %ASXT]Z(% cos(61 + 62) — % cos(ﬁl))

+ éleﬁ(% cos(61 + 63) — % cos(el))

cos(61) + cos(6; + 62)

(40)

Please note that Y-axis component is simply obtained by replacing cosine terms with sine and axis acceleration and jerk amplitudes.
Similar to Section 2.2, maximum cornering velocity, V. is sought to generate the fastest cornering speed, which tries to saturate at least



38 S. Tajima, B. Sencer / International Journal of Machine Tools & Manufacture 108 (2016) 27-43

a) Single cornered tool-path b) Total cycle time for different cornering tolerances
0.42— T T T T T T T
5 04 KCS with
g } Inerrupted
g 638 1" Acc.
[
| 2 036
<4 5 KCS with
8, = 034 Uninterrupted
] Acc.
=
| e1=0° L £ 0.32
! 0 3 1 1 1 i 1 1 1 1
’ 20 40 60 80 100 120 140 160
Corner Angle 6, [deg]
Fig. 9. Cycle time performance of KCS with interrupted and uninterrupted acceleration profiles.
"f — Workstation PC
tform - Read Original Tool-path
N - Generate Smoothed Tool-path
Linear Motor
(Y-axis)
/
Dspace DS1103®
Real-time Control System
- P-PI Cascade Motion Controllers
with Velocity Feed-Forward Action
Motor Torque
Signal
Linear Encoder
Feedback
Fig. 10. Experimental setup.
| KCS with Interrupted Acc.  KCS with Uninterrupted Acc.  Bezier Smoothing[16] Original Tool-path |
Corner #(6) 167 Corner #(5) Corner #(4) Corner #(3)
25.5 g 46.7
50um 50um
25.1
25 50um 46.6 /\ 46.6
g 25
24.5 46.5 46.5
-0.5 0 0.5 124 12.5 12.6 24.9 25 25.1 374 375 37.6

Original and Smoothed Tool-path

50 ' Corner #(2)

255

40 f ® 3 1 s 50um

w
o

24.5
49.5 50 50.5

Corner #(1)

A=0—
bmed View of A#0—
Cofner Profile__ 011 50,y

Motion Start )
or C)/' 0 Bezier

. : - : : 498 499 50
0 10 20 30 40 50

X-axis [mm]

Y-axis [mm]
N
o

0.2

-

o
N
124

Fig. 11. Experimental multi-segmented tool-path.



S. Tajima, B. Sencer / International Journal of Machine Tools & Manufacture 108 (2016) 27-43 39

a) Path (Tangential) Velomty

T
Limit
“Bezier Smoothing[16]
KCS with
Uninterrupted Acc.
WA Kcs with
Inerrupted Acc. | K

-

o

o
|

|

Velocity[mm/sec]
(42}
o

0 : $ 2.5015
0 05 T Time[sec] 2.3510 2.4644
b) X-axis Commanded Velocity c) Y-axis Commanded Velocity
100 : ‘ ‘ T ] 100 f ' ‘ ; '
) KCS with
8 Inerrupted Acc.
- 0
E
KCS with Bezier Smoothmg[WG]
~100 | ! UmnterruptledAcc. ! 100 t I !
0 0.5 1 1.5 2 25 0 0.5 1 1.5 2 2.5
d) X-axis Commanded Acceleration e) Y-axis Commanded Acceleration
2000 Limit 2000 Limit
a7
[&]
2 0 0
€
E,
200 Limit  -2000 Limit
0 0.5 1 15 2 25 0 0.5 1 1.5 2 25
x10° f) X-axis Commanded Jerk x10° g) Y-axis Commanded Jerk

Limit

[mm/sec3]

Limit

0 05 1 1.5 2 25 0 0.5 1 1.5 2 2.5
Time[sec] Time[sec]

Fig. 12. Kinematic profiles along corner smoothened tool-path.

one of the axis' acceleration or jerk limits. The limiting axis is identified as the axis with the largest acceleration transition AAy = |Aex — Asx|
or AA, = |Ay — Ay |- For instance, identifying X-axis as the limiting axis, AA, > AA,, acceleration, velocity and position constraints for

cornering motion are written from Egs. (35), (36) and (40) as:
Acc. Constraint : A. cos(6; + 62) = — Ac cos(61) + ), Ty

Vel. Constraint : V. cos(6; + 62) =V, cos(6;) — Ac cos(61)T + ljx T2
. . 2] T 1 T T
Disp. Constraint: e cos(% + 61+ ?2) =V cos(é’])(%) - EA cos(61)(§1) + j"(?) g
Ve cos(01)T; — A cos(01)T? + ¢f, T2
- cos(61) + cos(6; + 62)

]cos(&)

41

Feasible cornering velocity trajectory is then sought by saturating either one of the kinematic limits. For instance, setting cornering
jerk, Jx=Jmax allows computation of the unknown cornering velocity, V. as

ggzjmax

sinz("z—z)(cos(&) + cos(61 + 62)) (42)

Vc,] max = 23

Similarly, the fastest cornering velocity that saturates acceleration limit of the axis is computed by setting ax=Amax:
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Fig. 13. Experimentally recorded contouring performance.

Cycle time and contouring performance comparison.

Algorithms Cycle time [s] Contour error
RMS [pm] Max [pum]
KCS with uninterrupted Acc. (proposed) 2.3510 3.0637 21.2576
KCS with interrupted Acc. (proposed) 2.4644 2.8062 16.1245
Bezier smoothing ([16]) 2.5015 3.1517 22.5685
VC,A max =
43)
In order to satisfy both kinematic limits, V. is selected from Egs. (42) and (43) as:
Ve= I'l‘lil'l{ Ve maxs VoA max } (44)

The cornering acceleration is then computed from Eq. (43). Finally, duration of the cornering motion is solved from Eq. (41):

12¢

fi= V. sin("'z—z)

45)

Based on the cornering velocity and acceleration, fastest cornering motion duration is computed, which saturates kinematic limits one

of the drives. The “trailing” axis motion is planned for identical cornering duration T; to ensure that the motion is synchronized. The
trailing axis' acceleration and jerk amplitudes, J, and A, are computed by re-writing Eq. (41), accordingly.

Please note that in case if the cornering velocity computed from Eq. (44) exceeds programmed feedrate of the linear block, it is lowered
and set to the linear segment's feedrate. The acceleration and jerk amplitudes are computed from Eq. (41), and the motion is re-planned.

3. Illustrative examples and experimental validation

This section evaluates performance of the proposed kinematic corner blending techniques on various high-speed cornering case
scenarios. Experimental results and benchmarks to widely used geometric corner smoothing technique are also presented to validate
effectiveness of the proposed cornering smoothing method.
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3.1. Illustrative examples

Firstly, Fig. 5 and Fig. 6 show application of the proposed corner smoothing techniques on a right-handed sharp corner, i.e.
01 =0°, and 0, = 90° with two different, 10[pm] and 100[pm], cornering tolerances. The acceleration and jerk limitations of the drives
(X and Y axes) are set to Anax=2.5 x 10°[mm/sec?] and Jax=2 x 10°[mm/sec®]. Fig. 2 illustrated the kinematic corner smoothing
(KCS) with interrupted acceleration presented in Section 2.2. Fig. 5a shows smoothened cornering geometry with £=100[pm] and
£=10[pm] cornering tolerances. Fig. 5b shows generated axis and path velocity profiles. As shown, when approached to the corner,
tangential velocity is reduced from the programmed feedrate of 100[mm/sec] to the specified cornering velocity. Depending on the
cornering tolerance, the fastest cornering velocity is computed from Eqgs. (29) or (32). For large contouring error, €=100[pm], the
resultant cornering velocity is V.=32.9[mm/sec], and total motion time to finish the path is Tx=0.296][sec]. In contrast, tighter corner
tolerance dictates slower cornering speed. When £=10[pm] cornering velocity is calculated as V.=7.07[mm/sec], and resulting cycle
time is Tx=0.310[sec]. Notice from axis motion profiles, when approached to a right hand corner, X-axis simply decelerates to a full
stop and Y-axis starts accelerating. The timing of this deceleration/acceleration transition determines the cornering tolerance. Both
drives use their full acceleration and/or jerk limits. Particularly, if cornering error is large, acceleration limits of the drives can be
saturated. This delivers a faster cornering motion. When cornering tolerance is small, the acceleration limits of the drives cannot be
saturated within the allowed jerk bounds.

Fig. 6, on the other hand, presents results of the kinematic corner smoothing (KCS) algorithm with uninterrupted acceleration pre-
sented in Section 2.3. As observed from Fig. 6b, cornering motion has non-zero acceleration at the start and end. Maximum cornering
velocities are computed to be V.=45.9 and V.=14.1, for €=100[pm] and £=10[pum], respectively. The resultant total cycle times are
Ts=0.290[sec] and Tx=0.293[sec]. Although, KCS with uninterrupted acceleration requires more time during cornering motion, the total
cycle time to travel the tool-path is slightly faster. As shown in Fig. 6¢c—d, drives decelerate at maximum rate to the corner in an effort to
reduce the cycle time. Therefore, the cornering entry and exit acceleration are saturated, i.e. Ac=Amax=2500[mm/sec?]. As shown in
Fig. 6d, if cornering tolerance is small, this requires maximum jerk to be utilized to finish the cornering trajectory. However, if the
cornering tolerance is large, the motion does not need to utilize full jerk capability to alter its acceleration and velocity. Thus, setting
cornering error to £=100[pm] (See Fig. 6d) only saturates acceleration limits of the drives but does not fully exploit jerk limits, which
makes the KCS with uninterrupted acceleration near-time optimal. Fig. 9 shows a cycle time comparison between KCS algorithms with
interrupted and uninterrupted acceleration profiles.

Fig. 7 and Fig. 8 show kinematic corner smoothing applied to obtuse and acute corners. In both cases cornering tolerance is set to €=20
[pm]. Proposed algorithms with interrupted and uninterrupted accelerations can smoothen corners within given cornering tolerance. In
case of the acute corner, resultant cornering velocities are much smaller. This is simply due to fact that X-axis must alter it motion
direction, and has to undergo larger velocity traverse. In the obtuse case, Y-axis undergoes similar amount of velocity transition but does
not change its motion direction. Notice that since total velocity traverses are similar, total cornering cycle times are actually comparable.

Next, cycle time performance of the KCS with interrupted and uninterrupted acceleration techniques is compared in Fig. 9. A single
corner is smoothened by two L=10[mm] long linear segments. The desired feedrate along the tool-path is set to 100[mm/sec]. As shown
in Fig. 9a, cornering angle is altered from acute to obtuse to compare the performance of KCS algorithms for different cornering geo-
metries. Fig. 9b shows total cycle time for different cornering tolerances. As noticed, for very obtuse corners, i.e. cornering angle 0, < 20,
the KCS algorithm with interrupted acceleration delivers faster cycle time. In contrast, as the corner gets acute the un-interrupted ac-
celeration provides faster cycle times. This can be attributed to the fact that as the corner gets sharper, cornering velocity becomes smaller.
In this case, KCS with uninterrupted acceleration can plan efficient acceleration profiles and minimize the cycle time. Combination of the
KCS algorithms with and without uninterrupted acceleration should be used to attain the fastest cycle time.

3.2. Experimental results

Lastly, experimental validation and benchmark comparisons are performed. The experimental Cartesian X-Y motion system is shown in
Fig. 10. The planar motion table is driven by 3 linear motors. The heavier X-axis is designed as gantry and carries the lighter Y-axis. In order
to implement proposed algorithms servo amplifiers are set to operate in torque (current) control mode. Closed loop control is im-
plemented in the Dspace DS1103® real time control system by reading linear encoder feedback at a resolution of 0.7125[pm] and com-
manding torque signal to the servos at a closed loop sampling interval of T;= 0.1[msec]. Both X and Y drives are controlled by P-PI cascade
[29] motion controllers with velocity feed-forward action. The position feedback control bandwidths of the axes are roughly matched at
wp = 35[Hz] to ensure good motion synchronization and path tracking.

3 algorithms are implemented and compared to each other on smoothing the tool-path shown in Fig. 11. Proposed KCS algorithms with
interrupted and uninterrupted accelerations are implemented separately. They are compared against a geometric corner smoothing al-
gorithm by Sencer et.al. [16], which fits curvature optimal Beziers around sharp corners and plans jerk limited feedrate profile for
minimum cycle time. This method is called as the “Bezier” method. All the algorithms are computed off-line, sampled and commanded in
real-time to the motion controllers. Reference motion commands are discretized by rounding the motion durations so that number of
samples is integer while keeping the total displacement unchanged.

Fig. 11 shows smoothened tool-path clearly. The cornering error is set to £é=50[micron] for all the corners, and all the algorithms
successfully smooth corners within given tolerance. Fig. 12 depicts motion profiles along the tool-path. The feedrate is set to f=100[mm/
sec], axis acceleration and jerk limits are set to Ayax=2 x 103, Jax=1 x 10°. Fig. 12a shows tangential velocity profiles. As shown, proposed
KCS technique with uninterrupted acceleration achieves the fastest cycle time amongst all the other methods. This is mainly due to the fact
that most corners are acute. Acceleration and jerk profiles for all the methods are compared in Fig. 12d-g. As shown, all the methods
respect acceleration limits of the drives. The Bezier corner-smoothing method fits a curvature optimal Bezier around the corner and selects
the fastest cornering speed with respect to acceleration limits of the drives. Therefore, it is able to saturate acceleration limits of drives, but
cannot respect jerk limits. As a matter of fact, if the algorithm is modified to utilize jerk bounds cornering velocity must be reduced greatly.
In contrary, the proposed KCS algorithms clearly respect jerk limits of the drives (See Fig. 12f-g). As will be observed in the contouring
errors, this functionality allows generation of a traceable smoother motion.
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It is known that jerk content of the trajectory affects tracking errors and vibratory behavior of feed drive system [30]. Fig. 13 shows
experimentally measured contouring errors along the corner smoothened tool-path. Since the X and Y-axis closed loop bandwidths are
matched, contour errors along linear segments are negligible. Largest contouring errors occur at the cornering sections where static
friction impacts drives, and acceleration and jerk profiles show large changes when drives alter their motion direction. Table 1 summarizes
contouring performance of cornering algorithms and overall contour performances. Proposed KCS algorithms and Bezier corner smoothing
method deliver similar overall contouring performances. To be exact, proposed KCS methods deliver slightly better RMS and maximum
contour errors. The KCS with interrupted acceleration can provide ~20% reduction in maximum contour errors while staying within
acceleration and jerk limits of the drives and still deliver faster cycle times. Furthermore, if error profiles are inspected closely Bezier
method [16] shows severe error fluctuations around the cornering durations. This is simply due to extremely high jerk amplitude com-
manded to the drives. Since jerk is not limited to a suitable level, large jerk spikes excite the feedback control system and induce vi-
brations. These vibrations are visible on the actual trajectory. As noted from Fig. 13, resultant tool-path fluctuates severally around the
cornering sections. These fluctuations will be imprinted on the part surface during an actual manufacturing operation and destroy process
tolerances. Proposed technique can limit the jerk and provide a smoother motion with faster cycle time. As noted from Table 1, proposed
KCS method with uninterrupted acceleration can reduce cycle time around 6-7% for this simple tool-path. For a longer tool-path, which
consists large number of corners the effect would be much more pronounced.

4. Conclusions

This paper proposes novel kinematic corner smoothing(KCS) techniques, which eliminate the need for two-step geometry based corner
rounding methods. The proposed algorithms blend axis velocities around sharp corners with jerk limited acceleration transitions and
generate symmetric rounded corner profiles with precisely controlled geometric tolerances. The cornering duration is calculated based on
the cornering tolerance, axis kinematic limits and sharp corner profile to minimize overall cycle time. Proposed algorithm is fully ana-
lytical and provides fast and efficient real-time implementation on 2 to 3 axis Cartesian CNC machine tools. Extensive illustrative examples
along obtuse and acute corner profiles validate accuracy and performance of the proposed algorithms. Experimental benchmarks against
spline based corner smoothing technique show that proposed algorithms provide better contouring performance while reducing overall
cycle time 6-7% for a tool-path with six corners. Considering that longer tool-paths, such as the ones used in high speed die and mold
manufacturing, may contain hundred and thousands of sharp corners, proposed techniques provide significant potential to reduce overall
cycle times.
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