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Inverse Kinematics for Five-axis Machines Using Orthogonal
Kinematics Chain

Bumsik So* and Yoongho Jung**

ABSTRACT

This paper proposes an efficient algorithm for deriving inverse kinematics equation of 5-axis
machine. Because the joint order and direction of 5-axis machine are different for each type of
machine, each type of machine needs its own inverse kinematics equation for post-processing of NC
data. Also derived inverse kinematics equation may cause problems of indeterminate and inconsistent
solution. In order to resolve these problems, we have developed a generic method to derive direct kine-
matics equation by considering orthogonal joints of 5-axis machines. Using this method, we also have
proposed a general algorithm for deriving inverse kinematics equation for various types of 5-axis

machines.
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Where, Rot.( ): Rotational transform for z-axis
Tran.( ): Translational transform for z-axis
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t: Angle of i-th joint between two links
d;: Distance between two links
a;: Angle of twist of link

[;: length of link
Joint i
Z; Joint i
< Link | ¥, * Joint i1 Zz
CL G / ¥,
Z . d a K i L7
; I xz—l I:L;.xl
s —— 7 |
A7 Voo l I
i-1
(a) Between two links  (b) Between two joints
Fig. 1. D-H parameters between two frames.
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Where, i, /, k : Tool orientation vector
J,: Angle of primary rotational axis
J;: Angle of secondary rotational axis
N: Spindle direction number
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Table 1. Direct kinematics equation of rotational axis about
rotational configuration

Direction Config,
£ of Direct kinematics equation of
o dl rotational rotational axis
spindle axis
) AB [i J k]:[SB -5,Cp C.ICB]
vetial | BA |l s H=[CS, -8, GGl
(E_di]-.) CA [i J k]:[S('SA -CcS, CA]
CB [i J k]=[C('SB SeSp CB]
AB [i J k]:[CB S,Cy _CASB]
Horizont | Ac i j «=[c. s.c, s.s,]
al spindle —
(x~dir.) BC [’ J k]:[c(‘CB Se _C(‘SB]
CB [i J k]:[C(‘CB ScCy _SR]
) AC [i J k]:[*Sz' C.C, C('SA]
Hon;ont BA i j k=[S, ¢ 8.6
al spindle —
(y-dir.) BC [l J k]:[_S('CB Ce S(‘SB]
ca |l j K=[sc cc, s,

Where, C,=Cos(4), S,=Sin(4)
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Where, K: Rotational transform matrix for translational
axis
H,): Prismatic offset for translational axis
H;: Independent component for K matrix
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Table 2. Examples of various inverse kinematics for a same
5-axis machine (MIKRON, UCP710)

xCp. + ¥S,
(x+y_(C(' +S()X)/((C| +S.:T()(C<- _S('))
+(T((Z_d(')+1(')/(c.l +S.lr.()—1(-
(z=d.)IC, =T, (Y +1.)+d,
arccos(k)

~ <

(@)

arctan(—i/ j)

xCeo + ¥S¢
yC,/Co —XCT.+(z-d,)S,—-1.A-C))
-Y+I)T,+(z-d.)/C,+d.
arctan(S,/ k)
—arctan(i/ j)

(b)

(©) l

Where, X, Y, Z, A, C:Joint value of 5-axis machine
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arccos(k)

O x N~ =

arctan2(i,—j)

x, ¥, z : Tool position

T,=tan(4)
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Table 3. Inverse kinematics equation of rotational axis
about rotational configuration

Config.
Direction of Inverse kinematics equation of
of spindle | rotation rotational axis
al axis
AB [B A]:[arcsin(i) arctan2(fj,k)]
Vertical BA [4 B]=[arcsin() arctan2(i,k)|
(s;)ir(;(lirle) CA [4 C]=[arccos(k) arctan2(i,—))]
CB [B C]:[arccos(k) arctan2(/, i)]
AB [B 4]=[arccos(i) arctan2(j,~k)]
Hsrﬁ?ﬁ;al AC [C A]=[arccos() arctan2(k, /)]
(,‘Z_dir‘) BC [ B]=[arcsin¢) arctan2(k.i)]
CB B C|=|arcsin(-k) arctan2(j,7)
AC C A|=|arcsin(-i) arctan2(k,j)
H;’;ﬁ‘;rl‘;al BA [4 B|=[arccos() arctan2(i. k)]
(y-dir.) BC C  B]=|arccos(j) arctan2(k,—i)
CA A C|=|arcsin(k) arctan2(—i, j)]
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Fig. 2. Coordinate system for table-tilting type 5 axis
machine (MIKRON, UCP710).
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Table 5. D-H Parameters & Transform matrix (Dekel
Maho, DMU100T)

UCP710
Joint |__D-H Parameters Matrix
Value| ¢ | d | a i
e S, 0 Coo IS |
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Fig. 4. Coordinate system (Sheng Fang Yuan, HASAXI).

Table 6. D-H Parameters & Transform matrix (Sheng Fang

Yuan, HASAXI)

Joint D-H Parameters Matrix
Value| ¢ | d | a /
l '0010\| K
1
. 1000
Fixed| Z [ 0 | Z| 0 |1 47 /
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Table 7. Direct kinematics equation for three types of 5-
axis machines

(ggggegl) Direct kinematics equation
[i S,
Jl=|-CcS,

Mikron, k c,

UCP710 - '
x| [C. =S.C, S8, [x 0 LS.

(CAXYZ) y|=|S. C.Cp =CS || Y |+] L||+]-1Ce
lz] Lo S, c, zZ| |-d. d,
[i CeSy
J|=|ScSs

Dekel Lk Cy

(CI‘Z’I;};;’B) x] [C. -S. o)[x] [o —1,C.S,
y|=|Se Ce Of|Y [+]| 0 [[+]|=1S:S
E o o 1)\|z] |d. ~1,Cy
[i] [c.S,
jl=1S.S

Shenq k (sz

Fang Yuan, | L B

HASSAXL | [x7 [1 0 o)[x] [o]) [ -4C.S,

XYZCB) | iolo 1 of |y |+|o||+| -15.s,
K 0 0 1|\|Z 0 —L,Cy+1,

Table 8. Inverse kinematics equation for three type 5-axis

machines
Model Inverse kinematics equation
(config.) q
A| | arccos(k)
|C " | arctan 2(i—)
Mikron, r - -
verrio | K1 G se o[« [Ls 0
(CAXYZ) Yi=|=8:C; CCy Sy||y|-|-LCe ||| L
LZ SeSa —GSa Cuflz d, 4
[B] [ arccos(k)
LC - arctan2( 7, i)
Dekel r -
Maho X X 1,C.S 0
(CZXYB) r= —Sc Ce y|=|=1ScSs ||-| O
_Z z | _IbCB dz_
B| | arccos(k)
Shengq C| ™ |arctan2(j,i)
Fang Yuan, X 1.0 0ffx —1,CcSy 0
HA-5AXI Y|(=(0 1 O0f|y|-| —-1,S:S; ||-|0
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