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RIDE VEHICLE ROBOTICS

| have long been interested in exploring roboftics for
amusement applications. The ride vehicles are often
complex, but very versatile.

This is an example from a ride at Universal Orlando
Uses a KUKA robot to move the end-effector (riders)

Attfached to a mobile robot unit on track




KUKA KR500 R2830

Simplify the robot system. For the purpose of this
project, | needed to simplify the robofic system to
just the robotic arm. Assume it is a stationary/fixed
base.

Select arobot close enough to the actual
thing. KUKA makes a special brand of robotic
arms (RoboCoaster KR500 Series), which do not
have readily available information online.

Ensure spherical wrist for IK analysis. Make K
analysis easier by using a robot with spherical
wrist,
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o (rad) a(mm) d(mm) 0 _offset (rad)
0 0 1045 0

-pi/2 500 0 0

0 1300 0 -pi/2

-pi/2 -55 1025 0

+pi/2 0 0 0

-pi/2 0 290 +pi

MODIFIED DH TABLE
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FK DERIVATION OVERVIEW

The six tfransforms with the KR500 parameters substituted:

The modified DH
transformation from frame
(i-1) to frame i is:

a;

5iCai CiCai —Sagi —Saidj

i_lTE —

5iSgi CiSpi  Cai  Cap dj
0 0 0 1

With the shorthands of ¢ = cos, s = sign

5197 (@; =0, a; = 0, dq = 1045)

Since cos0 = 1 and sin0 = 0:

527, (@y = — 7 / 2, a = 500, d> = 0)

Usecos(—m /2)=0andsin(—xw/ 2)= —1:

5.3 2T (a3 = 0, az = 1300, d3 = 0)

sin(f1) cos(61)
0 o

cos(8y) —sin(6)
OT =
0 o

cos(6z) —sin(6z)

1p — 0 0 1

27 | —sin(8;) —cos(f2)
(1] 0

sin(f3) cos(f3)
0 1}

cos(f3) —sin(fs)
ZT —
0 (1]

543T, (@ = —1m /2 a,= — 55, dy = 1025)
Usecos( —m /2) =0and sin(—m / 2) = — 1t
0 (1]

T | —sin(8,) —cos(8y)
(1] (1]

cos(8,) —sin(f,)
7,

5.54T5 (ag= +mn /2 a5=0, ds =0)

Use cos(m / 2) = 0 and sin(w / 2) = 1:

0 0 -1

cos(fs) —sin(fs) 0
4. —
® | sin(Bs) cos(85) ©

0 0 0 1

5.6°Tg (ag = —m / 2, ag = 0, dg = 290)

Use cos(—x / 2) =0 and sin(—= / 2) 1

0 0
—sin(fs) —cos(f)

cos(fs)  —sin(f)
5 Tﬁ
0 0

Note: theta is the effective angle such that -

HZZQZI' 932‘!}_”{2!

fs=q5, Og=m—qg-

94 = Q4.




CLOSED-FORM HOMOGENOUS
TRANSFORMATION

= ¢6,c5, (51,54 + 593, cl, c4) + ¢6,55,(c1, ca3) + 56, ( — 51, c4 + 593,c1, 54),

21 = ¢6,c5,( — 51,523, ¢4 + 54, c1) + ¢6,55,( — 51,c23) + 56,( — 51,54, 593 — c1,c4),
With rotation from the c6,c5, (c4, cz3) + €6,55, ( — 523} + 56,(54, c23) -
base to tool frame:

= —56,c5,(51,54 + 533,¢1,c4) — 56,55, (cl,ca3) + 6, ( — 51,c4 + 523, c1,54),

Ryy Ry2 Ris
—56,c5,( — 51,523, ¢4 + 54,c1) — 56,55, ( — 51, c33) +¢6, ( — 51,54,593 — cl, cd),

Ryg = | R21 Raz Rp3
R3 R3; Ri = —56,c5, (c4,c23) — 56,55, ( — 523) +¢6, (54,c23) -

= —55,(51,54 + 523, cl, c4) + ¢5,(c1, c23),
= - 5'5: { — 51, 523, cd 1 s4, Cl} + I:S, {: —s51, ﬂz:—l:},
— 55, (¢4, c23) +¢5,(— s23)-

= c1,B + 290,R;3,

—=51,B 1 Egﬂ,Rza, where B =500 + 13':][][‘05(}'2 + 1(]25,(223 — 55,5-‘;:3 .

1045 — 1300sing, — 1025, 533 — 55, ¢33 + 290,R33.
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IK DERIVATION PROCESS

Sol o) I
[ Find the wrist center } { (q02?/33e) owlarm angies J
| Step 2 | Step 4
Step 1 ' Step 3
| Compute wrist rofafion and
Solve shoulder base angle g1 solve wrist angles (g4, g5,
qé)

|

«  KUKA KR500 R2830 has a spherical wrist (the last three joint axes intersect), making IK
possible.

- Position IK: solve (g1, g2, g3) using the wrist center posifion.

- Orientation IK: solve (g4, g5, gé) using a reduced wrist rotation.
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8 CLOSED-FORM IK SOLUTIONS

In the non-singular case, this robot admits Wrap the joint limits to reasonable values:
up to 8 closed-form IK solutions. We can « a €[ 185185

* g, € [—130,20]

enumerate them explicitly as the gl 100184
Cartesian product: * 4 €[~ 350,350)

* g5 € [—120,120]
* g, € [—350,350]

s Shoulder branch 5 € a,b

« Elbow branch E € +, — Summary of the solutions:
* Wrist branch w € 1,2

5@ = 4 o q‘i") = qg“) +x B® = _ p.

r=B—500, z=1045—z,,

h= 10351 +55%, ¢ = atan2(55,1025), A= 1300,
'_2 2 2

g&EW) = |, GEW)EabXx+ — x1,2.

5.E.W)
5

(5.E.W)
4g

qgt) = atan2(z,r) — atan2! { Lsiny{*), 4 + Leosyt ) ), qgi) =p{E—a.

0 = atanz(s5,¢5), 057 = atan2! (Rss(3,3), — Rss(L,3)), O = atan21 ( — Rsg(2,2), Rag(2.1) ),







FORWARD KINEMATICS

. A B c 0 3 F G H | ) K
RoboDK FK Test Case Output: N s | v | wa | wae [ wr | o | & | e |
Number ~ Number * (Number * Number ~* |Number ~ Number ~ [Text ~ Number ~ |Number ~ Number ~* |Number v
| q1_deg q2_deg q3 _deg q4_deg q5_deg 46_deg 2l t2 3 m
0 -50. 80 [ 0 C. |
[ -9, @2E080, -0.002088, 1.200008, 1815.0000808 ; 51252e17) 8123217 ! e
-6.1232e-17 1 6.1232e-17| 4.2863e-15
-2 . ge0aes, 1.0a2088, &.a0080a, a.ageaa8 1| 5123207 6423217 2290
-1.888088, -@.0a6808 , -0.20080a, 2298.088088 ; o 0 0 !
.0pEGERE, @.000000, 0.900000, 1.000000 ; . . . . . ,
[ [ -6, 1232&-‘7. -6.1232e-17 1 31186
6.1232e.17| 1| 6.1232e-17| 8.3888e-14
-1 -6.1232e-17| -6.1232e-17 890
O. 0 0 1
30 20| a0 10 30 60|
[ -0.200020, -0.200000, 1.000200, 3115.000000 v ol 0seis Zseeois
- 1 -0.41591| -14i 1
-0 . 8p0aR2a , 1.p00008, 8.80aa0a, a.oaese ; .9_34491: 092375 0.16651|  1135.6604
-1. 80226, -@.006208, -0.26a20a, 998.000008 0 0 0 1
B. 200080, @.000088, 0.200200, l.aepaee ]; s - - o0 - -
| | 0. HE‘\HR. 0.047886 -0.11698 1359.4649
-0.12585 -0.45211 0.88302 1649.4649
-0.010603: 0.89087 0.45452 2919.3685
[ -B.342348, @.288978, @.894831, 2568.870293 ; - - - :
-8.873978, @.251354, -8.415913, -1453.681887 ; %0 -30| 100 120 -60 180| |
-9, 344908, -@.923749, 2.16651@, 1135.660331 ; T T
B.aee0e0 , @.00e08e , 8. 800aca, 1.090008 ]; 0.72829 02062] 061785  533.7998
o o a 1
-120 10. -80 -150 90 -TZD.
0.76746|  -0.64066) -0.026114| -1086.8249
017071 0.24346 -0.95477 1613.2206
[ -8.991979, @.847386, -8.116978, 1359.464515 ; 0.61795| 0.72629 0.2962] 1849.5287
o 0 0 1
-2.125554, -@.452114, @,8338922, 1649.484915 ; :
-2.a8lesez, a.8985674, 8.45451%, 2919.368529 ;
2. ae0aea, a.882808 , 8.a20aa8a, 1.00e088 ];
[ @.767463, -@.848581, -@9.826114, -1098.82493@ ;
[ 8.433013, 8.560000, ©.750008, 217.500800 ; @.170714, ©.243458, -©.95476%,  1613.228607 ;
8.531121, -@.813798, ©.235889, -1856.312835 ; 2.617945, ©.728293, ©.296195, 1549.528856 ; .
8.728293, @.295198, -8.617945,  533.799797 ; e- e e - =
°.000000, 0.000008, 2.000000, 1.000000 1;

MATLAB FK Test Case Output:
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I N V E RS E HI N EMATI CS MATLAB IK Test Case Output:

q5.deg gqb.deg nsolutions maxpos.ermm maxang emdeg recovered original n_wrist singular_flags

RoboDK IK Test Case Output (a few): : 1

Other configurations (. 6., 6;, 6., 6, 6) More options

©.00°, -90.00°, 90.00°, 0.00°, 9.00°, -8.00°]
9.00°, -11.07°, -96.14°, 180.00°, -167.21°, -180.008°]

643109871
@.e0°, -11.e7°, -96.14°, -0.0e°, 107.21°, 9.08°]

@.00°, -11.07°, -96.14°, -180.80°, -107.21°, -180.00°] 111385897

9.00°, -11.07°, -96.14°, 180.00°, -167.21°, 180.00°]
©.00°, -11.87°, -96.14°, -180.00°, -167.21°, 180.08°]

1.88870759

6.10843461

1.016868106:

1049094726«
Other configurations (. 6, 6., 6, 6, 6)) More options 0,112940061e-13
0)-[-180.00°, -114. o .00°, .79 .00°]
1)-[ 180.00°, -60. 65. e o .00°]
2)-[ 180.00°, -114. o e oTFFg .00°]
3)-[ 18@.00°, -114. o e .79 .00°] 6485450938
4)-[ -e.00°, -108. 5 e o .00°]
5)-[ -e.ee°, -108.6 6- o s .8e°] 8.19807445! 1.20741827e-06
6)-[ -0.00°, -129. e . o .00°]
6.448353174e-13 | 120741827e-06
7)-[ -0.80°, -129.00°, .ee°, .00°, .0e°, .00°]
8)-[-180.00°, -60. 65. s o -00°] 6.448353174e-13 | 1.20741827e-06
9)-[-180.00°, -60. 65. g . .00°]
(10)-[-180.00°, -114.67°, . .00°, .78°, .00°]
(11)-[ 180.00°, -60. 65. . . .00°]
(12)-[ 180.80°, -60. d o . .8e°]
(13)-[ 180.80°, -114. = o .79 .ee°] ) More options
(14)-[ -©.80°, -108.6: 6. o . .88°]
(15)-[ -©.80°, -129. o o . .88°]
(16)-[-180.08°, -60. =, i ) _e0°] -45. . . .80°, -45.80°, 150.00°]
(17)-[-180.00°, -114. s s .73 -80°] -45.00°, - 6.14°, 3.54°, -58.47°, 115.62°]
(18)-[ 180.00°, -60. 65. g . .00°] _45. ) ) 90, 45.00°, -30.00°]
500 R2830 Base (HD)=T DL, =2aa, - s R £ _45. 39.6 5. ) 50.47°, -64.38°]
(20)-[ -0.00°, -108.6: 6. g 35 .00°]
; o ;. o
(21)-[ -e.00°, -129. y y . .e07] -45. B - - 56.47°, -64.38°]
(22)-[-180.00°, -60. 65. . o .00°] -45. -6 - - -58.47°, 115.
(23)-[-180.00°, -114. s o .79°, .00°] -45. 650 . . . 45.88°, 0.
(24)-[ -e.00°, -108. . .00°] -45. . . 5 -45.00°, 15@.
(25)-[ -@.0e°, -129. g o .00°]
-45. 39.6 6. s 50.47°, 295.
-45. . . . -50.47°, -244.
. . -45. . . . 45.00°, 330.
Tested 18 angle combinations, all T values were same as FK , 5. . . 0%, -45.00°, -210.
3

50.47°, 295.

Note: RoboDK has more configurations than MATLAB (8) because it Sl 0%, -39.68°, -26. o, e, .
does not have angle limits. | imposed angle limits on MATLAB, so that it : : : e aeoer
would only give out feasible solutfions.




MOTION PLANNING
APP LIVE DEMO
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APP START COMMANDS

Github: https://github.com/maxheils/ME7751 RideRo
bot Project/tree/main

Start Backend (Terminal 1):

cd "c:\Users\maxhe\OneDrive\Documents\Github\ME7751_RideRobot_Project\4 - Simulation Environment\server'
python -m ensure pip --upgrade

python -m pip install --upgrade pip

python -m pip install numpy

npm install

npm run dev

Start Frontend (Terminal 2):
cd "c:\Users\maxhe\OneDrive\Documents\Github\ME7751_RideRobot_Project\4 - Simulation Environment\app"

npm install
npm run dev

Open http://localhost:5173.
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https://github.com/maxheil5/ME7751_RideRobot_Project/tree/main
https://github.com/maxheil5/ME7751_RideRobot_Project/tree/main

ME7751 Task D: Interactive Motion Planner

Moved and Movel planning using backend Python FK/IK wrappers integrated with your existing modified DH parameters.

Wagpoints JointMode Robot Viewer Three.js (hybrid: URDF if available, procedural chain always)
q = [0.0, -90.0, 90.0, 0.0, 0.0, 0.0]
Set Start to Current | Set Goal to Current TCP: x=1815.0 mm, y=0.0 mm, z=2290.0 mm | RPY=0.0, 90.0, 0.0 deg

URDF state: not configured

Start
q'(deg) g2 (deg) q3 (deg) m
0 -90 90
q4 (deq) g5 (deg) 96 (deg)
0 0 0
Goal
q'(deg) 92 (deg) 93 (deg)
30 -20 40
g4 (deg) a5 (deq) q6 (deg)
10 -30 60

Planner Controls

Motion Type Moved Profile
Moved v | cubic v Joint Trajectory
Steps (100) Plan a trajectory to view g1..g6 plots.
—————0
oo
Sanity Checks

1) FK on
2) IK round-trip on Test 1 pose

3) Moved home -> moderate pose

4) Movel between random reachable poses

Status

No warnings or errors.
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CONCLUSION &
FUTURE WORK
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FUTURE INITIATIVES

Make more robust simulation package. Find/create a
.urdf file for KUKA KR500 R2830 robot geometry.

Incorporate mobile robot (bottom hailf). Investigate
the effect of the mobile robot portion of the system
and revaluate FK and IK.

Build out scaled model with 3D-printing. Wire a scaled
model of the ride system and execute planned
motion paths to simulate similar motion during the
ride.

Challenges & Lessons Learned:

Inverse Kinematics starting
point

o Hard to decide/figure out
where the first place to
begin

Achieving robust simulations in
a clean virtual environment

Finding resources on KUKA
Robots (paywalls)

19
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