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TANNAPAT JARUCHOKPHURIWAJ : DESIGN AND DEVELOPMENT OF HUMAN
GRIPPER CONTROL FOR NON-HOMOGENOUS KINEMATICS ROBOT ARM WITH
TELEOPERATION. '
THESIS ADVISOR : JITTIMA VARAGUL, Ph.D., 87 PP.

Keywords: Robot arm/eleoperation/Gripper/Robotics/Humanoid robot/Non-

homogenous

This research aims to design and develop a robotic control system capable of
remotely controlling a robotic arm using non-homogenous kinematic matching. As
robotic arms are increasingly used in various applications, some complex tasks still
require human control. This robotic control system is suitable for such tasks by
receiving positions and postures from the human hand using motion sensors and a
positioning system. The control device used for the research is a wearable device on
the hand, combined with motion sensors and a 3D camera system to determine
positions for controlling a robotic arm with 6 degrees of freedom. The entire system
consists of a sensor data acquisition part, a data integration part, and a part for
transmitting data to control the robotic arm. The robot used in the research is the
MyCobot280 Pi, with an inertial sensor Witmotion JY61P and a depth camera Intel
Realsense D435. The camera can detect the hand using @ machine learning model
called MediaPipe. The detected joints are then used to create equations to find the
reference point of the hand for measuring distance and rotation in the yaw axis. The
roll and pitch values are measured using IMU data combined with Madgwick’s filter.
All this data is then used to track-hand movements with a Kalman filter. The data from
the Kalman filter is transmitted to control the robotic arm remotely through the MQTT
protocol, with HiveMQ as the cloud-based broker.Test results show that the position
measurement errors for the hand are within acceptable ranges, with average errors in
the X, Y, and Z axes at 2.44 mm, 2.22 mm, and 2.33 mm, respectively. For the yaw
angle, the average error is 0.772 degrees. The pitch and roll angle errors measured with
the IMU are within -0.60 to 0.16 degrees for angles below 75 degrees. The hand

movement tracking system with the Kalman filter is stable and accurate, helping to



estimate movement angles when the camera momentarily loses track of the hand.
When applying controlling to the MyCobot Pi280, it is necessary to reduce the
command transmission frequency to every 4 seconds to ensure that the robotic arm
can move in time. Finally, the system can correctly command the robotic arm's

movements remotely, independent of the different kinematics.
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uneasASeAe et UInednus

unil 3 WeinduwnAdey awedugfanisesnuuuuazmsaieszuunsieuazivuna

Uil 4 Wesgsinansnaaeumsthszuugiielulilunsmuauuuna

= v
UNY 5 dsunanazualdulue



UNN 2

USNALIT5UNTSURAZIIUINNYITD

2.1 Inertial Measurement Unit (IMU)

Inertial Measurement Unit %3 8 IMU 0 e Unsal 9 ldmnsaadunisind aulug
(Movement) wag# AN (Orientation) dng nirluldiussuuiinisuuuld oy (Inertial
Navigation System) {@AIUANDINAELNY 158 L3861 kavoINAeulsALty (Unmanned
Aerial Vehicles: UAVs) uanainil IMU degniluusegnaldludinusedriuanntiu iy gn
dnAnAsRiuaunsaliy smartwatch GPS wazdu 9 8nunune lngedudeyadiniuges
2 fhfe Anusslunwannu x, y, z 7181ul6iann Accelerometer wagAILSATYUTOURNL X,

A v
y, z N81ulaan Gyroscope
< cal [y d' N [V A A = ~

Accelerometer W uiulga3N10539TUNSIARoUN Lnun 593U TRl alin1siAdoui

) = = 9 A a X P S = Y = I
3nAntisludnganiiaanndnsnssiiintuvnsiadeun danelusugeagldndnuuindnly
N5IAAALAU (Stress) MANAINATAUAZLTIBUVRIZIADUT MINTINTITEUAZITIOWARTUL NEN
giganizgniaunazyibiinatLsenulnii Ingawssduliiifiiiaduaiuisaiily
AN ORI UIUALAATIERONIINTAT O UTILA

Gyroscope Wulguaes No1daussliuniweddanlunismnanie lnefnlsines

a

(Rotor) ULLNUMHUATINA1TNEeATEdeTAIW Wonyuwny l5neszadfuniiia Teyuss
AINAIINAUGNANTIN AN TVINULTIFIATLaN Lag Gyroscope AU INENT LY
= 1

¢ 3 Ussianauediufianig fie Armdalaainnisuguseuwny X (Rol), Aniialaainnis

MUTOULNU Y (Pitch) Wz nlaainnismyusouunu Z (Yaw) faanslugui

Z
Pitch
Roll

X

JUT 2.1 ununsIadudeyaves Gyroscope



=

gunsal IMU 7 19 lua1uided A IMU WitMotion JY61P H58uudafiAn14n1s
wisulmanudanduszansamadasldinalulag MEMS euszneumelalsalavaiuuny
LATLeALEALaolIHLABTAINLAY WNANIANLN UEIFY TN1TYALYETANIGAIUUNULUY

Sealngd dn1snsesteyameiinsesniainusuiudanessunisiameanansalvdayame

9n5INTSUAnANRs AnanTRved JY61P Aanaianisianisaseluil

M9197 2.1 Jayaved JY61P Witmotion

WIAADS [Rouly AUNR
Measuring range +16g
Resolution ratio +16¢ 0.0005(g/LSB)
RMS noise Bandwidth=100Hz 0.75~1mg-rms
Static zero drift Place horizontally +20~40mg
Temperature drift -40°C ~ +85°C +0.15mg/°C
Bandwidth 5~256Hz
Measuring range +2000°%/s
Resolution ratio +2000°/s 0.061(°/s)/(LSB)
RMS noise Bandwidth=100Hz 0.005(°/s)
Static zero drift Place horizontally +0.5~1%/s

Temperature drift -40°C ~ +85°C +0.005~0.015 (*/s)/°C
Bandwidth 5~256Hz

X:£180°
Measuring range

Y:+90°

Inclination accuracy 0.2°
Resolution ratio Place horizontally 0.0055°
Temperature drift -40°C ~ +85°C +0.5~1°
Measuring range Z:+180°

Heading accuracy

6-axis algorithm, static

0.5° (Dynamic integral

cumulative error exists)

Resolution ratio

Place horizontally

0.0055°




2.2 s3uulfuRnIsviueun (Robot Operating System) fiun1sldanusauiu

LYUNA

53UUUURNI5Y uaus (Robot Operating System : ROS) 1 un135auiure9yn
Wsunsu i3 esflodmsumsiamnvusudfifianudeuuaziiauansafiganalutiogu
Aetuidied 2550 U3 willow garage Ussranigewini usideuagmeldmaguaves
walisyiuguduuulda (Open Source Robotic Foundation %138 OSRF) aufislaqiu dn1s
fiaunnedisdeilowiu ROSI uay ROS2 FuvisdsdyalusunsunTiintumnune Semis
Tuthufeyalusunsudmiunslilusiusudurunagaamnssulaengs ROS Industrial léuryn
lUsunsy Movelt

ROS Movelt 1ugalusunsuiitisananugsennvesnisdsnisusunannguuuulngld
ROS Lﬂum‘%adﬁ@ mmmlﬂumﬁ'&mﬂmﬁ Forward Kinematic, Inverse Kinematic ED
¥ Path Planning Idlnefildlisndudesudeulnfioutauniseing q waniies Tanune
funwunagaamnssuialiegiann sgdnlngudrnzddunudededdudauninnid
5D0F LHuguly yhlsmiAneuenlunislam uenand deanuiild Ros Wuedesdle
anunsavlisaunsasvunaluseldausiufusueesiu 9 16ie wu ndes 1udu

megrminnisidanugalusunsy Movelt uansidluzusaluil

JUN 2.2 fegramisldauyalusunsy Movelt

sala s

ROS Movelt {un3asienileulusgranntunsideulusunsuusudniaaumans
fdudou d9uiueimdasseazuinnd 6 wasilinwideniilunegeundaiass dmsunisi
path planning , motion planning, obstacle avoidance, visual grasping 981919 WUl

2017 And H. Sergio wagAng (2017) lavin1snegeueenkuuy usudLdeu 74 stepper



motor Tunstuiadeu tnedinsindeudl 6 earmdass Jaiinnsld ROS Movelt idsntelu
N5 8eulUsIATSINAUIUSUASUTIAB9LATAINAINNE DY [21] kay M. Rajesh (2018) laiin
ROS Moveit 111A3uALuUNg 6 aarmdasemeituiu unzilunismuaulagldudufiun
[8] 38 D. Hao (2017) lévinnseenuuuiazaimiusudindeufiifiuuuna 6 osmdasyin
ot AU uselain Movelt X usavin path planning ¥esuvunadi egauu (8]
UsyAnEnimuos ROS Moveit lailéogifisasniddomintu ssanunsathlullunmepanunssy
1§18 Fafl H. Tiangi uazAmy (2021) wag L. Ren (2020) 7111 ROS Moveit Tuldiusueus
QRAMINTTULYY Yueus URS Uag Autonomous Mobile Industrial Robot (AIMR) auadiu

[25], [17]

2.3 wvUNa 6 99ANDEIE MyCobot Pi 280
MyCobot Pi280 Lfuuwuna 6 esmdasgluguiuuves Cobot (Collaborative robot)
gnianlng Elephant Robotics tlel#lums@inwiieuiniseuauuvunalaefiszuuaiugu

\Ju raspberry pi ¥1191u321AU Serial bus servo i APl lun1sideuse ROS wayn1sileu

o

TUsunsuaien el Python yilvimungauiazgniunldluauided lnegusrmiiniuag

Y

PUIAFIY 7 783 MyCobot 280P1 wanasslugusialui

.'- K MIEEA

Gciam Ravotics

gﬂﬁ 2.3 ¥M1U83 myCobot280



®
6639 | 436
m [ mm

sy

%

mm

|73,1a

s

(-]
=
- = P =
T ) &
131.56 mm

| 96.0
mm

Arm span 350mm

mm

o

7042 | 1104

mm

JUT 2.4 sygzdaralariuinisvinay

2.4  Servo Motor
wasliuawas (Servo Motor) 1unissiuuainasiniinnsewa (DC Motor) Asad1iU
= v Ay | rz! a a
21993uAN Banunsamuanillulunungeanis wu euauaussaIAsuLUaIRA
< LY o a a LYY =) & YY)
woshiwwnandngninluldluauau control surface vpuATsdudsfunsaizotady, wuu
= o a U & vV 6" 3 v 6
na N39n1SYMHANA YA ULUU (Prototype) lagitgaslanatnasUsyneuliunsueines
ASEhanII (DC Motor), quﬁ 241AT8U (Gear system), Potentiometer Lag3333AIUAN

(Control electronics) ﬁﬂLLaﬂﬂug‘Uﬁ 2.5

E/ AN 1 /4

i}

Potentiometer]

Control Electronics
Gear system

Servo Horm/Arm

JUN 2.5 dlsznauresgesliveines
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msvhauesweshiuewesilunisldnisaiuauszuula (closed-loop system) fae
msdeundudeyalunsauausiuniazasadeudl iSuandeudoya (Target position)
Tivrasmuauitelasasaruqunsmuiansnsuyuluiiosmifeants Tnedl
Potentiometer 7 finag TUyALlaMAToUADIATIVABUMUNL 1B AL BLADS T Vsl ULl
Wisuileuen dasnaeuidmuindumiaialndriudeyaiitou :asmuauazddlieines
vyuiraafiolvialndifsaiutoyaiitousnniign Weldmumisiidesnsfazsinminsiaaey
dwiaduszey vnwuivhuntseanaedou esmuaufsginsddlitoine Suyuluds

Auvanfents lnganunsagliannuauanaanslusun 2.6

POTENTIOMETER
®

JUN 2.6 Closed-loop system vegashmawmesiargunsailoundudaya

2.5  au1dans U1t (Forward Kinematics)

Yauanstud1amt (Forward Kinematic) dsuriuguiuyuna Asn1sulasnis

a

d' a £ ! ' ¥ Ao o = =~ ! A o o
indeunvasuvesdasianis q Willufidanizadounldvesaanaula 1wy Weiinisihyuves
Pasiaf1a 9 WA sgldilaigurureaiueudazlieg e x y z winla 10udu &9
aa o ¥ o a a o a o a = Yad a o @ v
FBsawuansaldnsmuandasuads nMswalsivads veldinaeiaanla
winlend wiurueudniinatouny azstunsiwinBaieadnsauiuisnisues Denavit -
Hartenburg (DH - method) 1ngudnn1519935n1512d519A151995 U181 TDURDUDITO6D
waz link Ang 9 lagldiuusiiies 4 fq FeagaSurenisidount (Translation) Wagn1sviyu

(Rotation) 5gwine joint ¢ Inedenusaguil 2.7
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JUN 2.7 Tgnuvesiuysluisnis DH

Link length 58 ANE12284 link WUAE @ 8L TUTTEENIITENINUAUTDINTOU

9198979 ARUMULLIVDILNY X YBITUDBeRBUNIN

a

Link twist w38 n1500 w84 link wnusae & azduyuilunuy z veensaudiedediey
Anfiunseyidony Lagnyusauwnu x Yaamsuansdanaunin

Link offset w3 szezn15uendaved link wiusie d Juszezniasswingagudnans
919BVBUNTUNIADLNTUNR TN URUILNUTD LN TN B TaulaTagiu

Joint angle 30 yuvadons unudie B Hugunismyuvestasoseuwny z 1o
wsuedeiiaula

Y a s =% [ t% Il <

Weaunsammsimasmarilaagyilviisanansaliswdunis1e DH parameters
lagan13199 Feazanunsadlldluumingnisudas (Transformation Matrix) AuduRUS

! £ [ & a ¢ 1< v o & A =i

sennaisulanuaunsasdelull Instun3ndgausnaziluanuduiusroinisiiounuag

N1INUVRY link v3eduveiuls A way

0 a1 0 0 a
0 0|0 cos(a;)) —sin(a;)
1
0

~
o~

T,(a)T,(a;) = (2.1)

dil| 0 sin(e;) cos(a;)
1110 0 0

S OO
oS oL O
_ o O

| s A

drumsndyafiaesrsiiuanuduiusveinisideuiuaznisuyuvesdene (joint) &

q

Tonsndsanaluil
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cos(8;) —sin(6;) 0 O1[1L 0 0 O
_ N _ |sin(6;) cos(8;) 0 0|0 1 0 O
TZ(dl)TZ(Hl)_ 0 0 1 di 0 0 1 di (2.2)
0 0 o 1110 0 0 1
s?faLﬁaﬁ’mmé’uﬁuéﬁ'ﬂaaaéfnmsmﬁu‘lmms@jmﬁummmmié’fwialﬂﬂf
TL, = T,(0)T,(d)T,(a)T,(a) (2.3)
aglpnadnsidu
cos(6;) —sin(0;) cos(a;) sin(6;)sin(a;) a; cos(6;)
i _ |sin(8;) cos(a;)cos(8;) —cos(6;)sin(a;) a;sin(6;)
0 sin(a;) cos(a;) d;
0 0 0 1

= v a v o & Y a dA 1a o &
GU\‘1"\]SIGULUULlW]iﬂ%ﬂUﬂqiLLa@QﬂU’]uaNWUﬁmaqLWimaqqaqm@%m@ﬂu GUQI‘ULLGUuﬂauu

rdnanesueede N1saznIANFNRUsURINILTIfe o AuTsruadIusavinlalaen

a ¢ ' v o | &
meﬂ%mil,t,ﬂaasumLmazw\limmmmumaumsmdﬂu
TY = T4¢TETS ... T, (2.5)

Inanadnsanvineaglailu Transformation matrix MikansmudNIUsI0INITADUN

WagMINLUveLIsHENBuTUAY lUaudusug1eBaanynentunguiu dduglwuusdeluil

11 T12 T3 DPx

Ty1 Tyy T23 Dy

33 T3z 133 P2
0 0 0 1

T = (2.6)

TaenTaUdtkuazwandlud1uY9IN19SUIUNISIADUN LAY uAIRLIdudAIUYRINIT
a5u1en1svyu e luAmuunazausannadnsvaantsulassaumansludantves

wvunatiu 9 e



2.6

auAIansHUNay (Inverse Kinematics)

13

aumERSNNEL (Inverse Kinematic) LJWisn1suUassumauasfing X Y Z 1699013

Tivwadouiily \luaivesnisindauiivesdeonasa o dusuisunausennyueus 39

Usznousmevaiedsiu 35n15:dwiuas 33nslsiivadaludiu nedwiurueuduuuna 6

perdasyidonltluaidetionadananiusuduvunalkuy MyCobot280 Pi §sanunsailiey

wHuRsdmTUN1SALI Denavit -Hatenburg parameters (DH parameters) loinagui 2.8

F5 | |
‘/| Ys
X5

d5 = 73.18mm

gﬂﬁ 2.8 Kinematic Diagram va3jugiufl KUKA

FO

" dé = 48.6mm

¥
Xs v End-effector
Ys

d1=131.56mm

1A8INAINT AU A1TIUAAIATINITITLADS Y89 Denavit Hatenburg (DH -

Parameter) wandlasinns1an

#5797 2.2 DH Parameter 984 Mycobot280 Pi

i a;—1 a;_4 d; 0, offset
1 /2 0 131.56 6, 0

2 0 -110.4 0 0, -1/2
3 0 -96 0 0, 0

4 /2 0 64.62 0, -1/2
5 —1/2 0 73.18 05 /2
6 0 0 48.6 Oe 0
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MNIIBLTIvAMInAZ a0 Inverse Kinematic Yadviugudnyunadil Kinematic
Model wuuLieniu My Cobot280 pi lanssiolull lagldaunisnisadinrmanslunisuitose
NIN1AIVANAILAUINBUIINT UL B 07 W11H 8T 1N 1NUALUINITINIVBId WAy

(Orientation) anunsanyulaeg19BasenUNABINIS

JUT 2.9 MNNHDIMUULYDINUT 5

0 0
g0 _ ol O |_10
PO =TS {—d6‘ low (2.7)
1 1
Y = atan2((P9),, (P9),) (2.8)
dy

(2.9)

= 4 arccos

<
I
-+

dy
arccos
@),

(), 2+(p0),7

@=¢+¢+§ (2.10)



Zg

(P)y

4

Xo

Xy (P(?)x

If = ()T

—sin(f¢) sin(fs) = z,,

cos(B¢) sin(6s) = z,

Zy Zy
06 = atan2 (51n(95) sm(95))

15

(2.11)

(2.12)

(2.13)

(2.14)

(2.15)

(2.16)



16

-1
T} = TeTE = T(TETY) (2.17)
0 0
= — 0
Pl=T2| |- 2.1
3 4 l 0 ‘ 0 (2.18)
1 1

—2
1 2_2

65 = £ arccos o a (2.19)
243
6, = — atanZ((Pgl)y, —(Pg)x) + arcsin (%ﬂif"’)) (2.20)
3
T2 =TT = (TAT2) T} (2.21)
6, = atan2 (xy,xx) (2.22)

devnAnmvastode fmuaumuvLa X Y Z 1§ud anunsafivue orientation v84
vaneldlaonss Inefvusiidesoilimuauununuudazunuldias Aaglddnouves
inverse kinematic ponu7 9ntufausathluamuamueusls vonanndsmssunlngs
NyadandfansaduinaInnsAndounduves transformation matrix  l#a1nn1s
Aruraaumandld 1 dei fn15iaualag D. Mahidzal (2011) § 9911n1531A9129

FAUAARTVINADILUUUDIVULUA KR-16KS [10]
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2.7 @7A7UAY PID

frmuRuitled (PID Controller) iumaiiafilélunisaiuguszuunisiadeud suy
sl nieszuudy o FududanesfiuilGeviewasleutuegaunsvaty nirfivew
muautuazdsemualinadndildooninanssuuisuhduvielndidestu input Aldudn
U wu mahmmuauiledlumuguuewesiielianuinsmussaiuausiideanis
AaatuAui lefdduvesdinuAneg audulawn P 38 Proportional control , | %38
Integral control waz D %3e Derivative control §snnsfimesveudazdrufavdmasonis
AIUALYBITEUY

dnsunided mim?{auﬁ%uawmmama%mﬁﬂmswﬁmﬁﬁamu@mﬁLmﬂumz
anuimstuadluisiazdae Weanatlunsedeudias insemnldanudasiiynadias
slinsistuasesunuislimnzansomslfnuaiuazdenarluundu Suhamuauile

fAanunsauunUssendla

K

P

Y

G(s) >

ty
>0
Y

Plant

> I (ri o

PID Controller

Ui 2.11 denunuitled

n1snmuadgmdnsuiiniuauilefuansaslusuaiuuu lnessuunsounaun
(plant) AzgnunumeiUs G (s) dmueminmatnszuuinume Y (s) muﬁlﬂuﬁuwmmu
1¢¢he R(s) leszuuifiamavhauasdienussssnidunmiuewinmaniu wie Fendn
error knunae E (S) Gf'fqG?hmﬂamLﬂ?{auﬁwgﬂﬁwﬂ’ﬂﬂluﬁamuau PID Wl oased ey 1ol
U(s) Tusnudrdadunauidniiieliunawidnmsususdmivananussseninedunm
fulewimliindetosiign lnefamuauusazinonUsznoufe o P awilrdiga (gain)
wnuse Ky, daumen | ddnu K; wasiveu d ddnu Ky Jasgnuudazfazgniily

nsvyiiuen error MUY laglwmnanves P Maanavgniildamriu error AiinTutlagdu
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(the present value of the error) B4 error oy ﬁﬁg@ﬂmﬁEi\‘iaaﬂlﬂ%’mﬁ’mwﬂmﬁﬁ]zﬁﬁ’lq\‘i
MIUSugUBNTRs P aztisifimieanenuiiilunsne vauewessuy usvnUiugaiuly
9199wLAndyaaudIuLiiu (Overshoot) eanin wisentesiiuly szuufazmeuauestin
Afean1s usmnusuanasinsmevausslimufosmsududiendnnveaszuuddenll
WA BunasEUUasinganigasitluuda (steady state) Anuuananeiliintuazgn
1FuAI mmumnshﬂuamazmﬁ (steady state error) %’!qLﬁummmmammﬁfmwﬂuﬂ
ogafealuuda dosdinisladiaunleduiiin Taglusiaeuay | Su Avesiaguazgn
ilugmtuamuansisazay (accumulated error) lutaaiavan deanunsanildann

A15BUNLNTNTENING error MAnTuiuaINInsasuwladly Aaunismalull
) t
I termssignal = K; [ e(z)dr (2.23)

lnedyaruilaanndinsvaudiutavgniluisliiuiiaivauuuudadiuiy
£ f-:ll U 1 ] U ] ¥ k% | . d‘ ¥ 1% 1 1 1% IS
doyaraundslinedmsurilissuudng setpoint Ndeenisla winisldmen | wWhluenaling
yilinnusalunisnevaussdias Mduetaazdessiamunuludiumenves D 11l Tngly
diuvaeiiniuay D A1vesiinnazgniiluaad iveuiusved error WiguiugatIan @

£ ‘:ll ¥ Y | t:’lj
e unlaainmeu D aunsakanslansaunisneluil

de(t)
dat

D term signal = K (2.24)

INAUNTTNAUIENUTINLDLNITUABURUADL error I F ey 1UAIVANIIN

A A A X ~ 3 aa a 5% a
Wanves D dafiiiady Fansilduuudasves error Nagilviansnsidsunlasegiy g
error Wasuwlaw5ann dyanaildanmeniiasdueey Wodd@yanaaineunisniuay

1 v @ v o ] [y Y] Y v
YINATUUNIIUNAUNY mamiUWmaaﬂmmmﬂﬂmmﬁzw“lwLﬂulﬂmmmmi

2.8 IMU Filter Madgwick

AINT83 IMU v83 Madgwick 1138 IMU Filter Madgwick gniauslag Sebastian O G
Madewick Tud 2011 [20] \Jusansesiilddmsumyianie (orientation) veaiguigas IMU
mm%agaﬁlﬁmma accelerometers, gyroscopes M%@ﬂﬁm,luamﬂ magnetometers 11974

aenlauiy dansesligninauslng Madgwick Sebastian LA uveIdanasudl

Jsznaume
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1) miLU?{auLLﬂawaawwmﬁLmaiﬁmwgﬂﬁmumim@mé’ﬂwmmaaﬁwuﬁmmia
d1593la

2) ﬁﬂﬂ’lui@fﬁLLﬂﬁéjm’m’li?juﬁ"JaEmﬁﬁ’] (Low sampling rates)

3) awnsalddeyaaunudvdnlurmsiuinlfudwaenis distort ldias
uiviule

4) @3AYALYY bias Y8 gyroscope bikay
191 orientation ¥ INENTUSDwBlanAULLLTESIIEENTIAUSG AT

911 gyroscope @u3avilalaanisduiiinsneuiusvesmesivesiieu (quaternion : 1y

JeUUEN9BUUN Tl ghanansvyuvesing) Asaunisde Ul

| 1
ot = 9t-1 + oAt = qe—q + E(Qt—1wf)At (2.25)

o At fie nariwdeuld waz @i Astuvindvesanuindyulunsazuny
UBNAINNIINT orientation MILBRTNTIYUIE? §31N1591 orientation a5l algorithm

gradient descent mielnedifleriduingUssasa (objective function) fasalull

f(q; dE,SS) — q*qu _ SS
14242 - -
2d, (2= 43a2) + 2d, (quq, + 4x0y) + 2, (4:0; — QW) — 5z
= de(Qny A quZ) + Zdy (% - Cb%q;) + Zdz(CIWCIx + quz) — Sy (2.26)
20, (quy + 0x42) + 24, (0,8, — 4w ax) + 2, (3 — a2a3) - s,

o' dF fo vnmavealsunadaveadumesiignimuaenlinewsusumsugisds
voalan uaz s° Ao fimnnsi Tnldlurlsudsdwesdiwuwesios d1u g* Ao AougAn
YeePomesiiou andia1nns optimization kdath sxldAmemesiloussnin Jediany
dululfunitgainsduvimsilndiAeafianvesia IMU 954 laezunsulassairaved IMU

filter madgwick @3nsauanIRsluUy
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Sa T(SA Sa
Accelerometer:@y  —  J7 (3Gest.-1)fy(2deste-10 ¢

l

LA

] T

Sa
Elest,t

|-'~':)

s i +
Gyroscope o — E gqest,t_1®;'§(l)[ f dt

S

sa1
qust,t Y

Exl

E‘Uﬁ 2.12 block diagram 1A59a319909 IMU Filter madgwick

Madgwick filter Uszauanudnsalunisldussunamimisnisedsuiilususng 9
Benduslugunininsaduanuedeulniding 4 Adeddndsaus lag S. Omid (2021) 1
iluiUSsudisusuiinsild Kalman filter Wugmunuiiliruuiusififiemeiuluvnei
Tnswenslumsdunndesndt anduam S. Omid Tivhmsuiulgsdaneilaglanism
Anfimunzandian (optmization) #g Gradient Descent Tugasn13m1ALQNABITBINTT
ueidlue wudi aunsausuusa dynamic RMS error taasld 37.2% [15] G. Mattia
wazamz (2021) wax L. Xin dun IMU filter madswick Tlddwsufnaunisindouiives
uyud 1 n19Liu wazudush (121, [26] wenanil lusuduyusudiddedialuFesmes
nsnensnisAunnamsa filtker madewick lumvinnisvesvusudlaiguiy sgauy
Z. Jasper (2021) ﬁﬁﬂﬂwﬁuﬁuauﬁwﬂau (spherical robot) (IMU-based pose-estimation
for spherical robots with limited resources) %39 L. Simon (2018) 1911 madgwick filter
TunimsvesemAsunusualuipifisuiyu Extended Kalman Filter(EKF) wag Mahony
filter wu21 madgwick filter Id1ranlun1sAruiudsunin EKF unldiaaiuinnan Mahony

filter wotld RMS error In&iAesAfilaain Extended Kalman Filter [24]
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29 AInsveA1aN1u (Kalman filter)

Fansesmaunu (Kalman Filter) \udanessumnsndinaansilddmsunisussuna
Avasduuslusyuufiiuasuuladlumuaa Imai%%a;gaﬁiéfmﬂmﬁmﬂﬁﬁmmlﬂ WU
sansesmauugniuldlunatey q au Ly ssuuiinig, n1sRanung, waznIsAIUAN

! ¢ & v
nueun LJunu

nEnnavinueansesmauuUENoU e une uMAN:
1) Fumeunisyiune (Prediction Step):
1.1) yhmsvihungAvesanue (state) Turiwiadaly laglduuuinasives
JEUU
12) vhwemanalldutivouesaans Jagdinuandanalliuivounes
anuzlurdinaineuniiuazAinuliluueuveInIZUIUNIT (process
noise)
2) fumeunsenan (Update Step):
2.1) yihmsiaAn (measurement) vasanuglugisa1tagdu
2.2) Amnarmaedey (Kalman gain) feazlilunsuiulgadvihneyes
a0y
2.3) dwan Avesanuziarauliniveuvesanuglnglimeaiadou
fenslitunounisiuesuaznisdmanlunniaanat dnsesananiy
annsaUszIaAvosanus AT anlusz vuitinulsiuueulfed1siiuszavsam lnegy
vosaumsfililuusias tuneuresiansesanauuazgnnanivluunil 3 ludaniseanuuy

FEUUANATIUNITLARDUNUDIUD

2.10 NARIIAAIINEN

cad o W

naeinAuaNn (Depth Camera) WWugunsaltdrdgilunisassnwanudAvsownui

o
(%

ANUaNUINUN lnawalulagnldlunisinsssgnistuiinareuseinn wu walulad Time-
of-Flight (ToF), Structured Light, Stereo Vision kag LIDAR waazinalulagindnnisiieuy
a [ Y] A o v Y Y o = a a

uanaaiy tednszeznigainndesludiinglunmliegrsuiudwasivsz@nsam
walulad Time-of-Flight (ToF) T¥n1sianariuandunsanndesludeinguaznduun e
Aunszeznalaglinnusiveanas daunalulad Structured Light Tdnnsuasaduas

sunuuangludeing uarasiniunisiadeuresduasiiomuinszeems vasinalulad
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Stereo Vision Tindesassslunsaonmainspmesiiunnsinediu uazdmnaszozmalagly
wdnnnsmndauand aavine Ao wealulad LIDAR #l¥nnsudesuanasesuas iananiiuas
agyiounduan e taszernsldoausiug
msthdoyamiudnildainndesinaudnivldduiivannvansuoundiedu 1wy n1s
19U MIMUANNIEIAABUTITN LA N1sUTEINaRan ML BN TaRd LAz Anaming
MyinvnauazgUTvesing uaznisaislunaanuila doyanmaniusiugrannsataniis
Usgansnnlunmsvhauuasifiuanuansnsalunisnsaduuazuszananadeyaluainvans
s fhegatiu Tunsmugunnsied eufivesiususd deyannudnteliusudaiunsa
nAndesdsfarnuasindsuiiluduthmmnelfogrsUaensouaziuszansam uanani
Foyarmundsdusslonilumsainsnwanuifuasunuiimudnuesiui Ssansotluld
Tunsdmauasiinseiiuilumidouszemamnsausing 4
feauasnlunsinsreenauaraiunwaudafiuugn ndeainanudnled

o w

nanewduaiasdedfgluvaiea1un wu ueus, emeundnlud®, nsasenmeulit was
o = aa = Y o = o o | oA = vy -
MsviuEuaudia walulagnldlundesinanuindinsinuegdeoiios ivelvlddeyai
wiugazUseansnmastu uenainll anunmtmisnalulagdailindesinaiudn
ansaldaulalunainuatganiunisaliaganiniinasy M ianuisainluussynaldluny
MFBIN13N15IATLELNUALNNTASNANAUTALFLINTU NILUAURAAIMINTTH NMTWINE 115
° av £% A av &g v . . . =
81999 wazddesn 9 lngndesmldluanidetilundesiuy Stereoscopic vision §4n13
AUIMANNANINAISLENABsaLmesle (Depth from Stereo) 1 udanessuRuN1sHBLIU
N9ABNR LD LUUAAIEANT LS ULTITUA181991NTEUUNISNBWAULUUABIN VDI YYE

FanossuUNININTTINDSAUDUAUADINDS ANVUIUNY BAZAIUIAMUANTASNITUTEUUAT

=

ANUBANAINTENINAFAYNATINULUNINIINNRBITIEUALNADIVI | TEUUILATIATULA
asaulunwanndesisae uasldaunismasviadinlunisAmnmsgesnaludaing
nsAwINsEEYinlalngnsldges:
BX
Depth = Tf (2.27)
1n89 B A9 T209NT8nINaaudnassdndfaul depth camera, £ A ANEILNAE
Yoaaudndes, war d Ae ANUWANAYBLrUaLReIiulunwaaIn (disparity) N3

Awndigelisyuuansnadiwuianudnfuiug1vesiuias nglunnle
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E‘Uﬁ 2.13 Baseline way disparity

2.11 Hive MQ Broker

HiveMQ (O uuwanlosureniuasdmiunisdeaisuuy machine-to-machine
(M2M) wag Internet of Things (loT) lnglaluslnaea MQTT (Message Queuing Telemetry
Transport) @ a1dulusinneauinsgiufieenuuuilenisdsdeyadi duminiuiuass
Usgdndaings HiveMQ gﬂﬁwm%ﬂmv%ﬁm dc-square GmbH wazdaauluizosnns
Fansmsidensediurunin Msdsteyaluy real-time uazn155usTIAIUaDAfEvDs

G
U

AMANURANANYBY HiveMQ:
1) sesiumsilendedausin:

HiveMQ @nsasessumsidensioningunsal loT nanedugunsaindoudu se
nsllassadisiuguiidusyansnuasBangu vilfannsodansfunsfuddeyadun
wnldegeiiuszansam

2) msdadeyauuy Real-time:

delusinnea MOTT duduldsinaeaiiiiiminiut HiveMQ aunsndstoya

WU real-time femumiaen (low latency) ¥ilsigunsal loT ansnsauaniUdsudeyady

Teagnesasaziusyansnw
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3) Anulaenne:

HiveMQ Fflaessumnuasnisdinsoungu 1wy msdhstateyase SSL/TLS
mmaaaaauﬁw%aaqﬂmaﬂ (authentication) agn15AIUANNITKUIEN (access control) ¥
Tanunsasusesnnaaonsiovestoyadidasiuszuuld

4) mMsvegmLagnsUsuTwIn:

HiveMQ oenuuuinliaunsavetedaledie amisafiunisandiuiulnug
(nodes) Tupdaimesmuanudenisia viliaunsausuruanisldaulamuuiinnauuas
S1unugUnsaliidensio

5) msysanmsiusEUUdu:

HiveMQ 5895UNM5YsAUNANTAULNEANBSULAL T UUD Y 9 19U TEUUAAIIF,
Uin1steya uazumantledy loT du o shiliesdensthluldnulussuuiifogin

HiveMQ wingdmiumsldsmlunans 9 fuiideanisnsaeansseningunsal
loT LU N15LNEATEARTVE (smart agriculture), LiI89a5YY (smart cities), S¥UUUU
93a38% (smart homes), N1SAIVANEAFINNSIH (industrial control), LAENTALAFINN
(healthcare) fsanuansalunsdidayauuy realtime uaznsinnsnisideusioduou

a a o

. = & dll & Ao [ Ly [y Ao v
111 HiveMQ 394 UULATRU0NUUTZANTNIWAIUITUNITWRAUILAZINNITITUU l0T Nuapu
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A5N15ALLUNIS

YUABUNITANTUINUIRY

o
[y Y

Ausuauldeiidunaunaniunisivswazmuiszuuliausalganulenssalul

NUMIUITTUNTIU UNAHWREAN AN UIIRY

:

IS d‘l [
panuwuuIamuAukazLuuNaLiialtlulUsLnsNINaes

Y
WeUlU SN TUATLIUNIAUANERNSTDUNAUKUU 4 B9ADASLLNDNN

ALNUINSDUNAADUNT LTI U DI

Y
WeUlUTUNTUAUANYINN N VBILTUNAKAENAFUNSYIUL BRI

\
nageUNTINNUTBIUNalulUsLNININaedlag SUToYaNYIMN YD

6
ywe

Y
HERUNSAIAIUANILAZUIUNG waVAABUMSLTIL TR

NAFDULAYIATIZINE

Y
WuINg 1 Twus

(%
Y

JUT 3.1 Fumpunsaniunuidey
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3.2 ﬂﬂi@@ﬂLLUUigUUﬂ?Uﬂﬂlg\‘]ﬂqi

szuumuANdsnsazitseanidu 3 dw leun damvesmsiudeya duvesnisnay
Yoya uardruvesnisdsioteya Tnenthinaznannisdrdyuesdinuszneunsazaiu
Fsteluil

1) duvesmsiudeya swdudmiimthiisudainumesassi leun IMU was
ndosanufifiinun Tnendes 3 GhvgldeuAsumislunuiun X Y uag Z wousisetua
yaw 0913y uvesldie d1u IMU agldine1arnudgsveslilioluiuinnu roll uas
pitch udnhdeyainsmiuiiethldiwsinges (fitter)

2) dwvesniswaudeya luduivinisuszmanadoyasuiussnitsteyaan
IMU uazdoyaan depth camera lagazidfiuszananafingasaau1u (Kalman filter) fiu
model machine learning ¥8 MediaPipe aejn1elu vdsanUszananatoyaldudiazadluds
mieanly

3) dmvesnsdiedeya ihwihilaesogns Iiun \uduiithieyafiusvananals
derioludsszuu MQTT cloud broker Ing broker lunsdsteyaiidenlide HiveMQ dau
wihfifaesfenssudeyaain HivemQ Waslifuusunailedsnisnisindeudl Tagludiuns

muAuLrunailaveglunuiwmesiansaweusiaiuiuung MyCobot 280 14

14 ¢ 1
3.3 ﬂqﬁaaﬂLL‘U‘ULLagﬁiWQQUﬂimﬁﬁﬂiﬁwLﬂlu
L3 1o U |l &/ ¥ o = = !

nseenkuvaunsalawlddmsulantevesildnu senasmilfmnuiglunisay
lduazdnsanunsaussyaunsallulasreulnsamesiaviauges IMU ldla nenstuguves
Fusuagldinsesinsianufifndundn lngazeonuuubidiivgunswesde uaslidauiiin
auavesldevssiian (Aadldlunisnsiadusienass) Ineniseenwuuldlusunsy
Solidworks Tun1seanuuu IngluniseenuuugUnsaiauldezdnlilulasnoulnsaaas
ESP32 ag@nuuu diunsinansgninisd s dowaganuuuazidu IMU sensor AluuIwny
X Flunesnudeiuily wagwnu Y ¥es IMU 3lunisinudeladisudiuunu X lngnaves

nseenkuukazUsEnavgunsalaulduansisluguseludl



27

JUN 3.2 gunsalaulddmiuinAseiwuges IMU

9

5UN 3.3 gunsalaulddwsuinddioaudiuile

3.4  N1599NULUULAZEIISUIUNADIEIRTUNISNTIAIULD

Tunsldaundes depth camera dmsumsasadusuniwesiiotu avdoileds
sverlndfigaiindosazannsamanudnviesunisesingld (Stereoscopic Minimum
depth distance) Ingnd a4 Intel Realsense D435 1y 9z Ardand110g 7 Uszua 28
wuiaes faussuusdaediorzdeegfisrezannnaiingn Sediniseenuuuwiu

Y

dmsuianasdnazinvuasEuUesiliatudagUdaluil Inessegvasssuiuionnndoasay
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2g MUT2UIM 48 LWUALIAT dIUAUNINUATEIIVDITEUNEILTBE T 40 x 40 LYUALUNT

AIUAIRU

JUT 3.4 5U CAD wauviugnadasyuuile

3.5  A1999NLUUSTUURIANLRUNLAZYINYN9Y89d0R8nd89A2uEaN (depth

camera) kag IMU
Tun1sns199uiienae depth camera azliiaa machine learning 989 MediaPipe
YA1N170a374 skeleton vastasiavediloliviavandiuiu 20 Yandtusuaiuans lnggnanads

dmsumsseydiuniiavesle Oly) aldyndavendunseiainaingei 11U 17 uagqai 0

a

1 9 Faagidunidafiagdhlumsuniduinauulanvesanuduasesiuiu depth image

[ a

JUN 3.5 9nenedevasiiontiainluna MediaPipe
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SUN 3.6 F08NAINANNANAIA depth camera

Y

Y I

JUT 3.7 fegen1svsmuvu XY Uag Z 90lanie depth camera

= Y U

1aya31n depth image aziluszezvineainingdandes windean1sfidn x y ved

q

£ o

9nH1983 zRouiinveInandluniig pixel AussezveninldlUMmuiniy principal
point Gadu intrinsic parameter apandosfitdudmnue optical center point U8INADIAS

dun1sanuan laeunfiad principal point azlndlAgs image center
x = D(0x — Py ) /f, (3.1)

y = D(Oy - Ppy)/fy (3.2)
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Wa D fie 528891INNABIigne1aBy

B

fx uway fy, Ao anugmliiavendes

x 4oy By, o 9afanandluiiiinu x uagunu y

TudureINsfAN1aN1sUYUYedilonIe depth camera A8iiN391ALEW198990
9091 9 §99a7 10 yu 0 sargnimualleduilfmindussuiusuiueuveanin yuasdu

VI flenyun I duuRinansuiiasuiu waziduauillenyumuduuing feg1aves

NIATIVIALNNTNYUVREIBAIE depth camera wansdslugusiolull

Y 1

A & A
EUV] 3.8 G]’JE)EJ’NmiVlﬂaE)UM%;IMJENmiﬁ/iigusaa\‘m’e]‘lfligm 15 99AN

dulunN19nTI9UTIIMNBsanIY IMU aglusinses Madgwick Ll orientation

= a 1 . [ 1% | 1 Y1 oav v
v99ilonanul lagaziiansaA19ed Roll kay pitch LTunan dauat yaw azlagaiilaann
depth camera tienaniasstleynn gyro drift 989 IMU TuluILAY yaw Uaga1 yaw N1d713150

91ulfian depth camera aztdu absolute data lAieuladiauatosiagudugingy

3.6 N159NLUUTTUURAAINNISIARDUNYDSND (hand tracking system)

[

TusuIdell

o

WM aEYIINNYeIl o NNTOILALARAINAIY linear Kalman filter
MnmsTiiideya pose Aeunthueaile wazdeyanisintlagiiu awvilsf Kalman filter anansn
Aanunisiadeuiivedioldegswiugn Ineld state equation wae measurement equation
TunseSuneseuu Mmuals hand position coordinate @w3u Kalman filter Aa [x y z]7

Tnoiduinnvesimunudsvulanuisnuiduassidalaain depth camera lngaves z
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coordinate %xﬁﬂ"lLﬁﬁﬁUﬁzﬁlzﬁ’]\‘i"Uaﬂ’?mqﬁJUﬂéJEl\‘iﬁfﬁﬂlﬁ @74 orientation ¥89i® AB

[ 6 Y]" Judmuves roll, pitch uaz yaw aua1du aAuts g aduunas s,

By uve9n19.Aa oufi veadefe [vy V), U, Wy Wy wZ]TI@sJ Uy , Uy ww Uy Y
duUsenauAUEIN1sIAd oud lukuiuny 3 SRaNEU @11 w,, Wy uay Wy WNY
dulszneumuiudauesnmaiadeuiiseunuauny 3 f7 awddy ynaauuRgiling
SwAnnns tracking vl time interval §u 9 avanunsa assume lé3n1siasuulandy

LWUU uniform wazazamsaslioy state matrix lansnoludl Tnefvualiiaantlagtu fe k

T
Sk = [xk Vi Zk Pk Ok Vi Uy, Vy, Uy Wy, Wy, wzk] (3.3)

X1 1
Vi-1
Zg—1
br-1
-1
Pr-1
ka_1

v)’k—l

1]Zk—1

ka—1

w)’k—l

_ka_l_

2
I

(3.4)

OO OCo oo Co O rOo ©O
OO OCo o CoRr OO © O
coCocorooo@elR
OOOO.—\OOOOOEO

o OO
Ooo,_\oo ﬁOO
coroooo°Clkososo
>

orRrococo@ogCooo

oo > o oo
= ooOHOO

COCOCococOCoOC OO O R
OO0 Co oo OO R O
OO Co oo OCoOORr OO
cCO0OCo O O0O OO

L

11 ® depth cameratiag IMU sensor @14150M5227AN15LAA oUW vosd ola
measurement data 91NLYULY03 1 98093211 lU update AT Uszu1ailsann Kalman

predictor lag measurement matrix 30401330 (Z},) dmsudeulyt Kalman filter azaglugy
VD4

Zk = HSk + Vi (3.5)

o H fio state- to-measurement matrix which gnldiiteutas state space lum

measurement space 8% Uy A 8 noise in measurement process LAg measurement

vector at time k 983 depth camera fg

100000000000

o1 000000000 0

Zc=1o0 0010000000 okt G0
00000T1000O0 0 0
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measurement vector at time k ¥84 IMU #a

0001 000O0O0UO0GO 0O
Zv=l0o o o o100 0 00 0 oflS+v,. B7)
0000O0100O0TUO0TO 0O

The error covariance matrix in prediction state (P), ) can be calculated by the

equation as follow
P; = AP,_1AT +Q (3.8)

o Q Ae process noise covariance 84 Kalman filter Tu prediction step #3910
WU precition step TunausalUAe update step @99ziin1sAuIU Kalman gain (Kj )1

14 state-to-measurement matrix (H)
K, = PHT(HP;HT + R)™1 (3.9)

1o R A9 measurement convariance matrix A1U89 R %sgﬂﬁ'ﬂmmiﬂﬂ%’%’aga

Y9IN1MAR04 LilBld Kalman gain 11487 A1984 Kalman gain 3zgninly update state 716

9nn5 predict 11 (Si ) paunssaseluil

w&ea 11y error covariance matrix Py 9xgn update A1 uncertainty 8na3aniu

AUNS
+ _ —_
Pt = (I-K.H) P} (3.11)
A15Y1197U9849 Kalman filter 9871081988180 W BUSEUIUANILNITAR DUN DS

vaailalniiveyanuiug1nan Ingunuiwanin1sideulesvestayatussuudmivauideil

wansmaralud
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RGB image Depth Image Gyroscope Data || Accelerometer Data

Hand Coordinate
[pixels]
Hand Rotation Hand Coordi IMU Orientation Estimation
Angle (yaw) (XY, Z) (roll, pitch)
1 ]
- ™

Kalman Filter Tracking

l

Hand Position and Orientation ( X, Y, Z, roll, pitch, yaw )

JUT 3.9 WHUHILANINT YIS tayavedTsuy

3.7 MsesnuuusTuUdIRtudaya

syuvdsuteyaazldnisidionseluds Broker HiveMQ #aifu cloud broker w3y
M3deusieszuy loT iudumesidndelusianea MQTT laglunisdsteyani tracking
fitter 18 HiveMQ azifoulusunsugaenisn Python Tagld library PahoMQTT annthilu
Eﬂwaami%’u%uﬂamﬂ HiveMQ wiiedaluss MyCobot 280 a¢ld Python Tun1sideulusunsy
udeatu Feluilsisudeyaluayld ROS uaz MyCobot 280 API iushdsnsudaainiusn
At aazyimvesuluudl dregraniinves Hive MQ wag MyCobot280 ROS API
wamsdaluzuselud Taglun1s monitor 1sdsdoyaru HiveMQ awsold web client 7

a9UuuU HiveMQ aasaaaumsdsitudoyasic < la



Create new cluster

Serverless

FREE

URL
3d3c0f6a6e27435d94068590434a9ba7.s1.eu.hivemq.cloud

Port (TLS) Started
8883 Wed Nov 30 2022 16:59:39
Manage Cluster

5U71 3.10 wihanwes dashboard 484 HiveMQ

Web Client

Client Connection Settings ~ ® Web-Client connected

emg.webclient. 1717605163604

W DISCONNECT CLIENT

Topic Subscriptions

0F CLEAR CLIENT

Topic Name

— Quality of Service (QoS)
\ 0 - At most once '—]

+ SUBSCRIBE

No active subscription. Add a subscription to receive new messages.

SUBSCRIBE TO ALL TOPICS (#)

35U 3.11 fregantiae WebClient 9114 monitor nasdaveya

34



35

joirtod

JUT 3.12 fMeg1amt1ae monitor N15ARBUTIVEILULNG mycobot280

3.8 NSNAEDUAMULLUIIVDINITATINIUALNABITAAIUAN
lunsnadeuaNuLdugIveINInTITUAIENdBsTnANLANAzwUsN S NRaa UL 2
du Tnwduiinisasdunsmegeuinanuudud e s wasduiigesasdunis
nagouLie InAILAILS N INTILL yaw Yasil
TunsmageUMIANNLL uE1wRINIT IR uLIedie azvins NedoULUSEUUT
Arvuao 3 laeldszunufivisainndesssann 48 wufiwunswse 480 dadwns Inefindas

DUNFIIUMLIAUINA1N UAIMNUAIATATUNY 9 FANTTTEETUUUBUNIENNLNY I1NTWIINTS

(%
& o

o A A o Yy A < Y a [ v =® <
U’]ﬂJi’]‘l‘U'ﬂﬂUU’QWVIﬂ’WMW I@EJIVN']&IBLUU"Q@B’N@Q AINUUNINITIANALALUUNNNALTUATY

‘ﬂl o ¥ ¢NI o o o U ¥ U ! ‘;J
ethinasunateya lnggainvuadmsumsinavldadagusialuil

(100,100) (100,0) (100,-100)
® ® ®
X
Y ~—[
(0,100) (0,0) (0,-100)
® ® ®
(-100,100) (-100,0) (-100,-100)
e ® ®

JUN 3.13 grgeBadmTunisnsiaindumisiendesminuan
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AUNINAROUMANNLAINEIVBINTIALY yaw A1nNdes agldnnsasauiiniae
3D printer Fusudthisiolunslusumisiidmuney deldldymnuiidonis wii
ihlFeudeutumiieiuldanndes Inedmuiinaaouazdusmdaus 0 83 90 asm Tng
dufiag 15 ssmviadnufisnuduuasyauduuniing fegumvageunuusiugwe s

wanasalugUsioluil

JUT 3.14 M08 1uNMTMAFBUIAANNLINEININTIITULLVRHMENABIANLEAN

1 L 1'%
3.9 ﬂ'ﬁ‘ﬂﬂﬁa‘Uﬂ'ﬂﬂJLLNUE?']“UE]\Tﬂ']'iWi'Jﬁ]QUH@Jﬂ'JEJ IMU
1o @ Ny o ° A Ao a
n1snaguAMLINgIMIInNLYaLiiany IMU aginlagn1siigellenil IMU A
aglurslivuuviuiignasa@uduyusig 9 wild Taeiduain 0 §s 90 aeen Faviein 3D
. dll Yo a aa I o ::4' S o 1 Ay ve =~ vy g <
printer wialvildAnaiisundanuusiuguinigaantuiiailaduinlidun 151sly

LuILLNU pitch wag roll

1 1 v
3.10 NIINATIUNITEINTUYIUALLASNTIIAIVUAN
lunsnaasunisdarudayawazn1sAIvAY 3¢19n15 monitor NsTudstayany
HiveMQ Web client Tunsgudunmssudideyauazanugniesvestoys lngn1saidoyaasyi
NN 9 0.1 N9 WAIQHANTADUAUBIVBILIUNG MNYULUARINNTONDUALDIN VNN
= Sy o % @ ' 1% A o & S v o
msiedeuiveiloludayayniinanld asfiehiiu Ingazyinmmegeunvun 20 ASHHAI

Jumssasunadoya

3.11  ASNAFBUNITAIVANIAINUYU MyCobot Pi280
lun1snaaeun1sAIUAN MyCobot Pi280 azi1viTmisuazd1uviavesiedn 1y

MQTT ludeiunegluinsatieliane (Wireless LAN) i3y lngasfedayaveswinuniiay
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yinsvestialuyn 9 4 Juil Welimiulsunaaunsandeuntuganunglamuiiimun 1ian
Aldlunisnaaeuegi 1 Wil (60 Juri) Mntuszihnisiunindeyavesganldlunisiafeudn

lUiiguiunmeuesLung



4.1

a1

uni 4

NAN15I8LaZaNUS18NA

IUﬁUUﬁNaﬂﬂiﬁﬂ@ﬁﬁJUﬁlggﬂﬁ’?LEUEJIUE‘ULLU‘U‘UEN@WﬁQ E‘Uﬂ']‘W N3 NI DUNUKINTS

Wiguiigudu 9 welideyaiianudaiauuazidnladie mntuasidngnsinsgsinantaain

mvagdeu ieasudayassandussuuuazaenndaiiuingUszaidvesnuidy

4.2

PNAADUNINUARIAI 19D bUT

AN 4.1 NANISNAABUANNLLUEIUNITHTIVIAGLALUDILD

NANISNAFIUAULLUGIIVDINTITATINIUAYNABIINAIUEAN

WBYIINISNAFDUNITATIVIARLAUIVDIL 99 8NADITAAINUAN ALLPIA1TIINANTT

X [mm] Y [mm] Z [mm]
Actual | Measured | Error hsouiy Actual | Measured | Error e Actual | Measured | Error absolute
error error error

100 97 -3 3 100 103 3 3 475 ars 0 0
100 97 -3 3 0 2 Z 2 475 ar1 -4 a4
100 97 -3 3 -100 -97 3 3 475 ars 0 0
0 0 0 0 100 98 2 2 ars 478 3 3
0 3 3 3 0 1 1 1 ars art 2 2
0 -2 -2 2 -100 -98 2 2 475 a79 4 a4
-100 -104 -4 4 100 100 0 0 ars art 2 2
-100 -102 -2 2 0 -2 -2 2 475 476 1 1
-100 -102 -2 2 -100 -95 5 5 475 480 5 5
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M5 4.2 ATUNANITNAABUNIIATIITUMUMIIMENaINAIINAN

X [mm] Y [mm] Z [mm]
Average 2.44 222 2.33
Min 0 0 0
Max 4 5 5

A1597 4.3 HANITNAABUANULIUENIUNITNTIVIALY yaw VBdile

Yaw Angle [rad]
References | Measured Angle [rads] Error [rads]

Degs | Rads 1 2 3 1 2 3 Absolute Average
90 1.57 1.57 1.57 1.58 0.00 0.00 -0.010 0.004
75 1.31 1.33 1.33 1.30 -0.02 | 0.00 0.030 0.017
60 1.05 1.02 1.05 1.04 0.03 | -0.03 0.010 0.022
45 0.79 0.78 0.78 0.79 0.01 0.00 -0.010 0.005
30 0.52 0.52 0.52 0.51 0.00 0.00 0.010 0.005
15 0.26 0.25 0.26 0.26 0.01 | -0.01 0.000 0.007
0 0.00 0.02 0.00 0.01 -0.02 | 0.02 -0.010 0.017
-15 -0.26 | -0.24 | -0.26 -0.23 | -0.02 | 0.02 -0.030 0.024
-30 -0.52 | -0.51 | -0.52 -0.49 | -0.01 | 0.01 -0.030 0.018
-45 -0.79 | -0.77 | -0.78 -0.81 -0.02 | 0.01 0.030 0.018
-60 -1.05 | -1.07 | -1.03 -1.02 0.02 | -0.04 -0.010 0.024
-75 -1.31 | -1.32 | -1.31 -1 32 0.01 | -0.01 0.010 0.010
-90 -1.57 | -1.57 | -1.58 -1.58 0.00 0.01 0.000 0.004

Average [deg] 0.772
Min [deg] 0.206
Max [deg] 1.390

INHANTNAFDUAMUUU UG UNITATIVTAR LN UIYB I DA 8Na 89 TnAINE N Ty
A151991 4.1 WU eeuaaaedeuadsluwny X, Y uay Z agui‘ﬁ 2.44 3131, 2.22 1., LAY
2.33 Ui, AIUAIRU I@&JﬁmmmﬂamLﬂﬁauqq@miuLLﬂu X agjﬁ 4 w3, waglulnu Y uwag Z
o8l 5 1y, AAuAaALRdeUBsTigalunALALELT 0 Uy, M3 TaNaluAIT 4.1 uansld

wiudnlunane 9 n1s¥ana Arruraaadsulvuilduiiszuniseglugae 2-3 uu. Fudu
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4.3  WaNsNAsaUANNLAIUE1YaINITIAYUAY IMU

a6

Wevinisnagaun1snsiaiavianeuesdslunualnu pitch kaz roll azlanisiswa

ASNAADUNINUARINT1EBIUT

M5 4.4 Han1INAERUANULIUEIvRINITIRLNAY IMU Tuwwiwnu pitch

Pitch angle[deg]

0 15 30 a5 60 75 90
1 -0.94 | 1551 | 30.94 | 4535 | 61.05 | 75.50 | 86.06
2 -0.92 | 1545 | 30.37 | 4532 | 61.05 | 75.42 | 86.12
3 -0.92 | 1538 | 30.39 | 4529 | 60.95 | 75.30 | 86.08
4 -0.91 | 1538 | 30.51 | 4525 | 5847 | 75.26 | 86.09
5 -0.91 | 1541 | 30.47 | 4523 | 58.77 | 75.21 | 86.09
6 -0.90 | 1546 | 30.42 | 4521 | 60.38 | 75.16 | 86.08
7 -0.90 | 1550 | 30.36 | 45.19 | 60.56 | 75.07 | 86.11
8 -0.88 | 1544 | 30.44 | 4516 | 60.63 | 74.93 | 86.08
9 -0.87 | 1544 | 30.47 | 45.15 | 60.69 | 74.61 | 86.06
10 -0.87 | 15.44 | 3043 | 4514 | 60.73 | 74.69 | 86.04
11 -0.87 | 1539 | 30.34 | 45.14 | 60.77 | 74.75 | 86.04
12 -0.85 1538 | 30.17 | 45.13 | 60.79 | 74.71 86.11
13 -0.85 | 1542 | 30.10 | 45.17 | 60.81 | 74.43 | 86.09
14 -0.83 15.45 30.08 | 45.14 | 60.84 | 73.86 86.05
15 -0.83 15.39 30.22 | 45.14 | 60.86 | 75.01 86.06
16 -0.83 15.39 30.22 | 45.15 60.90 | 75.12 86.06
17 -0.83 15.29 30.16 45.08 | 60.92 | 75.16 86.04
18 -0.83 1528 | 30.18 | 45.11 60.94 | 75.15 86.07
19 -0.83 1532 | 30.19 45.05 60.96 | 75.18 86.08
20 -0.83 1533 | 30.18 | 45.05 60.97 | 75.23 86.12
Ave 0.03 | 1540 | 30.33 | 4517 | 60.60 | 74.99 | 86.08
Error -0.03 | -0.40 | -0.33 | -0.17 | -0.60 0.01 3.92
Total Average 0.34




M50 4.5 asunan1snageuANULILg1veIN1TIALNAIY IMU Tukwiwnu pitch

ar

Pitch Angle 0 15 30 a5 60 75 90
Average Angle | -0.87 | 15.40 30.33 45.17 60.60 74.99 86.08
Average Error | -0.03 | -0.40 -0.33 -0.17 -0.60 0.01 3.92
Total Average
0.34
Error

INNANTNAFDUNINTIVIAVIMIWRElolULWILNY pitch AUANTINUTT 4-4 Uag 4-

5 logld IMU fiyaisaus 0 89 90 83m1 wudanuwlug1veinisindanunainiafouiiveusy
Ielutnaguiingt 75 een lnefidauianainadeeglugae -0.60 §3 0.01 a3 og1alsh
o Y & ' a - v & e

M3 1NN InaITURY 90 B9 AANMUAANAIARASLNUTURY 3.92 B9 uanslil g
To31MAv0e IMU Tunsinyuiiaeu wanuianainsiuadenissuuavegi 0.34 aen

= A 1 [ a v I 9 v & = oA
il ﬂ@?qﬂamiUlmufﬂu’Jf\]‘EJ‘U'N‘U?%LﬂVl Nﬁﬂ']iVlﬂﬁE]qu\]\‘lsﬁsLWLWUQQT@ﬂ?WNﬁWNWiﬂLL@%

Fodfinves IMU Nmsinluvsulsaagimunluniseenuuuiayldanulusuiag



M5 4.6 Han1INAFBUANLLIUE1VeINITIALNME IMU Tukuiunu roll

a8

Roll angle [deg]
0 15 30 a5 60 75 90
1 0.41 | 1530 | 30.90 | 4537 | 60.13 | 74.83 | 86.19
2 0.28 | 15.18 | 30.98 | 4532 | 60.12 | 74.83 | 86.11
3 0.26 | 1512 | 30.89 | 4535 | 60.06 | 74.82 | 86.11
4 0.24 | 15.14 | 30.67 | 4530 | 59.98 | 74.77 | 86.11
5 0.24 | 15.11 | 30.70 | 4529 | 59.95 | 74.78 | 86.11
6 0.25 | 1511 | 30.77 | 4523 | 59.80 | 74.79 | 86.12
7 0.23 | 1503 | 30.82 | 4530 | 59.36 | 74.83 | 86.07
8 0.23 | 1496 | 30.88 | 4555 | 59.40 | 74.83 | 86.04
9 0.22 | 1491 | 30.86 | 4559 | 59.36 | 74.83 | 86.07
10 0.23 | 1503 | 30.74 | 45.60 | 59.56 | 74.85 | 86.03
11 0.21 | 1498 | 30.62 | 45.62 | 5894 | 74.84 | 86.03
12 0.18 | 15.16 | 30.60 | 45.70 | 59.06 | 74.84 | 86.03
13 0.18 | 1518 | 30.61 | 4573 | 58.92 | 74.83 | 86.03
14 0.14 1525 | 30.59 | 45.75 | 59.01 | 74.82 86.02
15 0.16 | 1503 | 30.51 | 45.73 | 59.64 | 74.86 | 86.02
16 0.19 | 1501 | 30.03 | 45.67 | 59.84 | 74.87 | 86.02
17 0.18 15.12 | 30.03 | 45.73 | 59.57 | 74.89 86.04
18 0.17 15.14 | 30.04 | 4530 | 59.48 | 74.89 86.06
19 0.17 1527 | 30.03 | 45.30 | 59.43 | 74.90 86.04
20 0.18 1526 | 30.10 | 45.32 | 59.41 | 74.89 86.03
Ave 0.22 15.11 | 30.57 | 45.49 | 59.55 | 74.84 86.06
Error -0.22 | -0.11 -0.57 -0.49 0.45 0.16 3.94
Total Average 0.45




a9

A159 4.7 asunan1snadeuANULiug1veIN1sIALNAIY IMU Tukwiwnu roll

Roll Angle 0 15 30 a5 60 75 90

Average Angle 0.22 15.11 30.57 45.49 59.55 74.84 | 86.06

Average Error -0.22 -0.11 -0.57 -0.49 0.45 0.16 3.94

Total Average
0.45
Error

Y P o a ] | P

NHANINAGEUNIATIVIAVIIMNIRelialuiuauny roll Iagld IMU 7iygunsus 0 e

90 29AN UM 4.6 kAT 4.7 WU ANUBLUE1999N15TRTAUAaIAAA B UTlUSEAUN

gousulaluyuiianndt 75 aeen lnsdaranuianaianioeglugie -0.57 83 0.16 83m7
' < A ) &£ = ' a a o X = =

agnalsAiny LUBYUINFIVUNS 90 99A1 ANAIUNANAIALARYILLNUIUNY 3.94 DA YILAR
o Y o w o a 1 DX a 4 & |

D3UDINNAVDY I!\/\Uiummmmgmu LHITAIAMUNANAIATINRAYVIITEUUITDYN 0.45

& oA 1 v v o a o 3 v o2 o

9371 FedoAeutnosuareausulalunudTeuaussnan Msneasuiilmiauinnisinyy

Tukwawny roll fanuusiugmalugun widieyuaadunsinasinnuianaIaiuyy #anis

naaeuilivselovulunmsusulsauasimunisldau IMU Tunisinvimisvesdielusuies

4' v o =
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4.4  HANISNAFBUNITANNINNITHAROUNVDIND
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3D plot of hand trajectory

Kalman Filter
without Kalman Filter
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Hand Tracked Position

0.35
03
0.25
0.2

E 0.15
= 01 —_—X
k)
£ 005 —Y
o
o 0 —_—7
_0.05000 10,0 40,00 50,00 80.00
-0.1
-0.15
-0.2
Time [s]
QII U U 6 4 o 1 a %
E‘U‘Vl a4.18 ﬂ’J']JJﬂiJWUﬁ‘UEN‘UEJ;JUaGﬂLL‘Vi‘LNL‘VlE‘JUﬂ‘UL'Ja’]
Hand Tracked Orientation
80
&0  — MNH
40
™
S 20
= ——Roll
2 0 :
£ 000 1000 2000 so00 <~ Pitch
= -20 —Yaw
o

-40

~

-60

-80

Time [s]

d' v v & v ! & a %
E‘U‘Vl 4.19 ﬂ’l’]ﬂJﬁNWUﬁ‘UEN?J’e]@JuaVl’Wl']\ﬂuglll’e]’e]EJL@’EJiL‘VI‘EJUﬂ“UL’Ja']

! d' ] 6 Ll ¥ N , d‘ d'
LLG]Lu@ﬂ‘ﬂ’]ﬂﬁu&u@]‘ﬂ%m@ﬂ‘m’)ﬁqLL‘IJaQ Inverse Kinematics wazantunisindeunly

| =

o I = = o I ' A vy oA v AW = o
a9ar1e 9 Jslilannsandeuiilumumunisazimisvesilelnegwmailosiuiiviulad el
n1ssudeyalufiuvunann q 4 JufilaeduniasyinisvesiisiwvunasuluAiuinns
o =~ a wa A A v A o v n:l' [
imdeukazUfiRnsindeunludanimuauandslunsed 4.9 wazaunsanadunsm

9

Iiwsgudi 4.20 way U7 4.21



1599 4.9 Adayaduiainieninsiiludsn1sviueud My Cobot Pi280
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1381 X Y z Roll Pitch Yaw
12 -0.024 0.012 0.133 61.168 -50.611 -0.854
16 0.000 0.012 0.140 61.68 -44.812 -4.824
20 0.010 -0.011 0.000 62.399 -45.548 1.098
24 0.003 0.013 0.085 62.241 -45.669 -0.526
28 0.008 0.028 0.169 62.818 -45.876 -7.908
32 0.018 -0.039 0.115 62.350 -45.891 -5.286
36 0.038 0.000 0.097 61.414 -45.817 1.752
40 0.036 0.014 0.07 59.994 -45.653 -5.378
a4 0.000 0.021 0.124 60.761 -45.988 -9.063
48 0.201 0.030 0.103 61.690 -48.941 -4.576
52 0.144 0.026 0.114 60.493 -52.965 1.057
56 0.119 0.060 0.111 61.224 -52.102 9.619
60 0.106 -0.002 0.085 59.262 -52.859 -34.077
64 0.086 0.073 0.171 53.926 -50.519 20.186
68 0.064 0.068 0.118 52.057 -50.480 -8.017
72 0.056 0.205 0.138 50.040 -50.285 17.189

Cobot Operating Position
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Cobot Operating Orientation

60 \

——Roll

I
=1

—— Pitch

Yaw

60 70 80

=
—y
[=]
8
[
5
(9,
[=]

Orientation [deg]
= o

5

Time [s]

JUN 4.21 enuduiusvestayarimislulueeaaesiieuiunaiuaunasuluuiua

Y 1 a A a [ d‘ A = dl' A
G]’JE)EJN‘ZJENJY]Wﬂ'ﬁLﬂﬁ@UVWJ@QLL‘UUﬂaﬂi\‘iLL?IG]\W]\‘IIUE‘UVI LLGSE‘U‘VI FUUUNTLAROUN

Twnan 48uay 72 Jufianuansu

U7 4.22 (§1e) nuauna (¥3) Henldlunisauau o i 48



56



uni 5

ajUnauasdaLauanuy

51  @5Unani1s3ve

[y

NUITEU

a v

MU ANATDDBNLUULAATIITEUUAIUANLILNAMENTTUMULMLLAE
vinsandifevesuywdlagldiduresinninuadoulminazszuussusiunisiiended
dmsuimunszuumuanLuunaseezlng lagldn1sduduuuaaumanssinaiy fevimiaves
fpvesuywd Han1sVegeuAUkingluN1InTITRM Ui amenaasinaudnnudn
AANAAIALAGEURALTULNY X, Y way Z @gjﬁ 2.44 3131, 2.22 14, LAY 2.33 Ui, ANUEINU
lngflAAnurainnfiougeaaluwny X ogi 4 uy. wagluunu Y uaz Z 9g9l 5 1y, n13inna

Y ' 1 d‘ = v a 1 [ ] =~ A 1 <) o A
wansliiiuinAianueainad ouiliudldunazundseglugie 2-3 wu. Fedeinduseaud
gousulaludaninun 3 wuRuasnuvauanauenll

wANANT NANINAFBUANULIUETIUNITNTIINYL yaw vesilaniendasinmauEn
wandliiiudnAmIuAaInAd swRAReET 0.772 041 A1AINARIAAGDUEEABET 1.390

| d' o 1 1o A A o A R
93A1 UaTAANLARIAATOUAEABEN 0.206 B9 ANULILEINAINtusEAUNgauTUlANsly
= S v Y ~ o a = =
YUUINKaEaUR 5 e Jliudinasvinanudndanuaiessuazanudndeieluns
M523 yaw v9ile uanandkan1smadauauwiug lun1Tingy pitch wag roll ves
A v ] o [ oA v W 1 ° ]
fasie IMU nueanueaininiouaglutniigensy 5 asruiu Ingludgudindy 75
23 lagdlAnAnuranaaeaeagluyg -0.60 fs 0.16 09 uslileyuingeuis 90 8erm M
a 4 ad & = = Y o w o 4 &

ANURANAIALRABLUTURT 3.94 B3M1 UAAIDITBTINAVRS IMU Tun1TINLUNFITU NANTS
noageutuandbiiiutsnnuansauastadiinves IMU fiersdaliusuusaasimunlunis
panwuuuazldnuluauies

LBANYINITAIVANKIUNAKUY Non-homogenous kinematic luguvainisnazaey
MIARRINNSIAGeuAivesliamefingaIman1u (Kalman filter) wud Anuatesvesdoya

a A i - Yo ) | A v o o oA | @ v

n1sfanun1siAdeunvesiislasunisusulisegraldeddgylosilddinsesmaniudily
PNNsnaaeuNsAfeulmvesiieludnuunay nudndedeyalilignuszananamedia
nsesAanIuIziivIsidunsmseiasulnitssuuluanuuiliufiasezdu eswin
Toyarunisilasuainndesinisayidonsianuvsendeslidannsansinduileld udilald

FINTDIANANIY E13N50SNINTAAMIL (tracking) Tasgemalilaaiagiaiugn



58

Nan1sVAaUNIAIayasEnitiisUssianateyaluduna wandliiiuiimn
Tumeureamsdstoyadausnioysznanaludy HiveMQ n13ds91n HiveMQ LS suauna
niadoufivesiuuna uaznisiadouiifiaenadesiuile Idnanisnaaouifu i1y’ Haualy
nnAss 32 20 Ads Fauansdsrnugniosuasialiosvesnindourouarnisdsteyaseming
YUY mam3%@ﬂ@u§§u€fu'jﬁzwﬁgﬂwm§’qLwimieiqsé’fayﬁ nssudeya NMsUsENana uag
MsmaUAUBIYRILILNG Yinenildegnaiussaninmuazindedie Tnsuvuna 6 eardaseiy
MyCobot Pi 280 @13115aLAa audi b auvi1m1ei ivualaeliauleniuadefuves
kinematics vasile uwiidedldinanlunisindeudiuazyin path planning sgnstios 2-3 Jund
vilidesananudlunsiseyannndouiivesiioandunn q 4 Juriielvszuuannsa
vhanldogagnios uenaniinisldasuy MQTT cloud broker fanunsavilifanunsnmuny

| ¢ Y -dl A = 1%
VJ‘L!EJ‘UG]LLGUuﬂamrJEJﬂqiLﬂa@umsﬂaqu@?\ﬂﬂﬁgﬂglﬂal@

52  dauuauue

521  wansvedeuLandliiuddaufianaiandsves IMU iadudietnymd
a1 75 asen esfiarsald IMU Adprausdudigedunieuulssdanesfiunsussanana
ileameuiananalisgs

522 msldduwoinaiesiasmdy wu ndesiannudnuay IMU anansaliia
AuLiugtunsAnnLiuuarinsedials MskaLutayaNYaeLEIeIAYILan
AANuAALAR B ULAZIILA BT BB YRITE UL namnsniim e sounInALale
wwtelVinnuusiuggetu

523  windnsesmamuaytiiuusinnanatissveansinaunisiadeulmld
uannsnUuisfimesvesfanseslivnzantuamnuandeunisldiuaianindedu
ieifiunnusiudilunsyszainanateya vieo1vadlimnseBudraniiails

524  AISNAABUITUUAIUANKIUNAlUANDEIAd o vianrane 19y uasil
uanenaify fufdidnety uasnsiedeulmvesiiofidudeudstiu iteUsuiiumnuanannves
srutlumsvhauluanumsalfunnesiusazuiulganudediiaiing

525  svedoufulunavatsuuuiiingndeuiiunnsiu wazdinusiadilu

44' Ad X oA 19 Yo A a o
ﬂ'ﬁLﬂaauVWl'sﬁ\‘isUULWaiﬂﬂ']ﬂ']iﬂG]@Uﬁu@ﬂlﬂﬂu@]@ﬂ'ﬁLﬁa@u'V]sUaﬁﬂJa



S18N1591994

Artronshop. (2564). Artronshop. Wnislsiann yaiesiimsiiisrtuwesTuemesuaznsly
U https://vvvvvv.artronshop.co.th/artide/92/‘1/1ﬂL%'Imﬁﬂ’siilﬁ'mﬁm%ﬁ’maLG}EJ%
wazn1slgau

Balaji Gunasekaran. (11 September 2021). Embedde Inventor. Senldidle 22 June 2022
310 IMU Sensors: Everything You Need To Know!: https://embeddedinventor.
com/what-is-an-imu-sensor-a-complete-guide-for-beginners/

Barak Or. (31 July 2021). Towards Data Science. Senldidle 22 June 2022 990 What is
IMU?: https://towardsdatascience.com/what-is-imu-9565e55bd4c

Charles Pao. (15 November 2018). CEVA's Experts Blog. Sonldiile 22 June 2022 910
What is an IMU Sensor?: https://www.ceva-dsp.com/ourblog/what-is-an-imu-
sensor/

Dejan. (1.U.4.). How To Mechatronics. Beunldide 22 June 2022 990 How to Control
Servo Motors with Arduino — Complete Guide: https://howtomechatronics.com
/how-it-works/how-servo-motors-work-how-to-control-servos-using-arduino/

ESP32 with MPU-6050 Accelerometer, Gyroscope and Temperature Sensor (Arduino).
(... W1delaain Random Nerd Tutorials: https://randomnerdtutorials.com/
esp32-mpu-6050-accelerometer-gyroscope-arduino/

Hao and Xiong, Jing and Xia, Zeyang Deng. (2017). Mobile manipulation task simulation
using ROS with Movelt. 2017 IEEE International Conference on Real-time
Computing and Robotics (RCAR), (#11 612-616). doi:10.1109/RCAR2017.
8311930

Josh Schertz. (13 July 2017). Josh Schertz. \Senldidie 22 June 2022 910 Robotics
Nanodegree Project 2 - Pick and Place: https://joshschertz.com/2017/07/ 13/

Robotics-Nanodegree-Project-2/



60

Mahidzal and Tan, Jian-Ding Dahari. (2011). Forward and Inverse Kinematics Model for
Robotic Welding Process Using KR-16KS KUKA Robot. 2011 Fourth International
Conference on Modeling, Simulation and Applied Optimization, (w11 1-6).
doi:10.1109/ICMSA0.2011.5775598

Mattia and Budau Petrea, Razvan Andrei and Roberto, Oboe and Reggiani, Monica and
Menegatti, Emanuele and Tagliapietra, Luca Guidolin. (2021). On the Accuracy
of IMUs for Human Motion Tracking: a Comparative Evaluation. 2021 IEEE
International Conference on Mechatronics (ICM), (4 Y1 1-6). doi:10.1109/
ICM46511.2021.9385684

Moving robots into the future. (1.U.4.). \fslaain Movelt: https://moveit.ros.org/

Nitish Puri. (28 September 2017). nitishpuri.github.io. Seonldid e 22 June 2022 910
Inverse Kinematics on Kuka Arm using ROS and Python: https://nitishpuri.
github.io/posts/robotics/inverse-kinematics-on-kuka-arm-using-ros-and-python/

Omid Sarbishei. (2016). On the Accuracy Improvement of Low-Power Orientation Filters
Using IMU and MARG Sensor Arrays. 2016 IEEE International Symposium on
Circuits and Systems (ISCAS), (W1 1542-1545). doi:10.1109/ISCAS.2016.7538856

Random Nerd Tutorials. (1.4U.4.). Random Nerd Tutorials. Senldiila 22 June 2022 910
ESP32 with MPU-6050 Accelerometer, Gyroscope and Temperature Sensor
(Arduino): https://randomnerdtutorials.com/esp3 2-mpu-6 05 0-accelerometer-
gyroscope-arduino/

Ren C. and Lee, Shang Lun and Wen, Yu Cheng and Hsu, Chin Hao Luo. (2020). Modular
ROS Based Autonomous Mobile Industrial Robot System for Automated
Intellicent Manufacturing Applications. 2 0 2 0 IEEE/ASME International
Conference on Advanced. Intelligent Mechatronics (AIM), (w11 1673-1678).
doi:10.1109/AIM43001.2020.9158800

Robert Paz. (January 2001). ResearchGate. Senldifle 22 June 2022 910 The Design of
the PID Controller: https://www.researchgate.net/publication/ 237528809
_The Design_of the PID_Controller

Ryan Goodrich. (31 May 2018). LiveScience. 3erldidle 22 June 2022 971 Accelerometer
vs. Gyroscope: What's the Difference?: https://www.livescience.com/40103-

accelerometer-vs-gyroscope.html



61

Sebastian O. H. and Harrison, Andrew J. L. and Vaidyanathan, Ravi Madgwick. (2011).
Estimation of IMU and MARG orientation using a gradient descent algorithm.
2011 IEEE International Conference on Rehabilitation Robotics, (#iin 1-7). doi:
10.1109/ICORR.2011.5975346

Sergio and Maldonado-Mendez, Carolina and Marin-Hernandez, Antonio and Rios-
Figueroa, Homero Vladimir and Vazquez-Leal, Hector and Palacios-Hernandez,
Elvia R. Hernandez-Mendez. (2017). Design and implementation of a robotic
arm using ROS and Movelt! 2017 IEEE International Autumn Meeting on Power,
Electronics and Computing (ROPEC), (w11 1-6). doi:10.1109/ROPEC.2017.
8261666

Shuaikang and Li, Zhitian and Liu, Yunfei and Zhang, Haifeng and Zou, Xudong Zheng.
(2022). An Optimization-Based UWB-IMU Fusion Framework for UGV. IEEE
Sensors Journal, 22, 4369-4377. doi:10.1109/JSEN.2022.3144660

Simone A. and Burnham, Kaleb D. Ludwig. (2018). Comparison of Euler Estimate using
Extended Kalman Filter, Madgwick and Mahony on Quadcopter Flight Data.
2018 International Conference on Unmanned Aircraft Systems (ICUAS), (#1111
1236-1241). doi:10.1109/ICUAS.2018.8453465

SUTHINEE KERDKAEW. (24 $uanas 2021). CNX SOFTWARE. \Senldidle 22 fiquiegu 2022
90 UosA ESP32 UWB Hluga DW1000 & msuszysuvyslueinisi wiug:
https://th.cnx-software.com/2021/12/24/U0% A -esp32-uwb-dw1000-indoor-
positioning-tai1e1/

Tanmay and Kedia, Sanchit and Panchmatia, Raj and Parmar, Devaj and Sawant,
Dattatray Haldankar. (2022). Design of Robotic Manipulator for Welding using
ROS and Gazebo. 2022 IEEE Delhi Section Conference (DELCON), (#1111 1-6).
doi:10.1109/DELCON54057.2022.9753305

Tiangi and Xu, He and Liu, Ding Huang. (2021). ROS Based Obstacle Avoidance Motion
Planning of UR5 Manipulator. 202 1 [EEE International Conference on
Networking, Sensing and Control (ICNSC), 1, W1 1-6. doi:10.1109/ICNSC52481.
2021.9702223



62

Yang Wang Xin Li. (2019). Evaluation of AHRS algorithms for Foot-Mounted Inertial-
based Indoor Navigation Systems. Open Geosciences, 48-63. doi:10.1515/geo-
2019-0005

wudu (Wnurs). (1 nsngIAx 2564). ThaWare. \Fenlfiile 22 Squisu 2022 310
Gyroscope U Accelerometer Lo uLeas A0z ls 2 uazunnn19nuay19ls 2
https://tips.thaiware. com/427.html

091 S, way Tema gmunn. (2560). MITudnyaanvumesinusadesuazuania
WuUNsSINA N3 Af. MsUseyudiuauenaaIuIvesya UUNeANY), 1416-1422,
Sunldide 22 dnu1eu 2022 970 https://rsujournals.rsu.ac.th/index.php/rgre/

article/download/1181/927/



AMANUIN N

TUsunsumelwnaunlddmsunaiusiudoyaivuiasinevinn1snsas

A1SUNSAANINAIYAINTDIANAUIU



64

#!/usr/bin/env python3

import rospy

from nav _msgs.msg import Odometry

from sensor msgs.msg import Imu

from geometry msgs.msg import Pose, Quaternion
import numpy as np

import tf

import math

class KalmanNode:
def  init (self):
rospy.init node('kalman filter node')

self.odom sub = rospy.Subscriber ('odom raw', Odometry,
self.odom callback)
self.imu sub = rospy.Subscriber ('imu/data', Imu,

self.imu callback)

self.filtered pose pub =
rospy.Publisher('filtered pose', Pose, queue size=10)

self.tf broadcaster = tf.TransformBroadcaster ()
rospy.loginfo('Kalman Filter Node Running')

self.dt = 1.0 / 100 # Time step

self.std acc = 1.0 # Standard deviation of
acceleration

self.std meas = 0.1 # Measurement noise standard
deviation

self.init kalman filter()

def init kalman filter (self):
# State vector [x, vy, z, roll, pitch, yaw, vx, vy, vz,
vroll, vpitch, vyaw]
self.x = np.zeros( (12, 1))

# State transition matrix
self.A = np.eye(1l2)
for i in range(6):

self.A[i, i+6] = self.dt

# Control matrix

self.B = np.zeros((12, 6))

for i in range(6):
self.B[i, i] = 0.5 * self.dt**2
self.B[i+6, 1] = self.dt

# Measurement matrix

self.H = np.zeros((6, 12))

for i in range(6):
self.H[i, 1] =1



# Process noilse covariance
self.Q = np.eye(l2) * self.std acc**2

# Measurement noise covariance
self.R = np.eye(6) * self.std meas**2

# Error covariance matrix
self.P = np.eye(1l2)

def predict(self):

self.Q

self.x = np.dot(self.A, self.x)

self.P = np.dot (np.dot (self.A, self.P),

def update (self, z):

S = np.dot(self.H, np.dot(self.P, self.H.T))

K = np.dot (np.dot (self.P, self.H.T),

self.x)))

I = np.eye(l2)

self.A.T)

+ self.R
np.linalg.inv(S))
self.x = self.x + np.dot (K, (z - np.dot(self.H,

self.P = (I - np.dot (K, self.H))

def odom callback(self, msg) :

z = np.zeros((6, 1))

z[0, 0] = msg.pose.pose.position.
z[1l, 0] = msg.pose.pose.position.
z[2, 0] = msg.pose.pose.position.

* self.P

<

orientation = msg.pose.pose.orientation

(., ., yaw) =

z[5, 0] = yaw

self.predict ()
self.update(z)

self.publish filtered pose ()
def imu callback(self, msg):
Z = np.zeros ((6, 1))

orientation msg.orientation
(roll, pitch, ) =

z[3, 0] = roll
z[4, 0] = pitch

self.predict ()
self.update(z)

self.publish filtered pose()

tf.transformations.euler from quaternion([orientation.x,
orientation.y, orientation.z, orientation.w])

tf.transformations.euler from quaternion([orientation.x,
orientation.y, orientation.z, orientation.w])
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def publish filtered pose(self):

pose = Pose ()
pose.position.x = self.x[0, 0]
pose.position.y = self.x[1, 0]

pose.position.z self.x[2, 0]

g = tf.transformations.quaternion from euler(self.x[3,
0], self.x[4, 0], self.x[5, 0])

pose.orientation = Quaternion (*q)

self.filtered pose pub.publish (pose)

self.tf broadcaster.sendTransform(
(pose.position.x, pose.position.y,
pose.position.z),
d,
rospy.Time.now(),
"filtered pose",
"odom"

)

def main () :
kn = KalmanNode ()
rospy.spin ()

if name == " main ":
main ()
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#!/usr/bin/env python3

import cv2

import numpy as np

import pyrealsense2 as rs

from timeit import default timer as timer
import mediapipe as mp

import os

import math

from decimal import Decimal, ROUND HALF UP

import rospy

from std msgs.msg import String

from nav_msgs.msg import Odometry

from geometry msgs.msg import Twist, Pose2D, TransformStamped
import tf2 ros

import tf

# Initialize the RealSense pipeline
pipeline = rs.pipeline()
config = rs.config()

config = rs.config()
config.enable stream(rs.stream.color, 640, 480, rs.format.bgr8, 30)
config.enable stream(rs.stream.depth, 640, 480, rs.format.zl6, 30)

pipeline = rs.pipeline ()
profile = pipeline.start (config)
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align to = rs.stream.color

align = rs.align(align_ to)

intr =

profile.get stream(rs.stream.color).as video stream profile().get int
rinsics ()

accum_time = 0

curr _fps = 0

fps = "FPS: ?2?"

prev_time = timer ()

#

# (Previous code remains the same)

mp drawing = mp.solutions.drawing utils
mp hands = mp.solutions.hands

hand center = [0.0 , 0.0]

tf broadcaster = tf2 ros.TransformBroadcaster ()
def talker():

rospy.init node ('talker', anonymous=True)
angle yaw = 0.0

Xtarget = 0.0

Ytarget = 0.0

Ztarget = 0.0



pub = rospy.Publisher('chatter', String, queue size=10)
odom pub = rospy.Publisher ('odom raw',K Odometry, queue size=20)

#rate = rospy.Rate(50) # 10hz

with mp hands.Hands (min_detection confidence=0.8,
min tracking confidence=0.5) as hands:
while True:
# Wait for a coherent pair of frames: depth and color
frames = pipeline.wait for frames ()
aligned frames = align.process (frames)
color frame = aligned frames.get color frame ()
depth frame = aligned frames.get depth frame ()

if not depth frame or not color frame:

continue
depth image = np.asanyarray (depth frame.get data())
color image = np.asanyarray(color frame.get data())
frame = color image

image = cv2.cvtColor (frame, cv2.COLOR BGR2RGB)

cv2.imshow ("Depth Image", depth image)

# Flip on horizontal

image = cv2.flip(image, 1)
# Set flag
image.flags.writeable = False

# Detections
results = hands.process (image)

# Set flag to true

image.flags.writeable = True

# RGB 2 BGR

image = cv2.cvtColor (image, cv2.COLOR RGB2BGR)
Iml = []

x1l = []

vyl = []

# Rendering results
if results.multi hand landmarks:

for num, hand in
enumerate (results.multi hand landmarks) :
mp_drawing.draw landmarks (image, hand,
mp_hands.HAND CONNECTIONS,

mp_drawing.DrawingSpec (color=(121, 22, 76), thickness=2,
circle radius=4),

mp drawing.DrawingSpec (color=(250, 44, 250), thickness=2,
circle radius=2),
)
for id, 1m in
enumerate (results.multi hand landmarks[0].landmark) :



cv2.FILLED)
cv2.FILLED)

128), 3)

h, w, _ = image.shape

xc, yc = int(lm.x * w), int(lm.y * h)
Iml.append([id, xc, yc])
x1.append (xc)

yl.append (yc)

if len(lml) > O:

x1l, yl =
X2, y2 =

|
=
3
=
[
N

#cv2.circle (image, (x1, yl), 10, (255, 0, 128),
#cv2.circle (image, (x2, y2), 10, (255, 0, 128),
#cv2.line (image, (x1, vy1), (x2, y2), (255, O,

distance = math.hypot (x2 - x1, y2 - yl)
#cv2.putText (image, str(int(distance)), (200,

200), cv2.FONT HERSHEY COMPLEX, 1, (255, 0, 128), 3)

linel x1)

line2 x1)

(0, 0, 253),

y center + 10),

#Center Finding

#Linel

linel x1, linel yl =
linel x2, linel y2 = Iml([9][1], Iml[9][2]
ml = 0

bl =0

if (linel x2-linel x1) != 0:
ml = (linel y2 - linel yl)/(linel x2-
bl = linel y2 - ml * linel x2

line2 x1, line2 yl Iml[2][2]

= lml[2][1],
(1], Iml[17]([2]

line2 x2, line2 y2 = Iml[17]

m2 = 0

b2 =0

if (line2 x2-line2 x1) != 0:
m2 = (line2 y2 - line2 yl)/(line2 x2-
b2 = line2 y2 - m2 * line2 x2

x center = 0

y center = 0

if (m2-ml) != O:
x_center = int((b2-bl) / (ml - m2))

y center = int(ml * x center + bl)

cv2.circle(image, (x center, y center), 10,

cv2.FILLED)

#cv2.putText (image, "H", (x center + 10,

Ccv2.FONT HERSHEY COMPLEX, 1, (0, 0, 255), 3)

print (" ({} , {})".format(x center,y center))
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#Calculate hand Angle

#Ref line

rl x1 p, rl yl p = 1Iml[9][1 Iml[9][2]
[

1,
11, Iml[12]([2]

rl x2 p, rl y2 p = 1Iml[12]
rl m=20
rl b =20

rl x1 = rl x1 p * np.cos(1.5707) np.sin(1.5707)

*rl yl p
rl yl = rl x1 p * np.sin(1.5707) + np.cos(1.5707)
*rl yl p
rl x2 = rl X2 p * np.cos(1.5707) - np.sin(1.5707)
*rl y2 p
rl y2 = rl X2 p * np.sin(1.5707) + np.cos(1.5707)
*rl y2 p
if (rl x2 - rl x1) != 0:
rlm= (rl y2 - rl yl)/(rl x2 - rl x1)
rl b =rl y2 - rl b * rl x2
angle raw = -1* (np.arctan2( (rl y2 - rl yl),

(rl_x2 - rl_x1)))

cv2.putText (image, str(round(angle raw, 2)),
(x_center, y center + 40), cv2.FONT HERSHEY COMPLEX, 1, (0, 0, 255),
3)

hand center[0] = max (min (abs (640 -
x_center),639), 1) #Converting to RS frame
hand center[l] = max (min (abs(y center), 479), 1)

if len(hand center) > O0:
print (hand center)
print ()

dist =
depth frame.get distance (hand center[0], hand center[1])*1000
#convert to mm

#dist =
depth frame.get distance (int (hand center[0]),
int (hand center([1]))*1000 #convert to mm
print (dist)

#depth intrin =
depth frame.profile.as video stream profile() .intrinsics
#depth pixel = [hand center[0],
hand center[1]]
#dist res =
rs.rs2 deproject pixel to point (depth intrin, depth pixel,
depth frame.get distance (*depth pixel))

#calculate real world coordinates
theta = 0

Xtemp = dist* (hand center[0] -
intr.ppx)/intr.fx



Ytemp dist* (hand center[1l] -

intr.ppy) /intr.fy

Ztemp dist

Xtarget = Xtemp #- 32.5 #35 is RGB camera
module offset from the center of the realsense

Ytarget = - (Ztemp*math.sin (theta) +
Ytemp*math.cos (theta))

Ztarget = Ztemp*math.cos (theta) +
Ytemp*math.sin (theta)

coordinates text = " (" +

"x:"+str (Decimal (str(Ytarget)) .quantize (Decimal ('0"),
rounding=ROUND HALF UP)) + \

- B ", M4ty
str (Decimal (str (Xtarget)) .quantize (Decimal ('0"'"),
rounding=ROUND HALF UP)) + \

N N "Mz
str (Decimal (str (Ztarget)) .quantize (Decimal ('0"'),

rounding=ROUND HALF UP)) + ")"
print (coordinates text)

font = cv2.FONT HERSHEY SIMPLEX
cv2.putText (image, text=coordinates text,
org=(int (hand center[0])-160, int (hand center[1l])),
fontFace=font, fontScale = 1,
color=(255,255,255), thickness = 2, lineType=cv2.LINE AA)

#print ("x, y : " +
str (int (center coordinates array[i][0])))
angle yaw = round(angle raw, 2)

quat =
tf.transformations.quaternion from euler (0,0, angle yaw)

t = TransformStamped()

t.header.frame id = "odom"

t.child frame id= "base link"

t.header.stamp = rospy.Time.now ()
t.transform.translation.x = float (Ytarget/1000)
t.transform.translation.y = float (Xtarget/1000)
t.transform.translation.z = float (Ztarget/1000)
t
t
t
t
#

.transform.rotation.x quat[0]
.transform.rotation.y = quat
.transform.rotation.z quat
.transform.rotation.w quat
tf broadcaster.sendTransform

1

(1]
(2]
[3]
(t)

#publish odometry

odom = Odometry ()

odom.header.stamp = rospy.Time.now ()
odom.header.frame id = "odom"

odom.child frame id = "base link"

#Add pose to odom

odom.pose.pose.position.x = float(Ytarget/1000)
odom.pose.pose.position.y float (Xtarget/1000)
odom.pose.pose.position.z float (Ztarget/1000)



odom.pose

odom.pose.
odom.pose.
odom.pose.

odom.pose.

odom.pose

odom.pose.

.pose.
pose.
pose.
pose.

covariance [
.covariance|[
covariance [
odom.twist.covariance
odom.twist.covariance
odom.twist.covariance

orientation.
orientation.
orientation.
orientation.

0]
7]
35]
(0]
(71 =
[35]

odom_ pub.publish (odom)

cv2.imshow ("Coordinate visualizer",

if cv2.waitKey (1)

break

if name == ' main ':

try:
talker ()

except rospy.ROSInterruptException:

pass

cv2.destroyAllWindows ()

0.00001
0.00001
0.01

image)

& OxFF == ord('g'):
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#!/usr/bin/env python3

import rospy

from geometry msgs.msg import Pose
import paho.mgtt.client as mgtt
import json

class MgttPublisherNode:
def  init (self):
rospy.init node('mgtt publisher node')

# Subscribe to the filtered pose topic
self.pose sub = rospy.Subscriber('filtered pose’',
Pose, self.pose callback)

# MQTT setup

self.mgtt client = mgtt.Client()

self.mgtt client.username pw set ("tnp iot",
"tnp iotO01M)

self.mgtt client.connect ("3d3c0£6a6e27435d94068590434a
9pba7.sl.eu.hivemqg.cloud", 1883, 60) # Connect to HiveMQ
broker

rospy.loginfo ("MQTT Publisher Node Running")

def pose callback(self, msg) :
pose data = {

"position": {
"x": msg.position.x,
"y": msg.position.y,

"z": msg.position.z
I
"orientation": {

"x": msg.orientation.x,
y": msg.orientation.y,
"z": msg.orientation.z,
W

" msg.orientation.w

}

# Convert the pose data to JSON
pose json = json.dumps (pose data)

# Publish the pose data to the MQTT broker

self.mgtt client.publish ("cobot/filtered pose",
pose_ json)

rospy.loginfo ("Published filtered pose to MQTT: %s",
pose_ json)

def spin(self):
rospy.spin ()
self.mgtt client.loop start() # Start the MQTT loop



def main () :

node = MgttPublisherNode ()
node.spin ()

if name == " main ":
main ()
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#!/usr/bin/env python3

import rospy

from geometry msgs.msg import Pose

from mycobot ros.srv import SetJointAngles,
SetJointAnglesRequest

import paho.mgtt.client as mgtt

import json

import math

class MyPiCobotController:
def  init (self):
rospy.init node ('mypicobot controller node')

# MQTT setup
self.mgtt client = mgtt.Client()
self.mgtt client.username pw set ("tnp iot",

"tnp iotOl")
self.mgtt client.on connect = self.on connect
self.mgtt client.on message = self.on message

self.mgtt client.connect ("3d3c0£f6a6e27435d94068590434a%0a7.s
l.eu.hivemg.cloud", 1883, 60)

self.pose = None
self.control rate = rospy.Rate(10) # 10 Hz control
loop

rospy.wait for service ('/mycobot/set joint angles')
self.set joint angles service =
rospy.ServiceProxy ('/mycobot/set joint angles',
SetJointAngles)

rospy.loginfo ("MyPiCobot Controller Node Running")
self.mgtt client.loop start()

def on connect(self, client, userdata, flags, rc):
rospy.loginfo ("Connected to MQTT broker with result
code " + str(rc))
client.subscribe("cobot/filtered_pose")

def on message(self, client, userdata, msg):
try:

pose data = json.loads (msg.payload.decode())
pose = Pose ()

pose.position.x pose data["position"] ["x"]
pose.position.y = pose data["position"]["y"]
pose.position.z = pose data["position"]["z"]
pose.orientation.x =

pose data["orientation"] ["x"]
pose.orientation.y =
pose data["orientation"] ["y"]

pose.orientation.z =
pose data["orientation"] ["z"]
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pose.orientation.w =
pose data["orientation"] ["w"]
self.pose = pose
except Exception as e:
rospy.logerr ("Error processing message: %s",
str(e))

def pose to joint angles(self, pose):
joint angles = [0] * 6

joint angles[0] = math.atan2 (pose.position.y,
pose.position.x)

joint angles[1] math.atan2 (pose.position.z,
math.sqrt (pose.position.x**2 + pose.position.y**2))

joint angles[2] = 0

joint angles[3] = 0

joint angles[4] = 0

joint angles[5] = 0

return joint angles

def control loop(self):
while not rospy.is shutdown() :
if self.pose:
try:
joint angles =
self.pose to joint angles(self.pose)
request = SetJointAnglesRequest ()
request.angles = joint angles
self.set joint angles service (request)
rospy.loginfo ("Sent joint angles to
MyPiCobot: %s", joint angles)
except rospy.ServiceException as e:
rospy.logerr ("Service call failed: %s",
str(e))
self.control rate.sleep()

def main () :
controller = MyPiCobotController ()
controller.control loop ()

if name == " main ":
main ()
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Abstract:. This paper presents a novel hand pose estimation system that integrates depth camera and inertial
measurement unit (IMU) data to achieve high accuracy in detecting and tracking hand movements. The system
leverages the Intel RealSense D435 depth camera and the Witmotion JY61P IMU sensor for precise hand position
and orientation estimation. Hand detection 1s performed using Google's MediaPipe model, which identifies
reference points on the hand from RGB and depth images, while the IMU provides additional pitch and roll angle
measurements. Experimental results demonstrate the system's accuracy, with average positional errors of 2.33 mm
and yaw angle errors of 0.057 degrees from the depth camera, and roll and pitch angle errors of 0.45 degrees and

0.34 degrees respectively from the IMU.

Index terms: Hand pose estimation, Depth Camera, Inertial Measurement Unit.

I.  INTRODUCTION

Hand pose estimation 1s a critical component in
the development of advanced human-computer
interaction (HCT) systems. It serves as a foundational
technology for numerous applications, including
virtual reality, augmented reality, robotics, and
assistive technologies. Accurate and real-time hand
pose estimation enables intuitive and natural
interaction between humans and machines, thereby
enhancing user experience and expanding the
capabilities of interactive systems.

In recent years, several methods have been
proposed to tackle the challenges of hand pose
estimation. One study demonstrated the feasibility of
implementing hand pose recognition systems on
embedded computers using artificial intelligence,
highlighting the importance of efficient algorithms for
real-time applications [1]. Similarly, robust hand
tracking has been achieved by employing the Kinect
sensor in conjunction with the Kalman filter,
emphasizing the integration of sensor data for
improved accuracy [2].

Hand tracking based on stereo cameras has also
been explored extensively. Utilization of stereo
camera setups for motion control in robotic arms has
demonstrated the potential for precise hand movement
capture in dynamic environments [3]. Another study
explored human hand tracking using MATLAB to
control Arduino-based robotic arms, showcasing the
versatility of different programming environments in
developing hand tracking systems [4].

The advancements in hand gesture recognition
have paved the way for innovative applications such as

learning-aid tools and HCI teaching systems.
Development of a learning-aid tool using hand
gesture-based interaction highlights the educational
potential of hand tracking technologies [5].
Additionally, a human-computer interaction teaching
system based on hand tracking has been designed,
demonstrating the application of these technologies in
educational contexts [6].

Recent developments have also seen the
integration of deep learning techniques and marker-
based enhancements for hand tracking. A marker-
enhanced hand tracking method using deep learning
significantly improves tracking accuracy and
robustness [7]. Moreover, real-time hand tracking
approaches using optical flow and CAMshift
algorithms have been proposed, illustrating the
effectiveness of combining traditional computer vision
techniques with modern machine learning methods

[8].

The combination of depth cameras and inertial
measurement units (IMUs) offers a promising
approach for hand pose estimation. Depth cameras
provide rich spatial information, while IMUs
contribute temporal motion data. In this paper, we
propose a novel hand pose estimation system that
leverages the capabilities of depth cameras and IMUs.
By integrating these technologies, we aim to achieve
high accuracy data. Our approach combines the sensor
technology with state-of-the-art machine learning
algorithms to provide a robust and efficient solution
for hand pose estimation.

II.  SYSTEM OVERVIEW
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The proposed system integrates input data
from a depth camera and an inertial measurement unit
(IMU). These data sources are fused using an
Extended Kalman Filter to estimate the hand's position
and orientation accurately. The system comprises a
wearable device and an external device, both capable
of communication via computer interfaces.
Specifically, the depth camera utilized is the Intel
RealSense D435, while the IMU sensor employed 1s
the Witmotion JY61P, which incorporates the
MPU6050 component for measuring angular velocity
and linear acceleration.

The system's operation commences with the
capture of RGB images from the depth camera to
detect and locate reference points on the hand using
Google's MediaPipe machine learning model. This
model identifies the reference points of each joint in
the hand. The results from this initial step are then used
to calculate the real-world positions by correlating
them with the depth map generated by the depth
camera. Additionally, the RGB camera images aid in
determining the hand's rotational angle within the 2D
plane of the image, thereby providing the yaw angle.
Subsequently, data from the gyroscope and
accelerometer sensors are filtered to ascertain the
orientation of the IMU. The IMU is attached to the
wearable device on the hand as in Figure. 1, enabling
the system to capture comprehensive orientation data
of the hand. This data is then fused.

Figure 1: Wearable device for hand.

II. ~ DEPTH CAMERA BASED HAND

DETECTION AND POSE ESTIATION

Using a machine learning model, MediaPipe
can detect hands and create a skeleton of 20 hand joint
points, as shown in Figure. 2. The reference point for
hand positioning, O(x,y), i1s determined by the
intersection of lines drawn from point 1 to point 17 and
from point 0 to point 9. This coordinate is used to find
the real-world position in conjunction with the depth
image. The depth image provides the distance from the
object to the camera.

Figure2: Hand Reference Joint in MediaPipe.

To obtain the x and v coordinates of the
reference point, the pixel coordinates of the reference
point and the measured distance need to be calculated
using the principal point, an intrinsic parameter of the
camera that determines the optical center point of the
camera, as shown in Equation | and Equation 2.
Typically, the principal point is close to the image
center.

x =D (0 (1)

@

~ B/

y= D(O}' - Ppy)/fy

Where D is the distance from camera to hand reference
point. P, and P';,)‘r are the principal point in x and y
axes, respectively. f and f, are the focal length of the
camera. To determine the orientation of the hand, a
reference line i1s drawn between points 9 and 10. The
angle is considered 0 degrees when this line is
perpendicular to the horizontal plane of the image.
Angles increase positively when the line is rotated
counterclockwise from this initial position and
decrease negatively when rotated clockwise.

IV.  IMU BASED HAND ORIENTATION
ESTIMATION

Beyond merely estimating the yaw angle of the
hand via depth camera imagery, it is imperative to also
ascertain the pitch and roll angles. To achieve this, we
advocate the employment of an Inertial Measurement
Unit (IMU). This IMU leverages data from both a
gyroscope and an accelerometer, subsequently
processed through a Kalman filter to precisely deduce
the hand's orientation. The IMU is ingeniously
integrated into a glove, functioning as a wearable
device, as illustrated in Figure. 1. The uppermost layer
of the wearable device incorporates an ESP32
microcontroller board, which interfaces with the IMU
and facilitates data transmission to a computer. The
IMU is strategically positioned between the back of the
hand and the ESP32, with its X-axis aligned with the
fingers' direction and its Z-axis oriented perpendicular
to the palm. The wearable device is fastened to the
hand using straps, meticulously designed to minimize
any obstruction of the palm's surface area.

V.  EXPERIMENTAL RESULTS

58
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To test the accuracy of detecting the position
and orientation of the hand using a depth camera and
IMU, we conduct detection tests and compare the
results with actual positions. In the depth camera tests,
we measure position error and yaw angle error. The
position error is measured by comparing the hand's
position on the same plane within a test area not
exceeding 40x40 cm. The angle error is measured
against a 3D printed part with fixed, clearly defined
angles. When the hand is placed on the designated jig,
the desired hand angle is achieved and then compared
with the read values.

For testing the orientation obtained from the
IMU, a jig created from a 3D printer is used,
incrementally set at angles from 0 to 90 degrees in 15-
degree increments. The IMU is placed at the
designated angles, and the read values are compared
with the sensor data to calculate the resulting error.

Figure 3: Example of hand position test.

The computational setup for running the model
comprises an Intel Core 15 CPU paired with a GeForce
GTX 1650 GPU. Hand detection within both RGB and
depth images is performed at a resolution of 640x480
pixels. [llustrative examples of hand detection in
testing for position and orientation evalvation are
presented in Figure.3 and Figure.4, respectively.

Figure 4: Example of hand yaw angle test.

The data presented in Table 1 shows the error
in position estimation using the depth camera. The
average positional errors are relatively low, with 2.44
mm in the X-axis, 2.22 mm in the Y-axis, and 2.33 mm
in the Z-axis. The yaw angle error averages to 0.057
degrees. The minimal positional error recorded is 0.00
mm across all axes, indicating instances of highly
accurate detection. However, the maximum positional
errors recorded are 4.00 mm, 5.00 mm, and 5.00 mm
for the X, Y, and Z axes respectively, with a yaw angle
error peaking at 0.110 degrees. These variations,

particularly the maximum values, suggest potential
challenges in the depth camera’s resolution or

calibration, especially at extreme values.
Table 1
ERROR OF DETECTION FROM DEPTH CAMERA

Error of estimation from depth camera

Yaw
Value X[mm] Y[mm]  Z[mm] Angle
[deg]
Average 244 222 233 0.057
Min 0.00 0.00 0.00 0.030
Max 4.00 5.00 5.00 0.110

Table 2 illustrates the error in roll and pitch
angle estimations using the IMU sensor. The average
errors for roll and pitch are 0.45 degrees and 0.34
degrees, respectively, reflecting a high degree of
accuracy in the IMU's measurements. The minimum
errors recorded are (.11 degrees for roll and a
remarkably low 0.01 degrees for pitch. Conversely, the
maximum errors observed are significantly higher, at
3.94 degrees for roll and 3.92 degrees for pitch. These
maximum error values, particularly at higher angles,
highlight potential issues with the IMU's sensor
resolution or calibration effectiveness, suggesting that
the sensor’s performance may degrade at extreme
angles.

Table 2
ERROR OF DETECTION FROM IMU SENSOR

Error of estimation from IMU

sensor
Value Roll[deg] Pitch[deg]
Average 0.45 0.34
Min 0.11 0.01
Max 3.94 3.92
CONCLUSION

The proposed hand pose estimation system
effectively combines the capabilities of depth cameras
and IMUs, demonstrating high accuracy in detecting
hand positions and orientations. The integration of
these sensors, processed through an Extended Kalman
Filter, results in robust performance suitable for real-
time applications. The experimental results indicate
minimal average errors, with the depth camera
achieving positional errors of approximately 2.33 mm
and yaw angle errors of 0.057 degrees, and the IMU
achieving roll and pitch errors of 0.45 degrees and 0.34
degrees, respectively. Nevertheless, the system's
performance at extreme angles reveals areas for
improvement, particularly in sensor resolution and
calibration. Future work will focus on addressing these
limitations to further enhance the accuracy and
reliability of hand pose estimation in dynamic
environments.

59
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