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A Study on the Motion Control of 3D Printed Fingers
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Abstract: This study developed and evaluated the motion control of 3D printed fingers applied to smart gloves. Four
motions were programmed by assembling the module using the Arduino program: cylindrical grasping, spherical grasping,
tip-to-tip pinch gripping, and three-jaw pinch gripping. Cap and re-entrant (RE) strip types were designed to model the
finger. Two types of modeling were printed using filaments of thermoplastic elastomer (TPE) and thermoplastic poly-
urethane (TPU). The prepared samples were evaluated using three types of pens for cylidrical grasping, three types of
balls for spherical grasping, and two types of cards for tip-to-tip pinch gripping and three-jaw pinch gripping. The motion
control of fingers was connected using five servo motors to the number of each control board. Cylindrical and spherical
grasping were moved by controlling the fingers at 180° and 150°, respectively. Pinch gripping was controlled using a tip-
to-tip pinch motion controlled by the thumb at 30° and index-middle at 0° besides a three-jaw pinch motion controlled by
the thumb-index finger-middle at 30°, 0°, and 0°, respectively. As a result of the functional evaluation, the TPE of 3D-
printed fingers was more flexible than those of TPU. RE strip type of 3D-printed fingers was more suitable for the motion
control of fingers than the 3D-printed finger.

Key words: 3D printing finger prototypes (3D & <712} 2&), motion control (52} #|¢}), thermoplastic elastomer
(€714 dEl~EH), thermoplastic polyurethane (871424 Z2]-%-2l€h), evaluation of grasping (7] #H71)
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A F 7P AR 3l P B
freedom)7} 2= = 7|FolH, QFALe] A E &&
& SAle Y o= Hol 83 LS derh &2 4
2] 7Pg el $Xete] ¥ EF(stroke), A FEd(spinal
cord injury), *1/dwlH](cerebral palsy)se] 23 & 7P
Fo] AsHA vER A& x50t 7P ofe e B
olthy. & AL tiFE o, TEA, &5 F
& AGA 87 2 o]Foixitt. & AEE A FA A ¢
oHE AF2 Foot FAE A7) fE vezd, i
2 32y 59 §4s AV F2 ARE, &7 38
HZ85F= DC 2E, push-pull +57] FX|7} F-28o), 2
AFoZ2E =t AMgnle] Exo-glove(Kang et al, 2018),
Z=2] Syerbo®] Syrebo(“Syrebo”, 2018), "|= Medstar =
A A4 HEE Lee®] BiomHED(Lee et al., 2014), W
<9] Neofect?] Rafael(“Rafael”, 2014), 295l Bioservor}<]
SEM-Glove(“SEM-Glove”, 2011), Chicago Aol 7Hat
Sk A €d=](Ochoa et al., 2009), F]=F2] CyberGlove2] Cyber-
Glove II(“CyberGlove 117, 2009), S92] Glorecha*}2] Gloreha
(“Gloreha”, 2008) 5°] %It} Mohammadi et al.(2018)9] 1
ToAXNE S 2 & LS % 3D ZHY il 1S
=4 A3} Flexo-gloves Nsith. A& agaez 7
A ZAfoln] VR 71 A% Shore 90A] G7tAaA E
2]-9-@l€H(Thermoplastic polyurethane, TPU) &S AR&-3}o]
SEEF oA 3D Zddsl] Alxsla, 9A 9 v &
71l B2 FAT F JEF AlolE B dAFdolHE F2h
slo] FAdo] 7hssles sigint. Alxd g7ke] 719 (pinch
forcey> 22 NoJ™ 3Rx| & (grasp force)= 48 No| A=5 714
£ Roz =2H=HAT, AAHY (cylindrical), 73 (spherical) 2
F71(pinch) Al TR H5H7IE st AMTFEAES €<l
skt

B Apde] A8 AFEE §9 &4 F shRl TPUE
vkt AxdE 3D Z g FH4d A7E sk
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3D ZYH = F REEAE O, Awsh Ao £ZET
Shore 75A7} 3D Z™Y RE F2A Az e o=
UERSETE Kabir et al(2020)2] AellA= TPUSF SMTPU
(Shape Memory Thermoplastic Polyurethane) ZZHHER =
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71578 HEFEAl A8 AF o] 7Fsdhe G122
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Table 1= =712 54 Ao A=F 7S flaf AREE
71 AgE Jerd Aotk AAlIFE ARl ARE AR
5DOF FHizol= we £712(TZT Co. Ltd,, China)lt}. &
71 ARETE] Al #E B ywR] S o] 3ol
WE A4EE e, 2 1909 383 14719 Az +
dEr). o] 9] BES EnpgE &5, dFoolH A3 Aol

o), 7} $leke BATIE el ANEEE A8t

fr b

2.12. E71F & Ao} Al=H 22 Als

Table 2= &718F 52 Ao Al2" 228 sieke 93]
ARgE Z2aH AEE UER Aol 718 3 Allo] A
288 Z2agsle] FEA7)7] S8, AEEHE AEE B
= Arduino UNO USB(Arduino, USA), H#|=X = (Arduino,
USA), 18 ecm ZAH ¢lolo], USB 2.0 Alo]E & FAFHL 7
0] E-(SM-0525K, Atron Co. Ltd., KorayS AR&-&}3itt.

2.13. &1 53 Ao Al=d A7 B 22 e

Fig. 19l €718 53 Alo] Al=gle] 32 AAEE e}
A ot} &1t 52 Ao} Al&=Hl BE ASE ANl A
AE KYsiie. G (GNDy Ao ()E, A A
(power)?] (+) ¥ WL A3 (signa)E HuUlFE AL on|sh
T} 38 d4e gutzo® 45V~5V REANAY H) D ()
o Adskar, o MY ()E oFFelx ¥ AERES GND

4

tlo



Table 1. Materials for motion control fingers parts
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Material Specification

Image

Parts Assembly

-19 parts of fingers with screw

Hand parts -2 parts of palm with screw
-Tie for actuator
SDOF humanoid five
fingers metal
manipulator
Motor parts -5 Micro servos(9g, A0090) with screws

Table 2. Programming materials for motion control fingers system

Material

Specification

- ATmega328 microcontroller

-Input voltage: 7-12V

- 14 Digital I/O Pins (6 PWM outputs)
-6 Analog Inputs

-32k Flash Memory

+16 Mhz Clock Speed

Arduino UNO USB

- 83.5 x54.5 x 8.5 mm
-Clear plastic, solderless breadboard

Breadboard -2 power buses, 30 columns, and 10 rows
- Spaced by a standard 0.1”
- Accepts wire sizes in the range of 29-20AWG
Jumper wire -18 cm
+30 cm
USB 2.0 Cable .DC 5V

+41.0 x 70.0 x 67.0 mm
-DC 12V 15A
-+ 100-240V

Power supply

o dAF=E TSN E71 52 Alo] Teaiye of
Folx 1.8.19 M-S AMgste] 23t

Fig. 2& 949 712 2 Ao} Al2==S vehd Zo|th
AAEE HEOE HYTHS f3l A9 Aoley By ERE
o (HHE E (RS 9435, $Y3A UNO HEs) A
HEREE HYS FFs157] flaA AAsch. UNOR=
= GND 22 BysrRso] () AFsiglon, AEs

)

He d4dd9 434 9 A A& HYTREe () ¥
(Bt A8t Z2adY tAE 4ls 4EY
S 918141, UNO K= Digital -2k AR RES] 4% 3
ARs Adsiitt. E71EPE MEREH -5 7H2F UNO 2
=9] AA(thumb)= Pin 3, FA|(index finger)= Pin 5, $A
(middle fingery= Pin 6, 2FA(ring finger)= Pin 9, &4 (little
finger)= Pin 10He] 23T
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Breadboard

Arduino v1.8.19

Power supply |

Arduino board

LL)

Fig. 1. Scheme of Arduino UNO and servo motor for motion control of fingers.

Fig. 2. Description of motion control of fingers.

olF IS MEEEE (°~180° 75 HHolH "x =
W2 (Pulse width modulation, PWM) Ao|Z 7} s3l=S AA
Atk PWM Aol 5V AEjolx] W27 on-offs HHEsH=
AL omisiH, 2E B3} e Rl AERE] 317 A
o]7} P a3k 3o ©o| o] gHt} oo MERE] AojE o}
Fol=E ARESt &7 B2 Alo)E P 7]
B ozl gEe] 27] dele ol &7 MERE 7%
7} 90°olH, TRl E7iEte] BF #3A FHE 4 HEHle 9
A, AR, FA 2 MREH 1, 2, 30 0° 2 2], AR]2] A
HEE] 49} 542 180°2 #g HYrh. MEEEHI}F v
T2 A= olfe T2 AF &AL R 29y
oU7] WRot}. &7H B2 EAE gAY He AHAE 5
3 &9 5715 WS XS AYPATE viEe = o] 7l
528 A8 7 (graspye 71 B &3 Enpgoe
2 FE= 571 7] (pinchye AR} th2 E71Ehe ARS-S)

=

o EAE He 52|tk (Lee, 2019; NG et al, 2014). 3t
Exo wEh &) F7] A7 GEpval B EATHLee &
Jung, 2015). wWebA, & AolM= Al 7] o] EAlel nt
E 7 & S F7] 58 RAE At 4 F
2o 2 7] 522 953 F71(Cyclindrical grasping, CG),
& %17](Spherical grasping, SG) 27l 2 7] 22 IR}
AR Eo® P F &7 J7|(Tip-to-tip pinch gripping,
TTPG), AA, AA, T o2 = Al &7 H7]
(Three-jaw pinch gripping, TIPG) 2|2 F 47K o=
z2aYsiict.

22. 3D =2E &718 M=

22.1. A=

Table 32 3D ZH® &71et Alxo] AMSE AR L &2
EAS e ZAolt}. 3D ZdY FpEE TPU FHIE
(eFlex, Esun Industrial Co. Ltd., China) ¥ TPE Z W E
(eLastic, Esun Industrial Co. Ltd., China) 2%< ARE-SIITH
TPUE A7 1.75mm 2 =+ Shore 87A°|th. TPE Dzl
E9 AAL 1.75mmolH ZEE Shore 83A°]T 147
Exoz gelgh v, TPUL Z71RHES 24 MPa, ) 7
oAl W= 1163.0%, Hh A== 392MPa, RIE
147 ]2 EQ1&th TPEY 27194382 2.3 MPa, Ht) ~
oxe] HAE 11138 %, AUl EE 27.9MPa, 79l
112J2 =3=o], TPE7} TPURY T AZESH A%
o2 eyt T3 3D ZUEE 04 mm 32 =5
88 A% W2)(Fused deposition modeling, FDM)2] 3D
HE](Cubicon single plus, Cubicon, Korea)S A&-3}3Th.
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Table 3. Specification of TPU filament and TPE filament

& 259§ Aolo] e o1
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TPU TPE
Diameter (mm) 1.75 1.75
Shore hardness (A) 87 83
Initial modulus (MPa) 24 23
Elongation at max load (%) 1163.0 1113.8
Tensile property
Max stress (MPa) 392 279
Toughness (J) 14.7 11.2

Cross section

Image

Lateral section

Table 4. Modelling of 3D printed finger

3D modeling
Code Size (mm)
stl .g-code
N _ S
o _ S

'wxhxt: width x height x thickness

o} ol RY¥ X233 Fusion 360(Autodesk, USAYS A}
43le] 7 (Cap) 78 = Re-entrant 2EH(REstrip) 78 F
JTHE mdRsigith A 382 &7 1294 vite] =
FRHE A& F de FHo w3 45S T3] sl
E71Ee] SR S FAUTH AlolRe TIE < AR x &
°]7} 12.5x250 x 11.5mm™©|th. RE 2EY F3L ou] 4
SHIIE FE 1] Al wi] Ade] TheslesE, &1t 1

WA vl SRR 29 skl £viEe] SRl

RE 728 288130t} 979 Alo]=E 712 x A2 x 2ol
112x541 % 11.9mm’ 2 2] 112 x69.2 x 11.9 mm>°]t}.

2dg

Zolth, dy Fde
4.4(Cubicon, Korea)°llA]
W3

3 Hele sl Faow

=8 x7de

=)
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Table 5. Sample images of 3D printed finger

Code Actual time (m : s) Actual Size (mm) Actual weight (g)
Cap-TPU 1.4
18:35 12.0 x 25.0 x 11.0
Cap-TPE 1.3
e
M
REstrip-TPU 1.1 E
i
3
18:01 11.0 x 70.0 x 12.0
REstrip-TPE 1.0

& 77 188 35% 2 I8E 1= IBT EHEE A
APl = 7E2 x MR x 0= Cap-TPU} Cap-TPEE 24 x 12 x
11 mm3, REstrip-TPUS} REstrip-TPE= 54 x 11 x 12 mm’Z
golsiith E8E FAE Cap-TPUE 14g CapTPEE 13 g,
REstrip-TPUE 1.1 g, REstrip-TPEE 1.0 g2 A=)t}

2.3. SMEN

Table 62 3D ZJY &7 52 Alo] Al=d 571l
AREEE A8 5 UERE Zoltt 71 B3 Alo] Al2~E AE
H7F= CG SG TTPG, TIPG Y] 7} 2oz MYt}
CGYll AREE EAl= 3l f3o=, AAy) FAERE 352 A
31T} Pen 19] &A= PP(Polypropylene)o|™, Alo]= Zo]
x A7 145%10.0mm, FAE 7.5g°Ith. Pen 29 &A=
PP, Alo]Z= 14.5x 15mm % FA 14.5 go|t}. Pen 39| &4
£ PPoIH, AlO]ZE 12,0 x 17 mm, FAIE 16.6 golt}. SG=
e FAME 3% ¥ F3S JAEsI8T). Ball 19] 44
= ABS(Acrylonitrile Butadiene Styrene)°]™, A& 25 mm, F7|
78 golth. Ball 2¢] Z27& PU(Polyurethane), X152 40 mm,
AR 401 golth. Ball 39] A2A1E ABS, A& 40mm 2
Al 40.1 goltk. TTPG ¥ TIPGE 7l= §3S 2AEE 2%
< JAIEIA) Card 12 FO|RAE 712 x AR x FA7L
90.0 x50 x 0.3 mm’> 2 FA 1.0g0l™ Card 2= PPAA|, Alo]
ZE 85.0x540x08mm’ @ FAE 4902 A},

3.1, £712F S& Mo AR HE

Fig. 3& <718 53 Alo] Al=Hle] 7|2 ZRES e
Zloltt. Fig. 29 Q4% &7 54 Ao Al2=dS FHo=
718 AAFEE PASIALE Al EYES ofFole &
R st #includeE 313, Servo servo; &
# A EEE Aoz} 7ks3itt o] % int $E 53] motorl ~
motor5E 7+ ¥&E H(pin) 3, 5, 6, 9, E 10HoE LA}
A, 27 AeE ALe s Hd MERE 577F 900
o Fo|=E A3 Servo.attach(motorl = ZF A H R
ol J&8 AHSE A3t Egt HH o2 &7 53

M glo o

offt gt

>
W

E7F =9, RS AT H9 AMEEH 1~380] 0° 2 4~5
Hol 180°2 23] 7] s3] HEE st TTPGY
TIPG 532k 7% Algld WH Vo7t dE=Ew qRrE 13
27 30° & 0°2 I|HAEH, Agd WH WE U Mum
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Table 6. Performance evaluation of motion control of fingers
Motion Objects
Code Pen 1 Pen 2 Pen 3
Material PP PP
cG Size (mm) 14.5 % 10.0 14.5 % 15.0 12.0 x17.0
Weight (g) 7.5 14.5 16.6
C — = -
Code Ball 1 Ball 2 Ball 3
Material ABS PU ABS
Diameter (mm) 25.0 40.0 40.0
SG Weight (g) 78 8.7 40.1
Image
Code Card 1 Card 2
Material Paper PP
TTPG Size (mm) 90.0 x 50.0 x 0.3 85.0 x 54.0 x 0.8
& .
Weight 1.0 49
TIPG ght (2)
© sketch_apr22a | OFS0l= 1.819 - o x B 1, 2, 3°] ZFZ} 30° 0° 0°%2 3AEo] TZbo] rlsdles

o YT AKX § S8%

sketch_apr22a §

servo servol;

Servo servo2;

Servo servod;

Servo servo$S;

int motorl
int motor2

int motor3

int anglel = 90;
int angle2 = 90;
angle3 = 90;
nt angled = 90;
\t angleS = 90;

sch (motorl) ;
AE
AZ
A
ANE

h (motor2) ;
*h (motor3) ;
h (motor4) ;

h (motoxs) ;

Arduino Uno

Fig. 3. Coding of motion control of fingers.

spiet.

3.2, 712t F7| S Mo ==y

Table 72 AFH 71, +3 W71, 7 &1 371, Al &1
2 Q7 5 718 B2 Alo] Zrady Z=9) A3 olvlA|
E Uehd Zoloh

Z7] ele AYAE A, MBEEE 7t 9%l w5
3lth. CG 232 o]F Agd WE RS Y3 ARR
B 1-39] 0°2 343 }1 MERE 4-55 180°2 3)Hst] 3
7] R sk Aoz RIS SG FAE 7R A
A& ddsH =4, HLH 57H7F 90°%l] ] Ezlsloic).
AlEY #HE RS YgEshE AERE] 1-3¢0] 30°2 3Hsla
AMERE 4~55 15002 3]7Ast] 7] FFo] A=A
TTPG $2& A8 B3 Vv'E o4 A, AREE 13} 27}
Yo 30" E 0°% 3= AR} AA7t w3A Fe] A
A=) TIPG B2 A2l W% ‘WE Yl A EEE
1, 2, 30] 72} 30°% 0°, 0°= 3|ste] AA, A, A =
4 e Al &7tEe] 7] 522 Aozt hest Ae g
13T

3.3. 3D =Z2IE £7i=t S5 Mof A2 M5TI}
3D ZAE el rRA] Ae &1 B3 Ao] AlaE Hx)
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Table 7. Programming of motion control of finger

Motion Angle Programming code

© sketch_apr22a left | 0150l 1819 - o x
gy B AN § S8U

Initial 90

© sketch_apr22a Jeft| OHFOli= 1.8.19 - o x
Dy By AAA § S8R

) /2800 1Y 3R

CG 0-180

© sketch_apr22a Jeft | 0101z 1819 - o X
DY B AAN § S8%

SG 30-150

© sketch may16b | OFF0l% 1819 — o X
|me w257 8 coe

_

if (input == 2 29

TTPG 30-0 |

T @ setch.maytéo | oh 0l 1819 - X
M& Y 2K § S8

sketch_may 160§

if (inpue ==

TIPG 30-0-0 |




Table 8. Performance evaluation of motion control of finger for CG

3D 2Zglg )8 mge] F3f Ajojo] Fh 974 341

Motion Cap-TPU

REstrip-TPE

Initial

CG

Pen 1

Pen 2

Pen 3

7154 AeHrke &7l AIAE, A 33 RE 2E¥Y 27}
S 283 A 7R ez AYHA =S 7F 53
02 EXE AMSSle] 4597EE skh
CG 5% Aol 4597k Table & UEF 77] S22 A
5971 A4S Yl Zolth. &7 AAIES 3 Aday
A #AFE Aoz FAHAT 23y #ol 12 FA7E Skt
e Zlo] B3It Cap-TPUE 54 A Aeljolld md=e
FAR 3l &7t 180°F W XA ¥ w7l £71ee]
71=7b A= YEeRgth 28u Cap-TPEE 53 Al &7Hte]

zZhe7E Apde s Yehde litle 9943 85T RE 2E
H AP A FERT Eke] Awrt o gl Fedith
REstrip-TPUE little®] £+48] 8] A™ REstrip-TPE= ring}
littleo] €3] w4 E7=e] Zhwrt Apd o g2 ekt o
2bA TPE 24) 3! RE 2EY {304 &7l S2fo] A
A e 2oz IRAFAL ol TPEQ] Hxe} 1549
AFE ZRIF vl TS AxES et $3F Al FE/le
A2 el 5 JE Aoz Feld. He) f3E 3

3
Sk AT, A 191 A5 TV GoM] Bae] Whsw

f
WX 2L
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Table 9. Performance evaluation of motion control of fingers for SG

Motion Cap-TPU

REstrip-TPU

REstrip-TPE

Initial

SG

Ball 1

Ball 2

Ball 3

o=z yepdor, 9l 29 gl 39 e ] B2l BF Ut
Stk WA, FA 15 mm ool B 2 G B
o] 7Fse Zog RIS

SG B2 Alo] 4%F7}: Table 9= SG 522 A5H7 4
5 R Zloltt. &7 AIRIES 7] S& Al BE 32
AA2HA gol FEH E71ge] Zhwrt ] Felel uke)
27 vehgth A $382 CG T3 $93 Ao, v
w5tk Cap-TPUE wolxl &71he] 2wyt A= vephdS &

[

oft

018} 2L, Cap-TPEE ring#} littleo] 2ol 23 AA2HA
#5A Ao E RS FRIENL RE 2EH F32 A
FEETH 35X &7 7wt AP e vl SAto] T
& Az em, CG T2 wEIAE REstrip-TPUE
littleo] £PA3] F& XM, REstrip-TPEE ring? littleo] £H413]
v Ak & F8E 3o AeH dis, & 19 A A
B0l FaL E717F dom FAE 7 7EH9IA, A=A F
= §40] 75 Ze® yeitt 538 3D Y &k



3D Zely &7)5 2F0] F3} Aoje] #eF A7+ 343

Table 10. Performance evaluation of motion control of fingers for TTPG

Motion Cap-TPU

Cap-TPE

REstrip-TPE

Initial
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Card 2

Zg Ao, ring? littleo] 3] =710l B Ad2de @7
B3] 7Fssisith. & 29 A9 FAUE /PR AZESE &)
2 7] 58| BT FgH o= el 22y Cap-TPUS
A9 7] 4wt dAE Ve ERIs ¥ 39 A4
+, FAZY FAa AAol AX Fe s3] VR o2t
A, 8G 2= CG &2 vV IX& TPE 4419t RE 2=E
H 8ol &t S A

TTPG 5987} Table 10& TTPG F7] 23+ A%H7}
AFNE HEPRSITE TTPG 2] 749 &7189] thumb &8
o] QIFE index £8o] WO index’} thumb 912 22}
o H= FHE, H 733 RE 2EY 738 A83lx 5
zto] AAx A e oz RIFAG. 7l= F3E 719
AeH7t A=, card 1 2 card 25 BT oY og He
F40] 715, &1 2o o] ye A {39 TIPG
5

Ao QPgE o= Lepde.

TIPG 4597} Table 1= TIPG 7] 529 A%97t
A= ekl Aotk TIPGE TTPG 53 thumb &
o] SIRE} index £2o] 2o thumb Yol index’} 22}
71, middlee] B3 A F33 RE 2EY BF 4%
A= RIsKI 7l= G 7] 457 B card |
9 card 28 EF A o=E e T3] 7t AoE el

g

4.2 B

2 AolMe LukE A3He 3D =AY E7h 2
2 Ao} AlzElg selal F2 715l T 7]
ZsIATt. E71= S5 Ao} Al4E BE ABE AL
Hota, Ul 7] o2 22 sl ol 28
ZHY &S i3 RE 2EH9| 7 f3o= 2d

lo,
i oft

[
;

?_

N
tlo

et
T W

l

o,



344 glro) 7Y 181X A4 A3E, 2022+

Table 11. Performance evaluation of motion control of fingers for TTPG

Motion Cap-TPU

Cap-TPE REstrip-TPU REstrip-TPE
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TIPG

Card 1

Card 2
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