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ABSTRACT

A handle, the part of an object for lifting, carrying, or controlling the object easily,
needs to be ergonomically designed to prevent work-related musculoskeletal disorders of
users. To recognize optimal handle design, previous studies evaluated applied forces,
pressures, electromyograms (EMGs), and satisfactions with handles in various size and
shape, and analyzed effect of hand size and grip posture. But most handle design dimensions

in previous studies were limited to length variables of cylindrical handle and one grip posture.

The present study is intended to analyze power grip deformation in hand
dimension by wrist motion and propose the method of handle design related with hand
dimensions. The proposed study consists of three steps: (1) understanding hand/handle
dimension and analysis of hand-handle interface, (2) developing experiment protocol of
hand grip deformation, (3) developing analysis protocol of hand grip deformation.

First, in hand-handle interface analysis step, 40 handle related hand dimensions



were chosen for measurement and analysis after understanding handle design dimensions
and hand dimensions. Handle design dimensions of length, angle, and curvature were
identified by dividing handle into 4 parts and using 16 reference points and 8 reference
lines with shape of side, and cross section view. Handle related hand dimensions were
chosen by checking the hand dimensions influence to decide handle dimension or not. For
example, the width of handle was related with length of each finger’s tip to DTC/PTC.
Finally, total 24 hand landmarks and 40 hand-handle dimensions were selected.

Second, in experiment of hand deformation step, 15 participants (male 10, female
5) with 3 group of hand length was recruited and their hand grip postures were scanned by

3D scanner (3dMD). The 3 grip postures deformed by 3 handle orientation angles (65°,
45°, 15°) were selected to induce wrist adduction and abduction (20°, 0°, -30°). The elbow
was controlled in 45° with elbow supporter. The 24 hand landmarks were marked to

subjects’ hands with water-based pen. The outer hand shapes for each posture were
scanned using 3dMD, and the inner hand shapes for each posture were molded using
Otoform.

Third, inner/outer hand 3D scan data were merged to body out full hand in grip
posture and hand dimensions were measured based on hand landmarks. After 3D hand scan
data were processed by modifying and aligning, inner and outer hand scan data were
merged using Rapidform. The points of hand landmarks were created and hand dimensions
of static posture and dynamic posture chosen by hand-handle interface analysis were
measured and analyzed based on the points. The important measures of hand dimensions



were tip to DTC/PTC and PIP to MMC in linear length, and tip to MMC in surface length
which were related with handle width, thickness (height), and circumference. In addition,
the measure of angle and curvature were measured by creating average curves fitted to
inner hand.

As a result, hand dimensions were significantly different by hand grip postures.
When wrist angle was changed from neutral to adduction, tip to DTC/PTC (width) was
increased 2.4% ~ 8.4%, PIP to MMC (height) was decreased 1.9% ~ 8.4%, and tip to MMC
(circumference) was increased 2.8% in front part and decreased 3.6% in back part. When
wrist angle was changed from neutral to abduction, tip to DTC/PTC (width) was increased
1.8% in front part and decreased 2.9% ~ 10.8% in back part, PIP to MMC (height) was
increased 2.0% ~ 4.6% in front part and decreased 3.5% ~ 9.5% in back part, and tip to
MMC (circumference) was decreased 0.1% ~ 6.3%. Also, the measures were decreased in
ratio 64.7% ~ 73.9%, 43.1% ~ 54.4%, and 29.9% ~ 36.5% in comparison with static hand.
If these results were applied to handle design, the thickness was increasing in front part and
decreasing in back part when changing wrist adduction to abduction. The width was
decreasing in all part and the circumference was decreasing in front part when changing

wrist adduction to abduction.
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|. Introduction

1.1. Research Background
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AbE = 2 ALg AsS wedk QzbEeE A A7 23t Handle2 Figure

2 AlZ(e.g., drill, hammer, screwdriver), & %
A% (e.g., scaling tool, F-+r3} probe, laparoscopic tool), &#| ZFZZH(e.g, A7
handle, steering wheel, joystick) 5 manual work 5~8) A] AL-8&H T 25 JEH =
AAE handles A &4, WA 0= A Al carpal tunnel syndrome, hand-arm
vibration syndrome (HAVS), tendonitis & 4X*|(Z)e] <=474 A FEs &

) ThH(Punnett & Wegman, 2004). RFH, 178t o= A% handle> 223 3

HA7| handle

Figure I.1. A1352] handle <] A]
9



A, A WS Pa g Rwd WSES PN £ 9on Ay
T, A a8l Y L 2EAA ZE o 71o9E 4+ 9l th(Bohlemann et
al., 1994; Dong et al., 2007; Harih and Dolsak, 2014; Lewis and Narayan, 1993).

712 1ZFE 84 handle A= HA A7) 2 FBS =E38H7] 9@l

o

tefek 3271 2 ¥4 handleo] dhste] AR Aol FHA HILE
ggate] TP ATHFigure 12 FF). 71E ATNAE F2 3-level diameter®
A7 ¥ handleS 2.2 contact force, grip force, peak pressure®l] T g+ 3 7}(Aldien
et al, 2007; McDowell et al., 2012; Seo et al., 2007; Welcome et al., 2004)7} ©]Fo] % 3L
2-level?} 6-level diameter handles tdo = ME2] A8 o] H7KDong et al.,
2007; Kong and Lowe, 2005)%] 7] &= &} $ith, A5 Ao A= diameter ¥9F o}y 2}t
circular, triangular, rectangular, hexagonal= U}%3t T 3A4fo] 2 8-xlo] H7]|<}
Fdol M= W& handleo] wate] ARE WS,

FHHow ¥ 7]—(Dong etal.,2007; Herring et al. ,201) % Tk A4 3 7F= contact
force, grip force, push force 52| force ¥ measure®} flexor digitorum superficialis
(FDS), flexor pollicis longus (FPL) &9 AA <5 FSHEMG) #¥ measure,

Z12]3l contact pressure, peak pressure 52| pressure ¥ measures -85}

T~ ] 9 Th(Aldien et al., 2007; Dong et al., 2007; McDowell et al., 2012; Seo et al., 2007;

10



1) R: round, H: hexagonal, TR: tapered round, TH: tapered hexagonal
EMG sensor i : m
Pressure sensor 2) Diameters: 10mm, 7mm

oY et Custom-designed handles

Figure 1.2. Handle ?17+-&8-8t%] 7} ol A] (Dong et al., 2007)

Welcome et al., 2004). =#% H7}= handle®] diameter %A, shape X 44,
productivity, comfort 5| T3 5-point scale =+ 7-point scale®] questionnaire=
g-8-3Fo] =3 5] 2l tH(Dong et al., 2007; Harih and Dolsak, 2014; Kong and Lowe, 2005).
71 A7 B AHE foks Ay, AR HRdA = FE 30~40 mm
handleo] 7H Az E9Qal, a4 K HrF A M= 25~ 50 mm W9 T
35~45mm2] handle®] 7} A EEH = Aoz yotlx Q).

A4 ATl E handle®] HAH Pl dFE T

i

T8

rE
e

P
T

ARgALY] &= 719} grip AHAI7F 28] E AT Gonzalez et al. (2015)2 A HALE
Eaddelel wek 47k & 27] growp (XS, S, M, L)O.= EH8kaL, & A7

1% handle diameterS ¥ 7}3}01(XS: 3.6 mm, S: 4.2 mm, M: 4.8 mm, L: 5.4 mm) <

A7)17F £74E =5 A58+ handle 2717} A A S X 313} T} Harih and Dolsak
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Oopin2 _ Dgripn 27— (l'—'ﬁﬁ")

Dopyi2 = = -

Dopy1.2: Optimal diameter of the handle
for the index and middle fingers
(Seo and Armstrong (2008))

L
Dopiza = L’—:'Dm‘l

Dopy3«: Optimal diameter of the handle
for the ring and little fingers
(Harih and Dolsak (2014))
_ Ip*NHS

="
D,: Optimal diameter of the handle
(Kong and Lowe (2005))
NHS (normalized handle diameter)

(@) (b)

Figure 1.3. 7} handle o A]: (a) Customized handle, (b) optimal handle
(Harih and Dolsak, 2014)

(2014) Figure 1.3 (a)2} Z°] CTscane 53

o

AR} Zhape] Eof ubA AAlE
customized handle?} Figure 1.3 (b)¢} #©] 7] A5 (Seo and Armstrong, 2008;
Harih and Dolsak, 2014; Kong and Lowe, 2005) 2 5-E] =% % optimal handle= 534
ST SWolA vl FUEskeity. W7F 23}, customized handle}  optimal

handle®] Z}Z} 47 £ 1.4,3.1 £ 09 AL 7|53} customized handle®] optimal

Hand-open fingerg' Hand-open fingers
abducted adducted

- e

Chuck pinch Power grip

Figure 1.4. 47}4] grip AFM1 9] actual image©} hand model (Rogers et al., 2008)

12



handleo] B8] AE%=7F oF 1.6 H(50 %) =22 78 33T Rogers et al. (2008)<>
handle A7 A] grip AHAlol A 57 % hand dimension data®] F-A = &5 ¢4 3]
H AA A S % static hand dimensions AF&-3|oF k= SHAIE Q1A S
Figure 1.4 2] 47}A] grip A}Al|(hand-open fingers abducted, hand-open fingers adducted,
chuck pinch, power grip)°l| A1 2] hand modelS- A 4d 3} hand dimension X W3}&
A8 Y 4 A3 Figure 1.59] landmark point 30 (the centre of the wrist) — 15
(thumb pad):= (a) A4l tH] (b), (¢), (d) AHAlNA 22 3.7%, 7.3%, 5.7%

7223k 3L, 30 — 39 (middle finger pad)= ZH2}F 1.8%, 22.0%, 35.4% 7 A38te A &S

il

ArEA o]l =2 handle AAIE 9% O gt A7 32 handle

A}

5 Z] A

-1 A

Ag BAel ol Wase & A4AE westn

B
b
oft

o

- grip

=74 3 243 A FSEin A7) handle AHE E 2} 2Eo] handles

7

Figure 1.5. Hand landmark points (Rogers et al., 2008)
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power grip FEIE i & F2ES & 79 Figure L6374 ol & WS

ol
o2

ol Wete= A g g o, 71 AT FAR] AAIS] handle AFE-

NN handle Aol ALgARS] AAH Hah W WFiwol WAL AP
Arkstel & US G 24 0 RAL 290 €S o), Kongand Lowe
(2005)%= handle diameter2} handle orientation©] finger force, EMG, subjective comfort
rating®l]l VX G3ES &R13}7] 213 handle orientations vertical, horizontal =
T-i3}al handle diameterE 67F](25, 30, 35, 40, 45, 50 mm)Z T35}
B 7}5F 21}, handle orientation®] W= A& handle diameterE =Z=3FALY &
Y= 34 HstE gQlsA = 533t Rogers et al. (2008)> grip AFAl ol A] 2]
hand dimensions 573}4] handle A7lo] A&3 4 A=F 3}7] 98] hand

model S 7|3} S 1, hand landmarkE  digitizingdle] FAE AR 213

Z;?;ﬁ% hand dimension #to] AA| A %)\'(measured)ﬂ]» Bl st Ao Q_J': 15

Hand Length
200 -
195 A
190 4 -
185 2 ¥
__ 180 ////
E s = T
170 e
165 < E, 3 —+— Measured
150 :/ - = -Digltised
155 ol —a— Hand Model
_Y_Ar 4
150 ’ r r .
0 20 40 60 80 100
Percentile

Figure 1.6. Measured, digitized, hand model®l] 3} hand length &t H] 3 (Rogers et al., 2008)

14



mme] zfo]7} WA= SHAIE UEFH CH(Figure 17). Q17FE 34 handle AAE

AaA= gt grip AACIAS] hand B A H ¥ 2 hand9}

e

handle®] interface #21¢] & Q 3}r}.

1.2. Objectives of the Study

2 A5 handle power grip A <3 & wWE &

?
)
||V
ot
o
&
o
M
1
o

¢80 (1) hand/handle dimension 3}°} % hand-handle interface ¥4}, 2) & W=

& W3t 238 protocol 7N, (3) & WS FF W3} 4 protocol 7] Al

- AA, 2 A7+ handle design dimension?} <13¥ hand dimension
£ 94 hand®} handle dimensionS ¥}otslil A& A gt
Handle design dimension U H|, F7| Z#|do], 2%, 35 FHoA
g}ot% 31 hand dimensionS 7] @A A|A]E palm dimensionS

38 vot= ™, handle 4] A] 8 handle dimension¥} 7ZF o]
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dimension ZA7oll &S W X|:= hand landmark % hand dimensionS-
A gt

=4, ¥ A= £5% adduction/abduction®] W& £ WS IS
3DE T3] s AF protocols EETE WA, FAEkaizt

3t AlF ZAE shoulder, elbow, wristsS 7]=o. 2 AA st

ol
)
oft

A E control 3F7] Y3 ZE XA7|E Fu|dth aga & Y=

FAE E my] 93t casting material¥} & PSS 3DE scand}|
A%t 3D scannerE FH|Sle] AF FAES FAST. FAFEAE=
ket &= 3719 20~500) U E dldo® FeEct

A B A= &5 adduction/abduction®] WE & WS A
WHslE #243517] 93] 3D data processing 2! hand dimension 2]
protocolS 7|23k}, 3D data processing< 3D scanner® scandt <& 9|
2 WS datas B 2 AESd T WSk AHoEZA &9
A3 A4S 3D data® -3} Hand dimension 418 RE £0
Y3t 7] 2 2 landmarkE markingd} 3l hand-handle interface 4%
28 ==% 52 hand dimension® A Ay 2L FWH AYES
573to] static hand ©iH] W&, & ZA7PH o], && 7w

Aol g wli BAgro M o] oLt
A= A7) 37kA] ExE GAE7] 98] Figure 183 #ol (1)

16



literature review, (2) hand-handle interface %], (3) grip B W3} 23& protocol

NEE, (4) grip @A W3} ¥4 protocol 7, (5) A3 249 AR P H )

1.3.  Organization of the Thesis

[ N - EQHEEE E U grip Al
Literature review « 20| OIN|Z=EBE =X g

) l = Handle 47 % 7t

f N

= Hand 2! handle dimensions I}2t

Hand-handle interface &A1
= Hand-handle 82t QIX A&

!

( N = AE XM A Y control
Grip g4 H3} A4S protocol 7j & » Hand casting
- = 3D hand scanning
f N
. = Linear length measurement
Grip @4 H3} 2 protocol 7|2

= Surface length measurement

=

| 2 - T HlR 2

Figure 1.8. 17F38% handle AAE 93t grip B4 W3t &4 A4 dAb

M
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7Y

=i}
=

1™, 7]¥ handle A7)

°©

L=t

t}. A 3742 hand-handle interface #2132

o

=

dimension

vl
=

3] handle A2} A¥#H hand dimension=-

71¥9] hand landmark
(e}

=

[e)
dimension

i

e
0

N

4

=i
=

3%

}, Al 4%l A A|<tE hand-handle interface +2] 23}

L)

ki3

HAlol] o

3|
pul

i}
=

of Yg 2 Aol o9

1}

g

Mo
ol

U
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Il. Literature Review

)

B g A (1) 2o AR Trol dste] Awdta, ) £ AAZHEA
TS vhetshglom, (3) handle A A B QIxbE et o el e Aelsha
71E A7t dAAS Fotelgith &9 3]F-84 %+ Functional Anatomy of
the Limbs and Back (David B. Jenkins, 2002)2} Occupational Biomechanics (Chaffin et al.,

1999)5 7|¥to 2 X319, w8 ZAFE keyword X%, title screening, abstract
screening, w9 TOE WIS F3 HF review WY £3S Sl

T =] S Th(Figure 1.1 #+=). Table IL19] A 2l¥ T8 keywordse ZE 3l &

A AFo]EQl ScienceDirect (www.sciencediret.com)ol] Al Mgk A3} F 185719

w=imol AMEAIL, titled}t abstracts: HESIY HFTH O E Table 1129} 7]

1831 2] A7k A E A

S1. Keywords 22

S2. Title screening=

S5. A0 et 2| F review e == 8

Figure IL.1. Handle 97~ =& AE Hxb
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http://www.sciencediret.com/

Table II.1. Handle ¥& & XA}

3 4ol

T8

Keywords

Domain

Handle, hand, grip

Design dimensions

Size, span, grip span, diameter, shape

* A 27 title, abstract, keyword 952 734
#x Al F-oF: Ergonomics, biomechanics k2] journal paper

Table I1.2. Handle &

3 24 4%

No. Authors Year Title Source
. Contact pressure distribution at hand—handle interface: | International Journal of
1 Aldien et al. 2005 . . o
reneta Role of hand forces and handle size Industrial Ergonomics
2 | Blackwell et al. 1999 Effect O.f ETIP span on ma?clrpal grip force and fatigue of Applied Ergonomics
flexor digitorum superficialis
3 Béhlemann et al. 1994 Ergonomic assessment of ‘har‘ldle d§s1gn by means of Applied Ergonomics
electromyography and subjective rating
4 Cuijpers et al. 2004 Qn the 'relatlon between object shape and grasping | Journal of '
kinematics Neurophysiology
The effect of tool handle shape on hand muscle load and . .
3 Dong et al. 2007 pinch force in a simulated dental scaling task Applied Ergonomics
6 Dusenberry et al. 2009 | Effect of handrail shape on graspability Applied Ergonomics
7 Eksioglu et al. 2004 Relative optimum grip span as a function of hand ]nterna{zonal Journql of
anthropometry Industrial Ergonomics
An analysis of handle designs for reducing manual | International Journal of
8 Grant et al. 1992 effort: The influence of grip diameter Industrial Ergonomics
9 Harih and Doliak | 2013 Tool-handle design based on a digital human hand Interna{ional Journql of
model Industrial Ergonomics
10 | Harih and Doliak | 2014 Recommend_atlons for tool-handle material choice Applied Ergonomics
based on finite element analysis
. . Comparison of subjective comfort ratings between . .
11| Harihand Dolsak | 2014 anatomically shaped and cylindrical handles Applied Ergonomics
. User-centered evaluation of handle shape and size and . .
12| Herring et al. 2011 input controls for a neutron detector Applied Ergonomics
13 | Kong and Lowe 2005 Eval}latlon of handle diameters and orientations in a Interna{zonal Journql of
maximum torque task Industrial Ergonomics
14 | Kong et al 2004 | Evaluation of handles in a maximum gripping task Ergonomics
15 | McDowell et al. 2012 Effects of handle size and shape on measured grip [nternafz’onal Journql of
strength Industrial Ergonomics
Oxygenation kinetics of forearm muscles as a function . .
. . . . International Journal of
16 | McGorry et al. 2009 | of handle diameter during a repetitive power grip force Industri .
task ndustrial Ergonomics
The effect of torque direction and cylindrical handle
17 | Seoetal. 2007 | diameter on the coupling between the hand and a | Journal of Biomechanics
cylindrical handle
18 | Welcome et al. 2004 An investigation on the relationship between grip, push | International Journal of

and contact forces applied to a tool handle

Industrial Ergonomics
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2.1. Hand Anatomy and Hand Grip Posture

2.1.1. Hand Anatomy

<=2 Figure 11.29} o] 8719 =< (carpal bones), 5718 5= (metacarpals),
14701¢] A|d = (phalanges), 18]l 2719 EAF& (sesamoid bones)® % 2971 ¢]

2 o] Fo]x Iti(David B. Jenkins, 2002). F-EFS £5 Fto] & FAS

TAste W2, /& (scaphoid), €= (lunate), 4HZb= (triquetrum), T4 =
(pisiform), U153 (trapezium), A5 3= (trapezoid), 7 (capitate), 1=

(hamate)o] F E2 wiLsle] ok F4E 94F ¢ AtEe

[ o
i)
=
o

ot
o,
o

fo &E ewe oty LT L R9E PR Wz

d

T A Y TFEEFS ugt s7e E£7E Wt o] Ay &b

= thumbis 270, WAl E7HE 3709 AdI= A Jlal, AdE

rlo

&7k BolAEE 2 (distal), 54 (middle), 7]& (proximal)= ©]Fo A At}
TAES  thumbe] ST A A3 (metacarpophalangeal joint)e] <& oF=9f
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H5E+25
M52 #I R 271H
28RS

y e o il \ﬁ/IﬂSE N2
LR ;,j—xnssmﬂm

A

.- H5ENES
CT-HSRZSA

HEAZSZD

HERZE2E

Figure I1.2. £=2] W] 3 (Colangelo, 2007)

flAske] Al FgEe] e @

R

=5 A9 2% 34 (distal radioulnar joint), Q=¥ (radiocarpal
joint), F-=FIFHAE  (intercarpal joint), T YT E  (midcarpal  joint),

TLTTHA (carpometacarpal joint), 54 A¥E  (metacarpophalangeal joints),

7t (interphalangeal joint)= ZF 7709 #A= o]Fojx <UrH(David B.
Jenkins, 2002; Chaffin et al., 1999). ¢$] 2 AHL 3 E 35S 7}538H
A= Abol9] LAY 2534 (trochoid or pivot joint)©| W, A H-=

ez HZe AW Aoje] i FHEPE AT A BELAR Ao

==



Ar

Ar
of

!

w3

)

47

thumb¥} 1} 4|

9|

Ko
=

joint)

(intermetacarpal

—_
fite)
70

0

X
By

(hinge joint)®] 31 =313}
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230

Interosseous
metacarpal 243
ligament Metacarpal
H2jo 2B+
S5¢Ae #2Ed Carpometacarpal
Carpometacarapl joint of thumb
joint of 5th digit
28 S5
HF 28oIry Radial collateral
Ulnar collateral ligment ligament
22423
A Radiocarpal joint
Articular disc
Hg2H Y
Distal radioulnar joint
AHE
Ulna

Radius

o o] thH(Chaffin et al., 1999). =719 == &> AX = (flexor digitorum
profundus), A A=<t (flexor digitorum superficialis)® F&5F ISHHFA WAL,
SR =T, SR A LA, daXEE, AR AT S)d g3 dojuha,
E7hete] AHEES A4l (extensor digitorum)¥ Al 7ol ofs] dojii,
E71ere] 915 (abduction) HIS Xkt (dorsal interosseous) 2 thumb}
A o] et osl], &7 WHdEEsS &S5 =XF (palmar interosseous)
2 thumb®] W2 oE]  dojdth. AAEFIS AAEAAE

FRzoA A% +% A 2AALRVAN FRAABAE 2L 5



AR ZZ(Flexor digitorum profundus)

AR Z=(Flexor digitorum superficialis)

A= 2 #l% =7 (Palmar and dorsal interossei)

A2 ZZ(Flexor pollicis longus)

AW A Z(Adductor pollicis)

Z(Flexor pollicis brevis)

A (Abductor pollicis brevis)

2.1.2. Hand Grip Posture

cow BAZ AL Wi A Feeh AL wd wy a9 A7
gepn e g sl mE ERs wded 2as gEas 29

7] (power grips)©} thumb % index finger/middle fingere} Wi Hsle] 22 ZA&E
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AAY o= o o] &¥ = AAS 7] (precision grips) 27H4 HF7F QlaL 74z}

olel 7HA] FEjE thA] v o] X th(David B. Jenkins, 2002).

N

g3t 7] (power grips)© Figure IL5 (a)9} 2] €% 7] (cylindrical grip),

ExtolE AstA A7l HsE uA E7kE 9ol AAAY ExtelEs we

T=

AAIeE 7+7] (precision grips)© Figure IL5 (b)9} #©] thumb3} &7}2he]
1 A Wdel me fJA #7) (tip-to-tip grip), 223 7] (pad-to-pad grip),
g2 77] (pad-to-slide grip for key grip)= w73t 4= At FA F7]+= thumb3}
&7 el & (tp) o= =31e v WHoE EF¥ FoE FYUdax v

m¥ol 7] thumb® =  (pad)@ index finger/middle finger®] -+ (pad)©]
ggslel ® wels gt wpow 23 2 ldnw dv 94 A71s

[

thumb2] &3 index fingere] QFWS o]&slo] <&

Y
<

= =0
ol 55 #H
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Figure I1.5. Grip postures: (a) Power grip¥} (b) precision grip (David B. Jenkins, 2002)

A E F7(cylindrical grip) Z 12| &71(hook grip) = T 7|(spherical grip)

(@)

B A 71 (tip-to-tip grip) R o] &7l (pad-to—pad grip)

2 2] &71(key grip)

(b)

Wyow 23 Svem AU enE @k 94 Ave PA 4719 mgol

s o= @ AARE B ot



2.2.Hand Anthropometry

2.2.1. Hand Anthropometry Survey

e e weh wHE olTold ol YL AL 44 gort &

FaS A3 FA%l7] 998 hand dimensions SAstE= WHol thSSHA

_4

A EE T} Greiner (1991) % 2,8549W(HA 1,108%, 914 1,746%8)9] w+-&
oz &5 Aoz #Fstel dolgE SAse A 54 WHs
AFEEFLAL, Ki et al. (2008)2 F 840 (HA 4299, o4 411%)S g o=
A s~ W FRE olgste AR F4 HES AMESIUTH Park et al
(2010)°l A= =AU F 140169 (H 7,532, oA 64847) S TIHCSRE
Martin?] AS5AE AREste] A4 54 WHES ARESHAY T 456878 (HA
2,306, 94 2,2627)S tlF o= QAE 3D 2~IHE ©] &35t 3D FF 574

W Al

2.2.2. Hand Dimensions

Hand dimension =732 o2 7§2] hand landmarkE 7|02 & o], YH|, F4,

B

=9 5o 3] =AU dutA 07 hand landmarkys &9 w X W &

Teol 7|wkste] o= =4, Greiner (1991)2 digit'd tip2} radial/ulnar 32
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distal interphalangeal (DIP) joint, proximal interphalangeal (PIP) joint, distal transverse

palm crease (DTPC), proximal transverse palm crease (PTPC), 12| 3l digit base, crotch,
wrist crease & % 41719] landmarkE 4173} tH(Table 11.3, Figure IL.5). ©|&
71RFS 2 Greiner (1991)< digit tipZ} base AFo] A 2]Q1 digit length, crotch®} wrist
crease Aol 973 2|1 crotch height, digit tipZ} wrist crease AF0] 4= A<l
digit height, digit tip2} DTC or PTC A}o] 2]l digit link length, radial joint®} ulnar

joint AF°] 7 E]¢l jointbreadth & % 727} 2] hand dimension?} stature, arm length

5 14719] body dimensione 37 =7 3Fo] A ]33 th(Table 11.4, Figure 11.6).

Figure I1.6. Hand landmarks (Greiner, 1991)
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Table II.3. The list of hand landmarks (Greiner, 1991)

No. Name No. Name No. Name No. Name
. L . Digit 2 distal interphal 1 joint . L.
1 Stylion (origin) 13 | The base of digit 5 25 | lriiiial 15ial mferphatangeal Jorm 37 | The tip of digit 5
) Ulnar edge of the distal wrist 14 | Palm breadth — ulnar edge 2% Digit 2 distal interphalangeal joint 13 Radial edge of the distal wrist
crease —ulnar crease
. T .. Digit 3 distal interphalangeal joint Distal transverse palm crease —
3 (Skipped) 15 | Digit 1 interphalangeal joint 27 | radial 39 ulnar
Digit 3 distal interphal 1joint

4 The base of digit 1 16 | (Skipped) 28 | fl;:r distal interphalangeal join 40 | Head of the first metacarpal
Digit 2 imal interphal 1 Digit 4 distal interphal 1joint

5 Crotch 1 17 | . 1‘g1 pr9X1ma lnferplatangea 29 8t . distal interphalangeal join 41 Base of the first metacarpal
joint — radial — radial

6 Palm breadth — radial edge 18 pi.git 2 proximal interphalangeal 30 Digit 4 distal interphalangeal joint 4 Proximal transverse palm crease
joint — ulnar — ulnar — radial

7 The base of digit 2 19 p%git 3 pro.ximal interphalangeal 31 Digit.S distal interphalangeal joint 43 Termination of the proximal
joint — radial — radial transverse crease

g Crotch 2 20 p{gn 3 proximal interphalangeal 10 Digit 5 distal interphalangeal joint m Termination of the distal
joint — ulnar — ulnar transverse crease
Digit 4 imal interphal 1

9 | The base of digit 3 21 | ettaproximalinterphalangeal | 33 | e i of digit 1
joint — radial
Digit 4 imal interphal 1

10 | Crotch 3 22 | 8T ProXumALIMEPRAIANESAL | 34 | The tip of digit 2
joint — ulnar
Digi imal i hal 1

11 | The base of digit 4 o3 | Digits proximalinterphalangeal |35 py o o op digit 3
joint — radial
Digi imal i hal 1

12 | Crotch 4 24 | Digit5 proximalinterphalangeal |3 1y o o digit 4
joint — ulnar
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68

Figure I1.7. Hand dimensions (Greiner, 1991)
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Table I1.4. The list of hand dimensions (Greiner, 1991) (1 of 2)

No. Dimension name No. Dimension name No. Dimension name

| Digit 1 length 13 Digit 2 proximal interphalangeal joint 25 Digit 3 proximal interphalangeal joint
breadth breadth

5 Digit 1 height 14 Dlglt 2 proximal interphalangeal joint 2% plglt 3 proximal interphalangeal joint
circumference circumference

S . Digit 2 distal interphalangeal joint Digit 3 distal interphalangeal joint

3 Digit 1 tip to wrist crease length 15 breadth 27 breadth
Digit 2 distal i hal 1 joi Digi istal interphal 1 joi

4 Digit 1 interphalangeal joint breadth 16 .1g1t distal interphalangeal joint 23 .1g1t 3 distal interphalangeal joint
circumference circumference

Digit 1 interphal 1 joint
s | Dt interphalangeal join 17 | Digit 2 link length 29 | Digit 3 link length
circumference

6 Digit 1 link length 18 | Digit 2 metacarpal link length 30 | Digit 3 metacarpal link length

7 Digit 1 metacarpal link length 19 | Digit 2 distal phalanx link length 31 | Digit 3 distal phalanx link length

8 Digit 1 proximal phalanx link length 20 | Digit 2 medial phalanx link length 32 | Digit 3 medial phalanx link length

9 Digit 1 distal phalanx link length 21 | Digit 2 proximal phalanx link length 33 | Digit 3 proximal phalanx link length

10 | Digit 2 length 22 | Digit 3 length 34 | Digit 4 length

11 | Digit 2 height 23 | Digit 3 height 35 | Digit 4 height

12 | Digit 2 tip to wrist crease length 24 | Digit 3 tip to wrist crease length 36 | Digit 4 tip to wrist crease length

32



Table I1.4. The list of hand dimensions (Greiner, 1991) (2 of 2)

No. Dimension name No. Dimension name No. Dimension name
17 Digit 4 proximal interphalangeal joint 49 Digit 5 proximal interphalangeal joint 61 | Palm length
breadth breadth
13 plglt 4 proximal interphalangeal joint 50 p1g1t 5 proximal interphalangeal joint 62 | Hand breadth from digitizer
circumference circumference
Digit 5 distal interphal 1 joint
39 | Digit 4 distal interphalangeal joint breadth | 51 br‘:’; . fhdlsm terphatanged jol 63 | Hand breadth measured
40 D_1g1t 4 distal interphalangeal joint 57 l?lglt 5 distal interphalangeal joint 64 | Wrist breadth
circumference circumference
41 | Digit 4 link length 53 | Digit 5 link length 65 | Wrist circumference
42 | Digit 4 metacarpal link length 54 | Digit 5 metacarpal link length 66 | Wrist-center of grip length
43 | Digit 4 distal phalanx link length 55 | Digit 5 distal phalanx link length 67 | Wrist-index finger length
44 | Digit 4 medial phalanx link length 56 | Digit 5 medial phalanx link length 68 | Wrist-thumbtip length
45 | Digit 4 proximal phalanx link length 57 | Digit 5 proximal phalanx link length 69 | Crotch 1 height
46 | Digit 5 length 58 | Hand length from digitizer 70 | Crotch 2 height
47 | Digit 5 height 59 | Hand length measured 71 | Crotch 3 height
48 | Digit 5 tip to wrist crease length 60 | Hand circumference 72 | Crotch 4 height
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2.3.Handle Design and Evaluation Method

Handle®] HZ @4 2 A7) sobs 98 s =271 2 P49 cylindrical

ofo
ol
et
rir
oot

o

handle®] handle A} A &3 ol z} N
R SHe] AR 9 FRE HEE ol&sto] I Aldien et al
(2005)< diameter”} 30, 40, 48 mm<! cylindrical handle®l] th3a}] grip force ¥ push
forceol] WE peak pressure’} Z}Z} 101.6 = 37.4 kPa, 942 + 36.5 kPa, 1122
43.1 kPa® 30 mm tHH] 40 mmol 4] °F 7 % Fra, 48 mmol A oF 10 % S7HEHS
Q153 th. McGorry et al. (2009)= diameter 30, 40, 50 mm<] handle®] tfj 3}
maximum voluntary contraction (MVC)7} Z+2} 219 £ 55N, 213 + 64 N, 189 *+ 62
Ne= 30 mm HH] 40 mmol A <F 3 % A, 48 mmollAl F 14 % 4TS

o]

ol

151t} Seo et al. (2007)-> handle®] diameter”} 45.1, 57.8, 83.2 mm ¥ @ grip

d

forcex™= 717} 334 + 129 N, 179 £ 54 N, 75 + 44 N2 451 mm thH| 57.8
mmol| A 46 % 74, 83.2mm oA 78 % 743} T Dong et al. (2007)2 2-level (7,
10 mm)9] handle diameter®} 4-level (round, hexagonal, tapered round, tapered
hexagonal)fﬂ g JA oz A= scaling instrumental handle®] ™ 3Fe] mean
EMG(%MVC)E H7}31% th. Mean EMG (%MVC)< diameter’} 7, 10 mm & o
747} 350 £ 1.9,24.4 £ 202 7mm tH] 10 mmol A <F 30 % 7HAdhs H o)

yletxlo] diameter’} 10 mm©|3l round and tapered T A4S 7}FF handle©]
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EMG FHAA F317F @ 2 AshS: 84213813t Herring et al. (2011)< 3-level (9,
11, 13 mm)®] perimeter®} 8-level (circular with flat side, circular with two flat sides,
square, triangular, ratio”} T} rectangular 4%)2] @ /S =2 A% handlel

et F=AH HEEE H7Le}] perimeter 11 mm 2 circular 3732] handle©]

7 A3 ES 99}akd vl Kong and Lowe (2005)E 6-level (25, 30, 35, 40, 45, 50
mm)2] diameter® = ‘A7 ¥ handled] tste] F=¥H o2 H7lsto] diameter 35 ~

45 mm2] handleo] 7} M & ES 3}o}slS th(Appendix A ZH3).

ﬂJO

AdH Ao M= handle H7} Al & A7]d wWE g3HE ol
g & A7 AREARE agsty] s £ A7) AR AARAAAE
B AFE TPty 7€ AT+ hand lengths 7| o2 37FA &
A7 Aozt 25S 235 th(Herring et al., 2011; Kong and Lowe, 2005;

Kong et al). Herring et al. (2011)> &=2/dZo]E 7]F 22 female 5" %ile ~ male

EMG sensor 1) R: round, H: hexagonal, TR: tapered round, TH: tapered hexagonal
Pressure sensor 2) Diameters: 10mm, 7mm

o ot Custom-designed handles

Figure I1.8. Handle $17F&-38t4 7} < A] (Dong et al., 2007)

35



5% %ile (small), male 5™ %ile ~ male 50" %ile (medium), male 50" %ile ~ male 95™ %ile
(large)= &= A7] IFS T-#3}3, Kong and Lowe (2005)2} Kong et al. (2004)<
EA Dol E 7S 2 min ~30% %ile (small), 30" %ile ~ 70" %ile (medium), 70" %ile
~max (large) 2 &= 7] IFS T8 T McDowell et al. (2012)F A H o2&

& AVR OFE FEEA T 2%y hand lengthol]l W optimum handle size

)

MVC ratios 413} hand length’} <5 7}8<5= optimum handle size2} MVC

ratio”} 57}t Aol oS IoFstglth A, Table IL59F o] 7|& A+

AZtESHA handle AAIE fle] odd A7 FFEHASU handle
ARG sZfel oE Wistele & AAME ekl & R gip S AA
574 2 B3 A3 E 253590 McDowell et al. (2012)€} Aldien et al. (2005):

shoulder 0°, elbow 90°, wrist neutral= A4 H AAQ0 A AA A= vE F7]9

’1

handleS o2 AF&A H7FE 5331 T McGorry et al. (2009)-2 shoulder 10°,
elbow 80°, wrist neutral® 17}%] A& kAo tsle] handled] A&
% 7}3} 2 T}, Harih and Dolsak (2013)2> MRI scanS 2-83}9] handleS gripdt &
Fd= D2 Tdstal I FEE 28T customized handles A2t 7]E

cylindrical handle tH] AF&H oA ZwWo|A] 1.58] Ao 48 &l

o

O

bt ok,

il
_l

b

handles A=A gripdh A& Q1 ARA| A RE scan H A o W @l

=

AgA 54 % 24

e CEEDIES

rlo

i)\
b
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Table I1.5. Handle &

o s
T

2l Ay} 2 °F: Participants

Participants
No. Author(s) Year Gender
# subjects Age Hand size Measurement standard
Female Male
1 Aldien et al. 2005 10 adults - 10 - -
2 Blackwell et al. 1999 18 25.8 (3.6) - 18 - -
3 Bohlemann et al. 1994 9 - - 9 - -
4 Cuijpers et al. 2004 8 - - - - -
5 Dong et al. 2007 24 - 12 12 - -
6 Dusenberry et al. 2009 73 - 34 39 - -
7 Eksioglu et al. 2004 12 - - 12 - -
8 Grant et al. 1992 16 - - 16 - -
9 Harih and DolSak 2013 10 - - 10 - -
10 | Harih and Dol$ak 2014 10 - - 10 - -
11 | Harih and Dol$ak 2014 10 - - 10 - -
Test 1: 10 - 2 8 ssmall hand (female 5th %tile ~ male
12 | Herring et al. 2011 Test 2: 30 20-32 15 15 Sth. eile) . Hand length
*middle hand (male 5th ~ male 50th %tile)
Test 3: 14 23-55 1 13 =large hand (male 50th ~ male 95th %tile)
=small hand (< 30th %tile . . )
13 | Kong and Lowe 2005 24 - 12 12 | =middle hancg (30th ~ 70tr2 %tile) t'lat’;‘i 'Cerr;gtshe(gfov';i:)e tip of middle finger
=large hand (> 70th %tile)
=small hand (< 30th %tile ) . )
14 | Kong et al 2004 30 - 15 15 | =middle hancg (30th ~ 70tr: %tile) t'lat’;‘i ﬁzgtshe(gfovr;i;?)e tip of midde finger
=large hand (> 70th %tile)
15 | McDowell et al. 2012 12 - 6 6 - -
16 | McGorry et al. 2009 19 44.2 (14.1) 8 11 - -
17 | Seoetal 2007 12 - 6 6 -
18 | Welcome et al. 2004 10 - - 10 - -
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I11. Analysis of Hand-Handle Interface

2 ZolAE handle®] HZ AHAE 93 handle dimension?®} A¥¥E  hand
dimension®] 4] % 21t} Hand®} handle 7F 3 H-9] 54 #2412 Figure 1113}
7o) (1) handle design dimension ¥}°}, (2) handle A2 7] 7|=%/71=4 A ¥, (3) hand-
handle interface &4 9] A2 43 %] o] hand®} handle®] T8 45 AFH QA=

EEETEY

3.1.Handle Design Dimensions

Handled) 7] 54 BHe tixel 2 Qa3s ARsbEe 9aL Fustel

=  Handle 84 22 QIX} oot

$2-1. Handle design dimension ot} SH Zac A

l

(o]
$2-2. Handle 44| 7|&H/7|&M HE - MO =0 moy &b Ihor
S s M- O ©O
A elx Hof
* Handle o}X| &g oot

$2-3. Hand-handle interface 244 = 27} hand-handle dimension

matching

= Hand-handle &% &2t
OIXt & HH

$2-4. &2 hand-handle QI Xx} M7

Figure I11.1. Hand-handle interface 4] 2=}
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1 714t handle 2 A AR} (1 0f4)

Table I11.1. 7]
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Table I11.1. 7]
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7149t handle 2 A A AR} (4 0f4)

Table I1L.1. 7]
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3.3. Hand-handle Interface Analysis

71& < +(Greiner, 1991; Hidson, 1991; Lee et al., 2017)E &3l handle power grip |
=% & palmar hand®] 52 hand anthropometric dimensions ©] FAFE o] 3%
landmark % dimensionE°] % 2] % %1t} Hand landmark *| -2 Figure 11149} 72o]
A (digit 1)9] tip, interphalangeal (IP) joint, base of digit 1, head of the first metacarpal,
base of the first metacarpal ¥} Y™ %] <=7}2(digit 2~5)<] tip, distal interphalangeal (DIP)
joint, proximal interphalangeal (PIP) joint, metacarpophalangeal (MCP) joint”}

yloky] Q. 18] Al digit 3~59] A& Enle] distal transverse crease (DTC)7}F

Tip

/J_DIP joint
PIP joint

" MCP joint

PN 1P joint

Head of the 15t metacarpal
Digit 1 base
Base of the 15t metacarpal

Wrist crease baseline

» DIP: Distal interphalangeal
* PIP: Proximal interphalangeal
* MCP: Metacarpophalangeal

Figure I11.4. Palmar hand landmarks
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Thib= 3709 A, digit 29 97413} proximal transverse crease (PTC)7} THub=
171 A, vpxeto 2 digit 1~52] A 0] E=5-9] wrist crease baseline?} THU&
s71¢) A7HA] & 30707F gFekE Sl th Hand dimension< digit 1~5 tip to wrist baseline,
digit 1~5 tipto DIP 5 landmark®l|] t]&}o] landmark Ale] He Al 24 o]}
& 29SS m2s HJd A 1291 AYR o 542 5 ATk Hand-
handle interface #2415 &3 A¥Hde] =7 3ot hand dimension©] F& 4
o= HAEIA.

Hand-handle interface w215 93] handle grip A hand®} handle©]
AEE= We7E AdEien 24 ®9E 1¥ske] hand landmark”}

A = A hH(Figure 115 33). Hand 2 handle 5 591 handle grip &

o,
fljo

K
ol

Hate] zZ+ &7k tipoll A H-E] digit 1 base to hand blade 144 W

i

/17 & 21t} Hand landmarks = wrist crease baseline % digit 1-> handle grip A 3

DIP joint
PIP joint

DTC F- MCP joint

Hand
blade
« DIP: Distal interphalangeal

+ PIP: Proximal interphalangeal

* MCP: Metacarpophalangeal

« DTC: Distal transverse crease

« PTC: Proximal transverse crease
+ MMC: Mid-metacarpal point

Figure I11.5. Handle < H$ % hand landmark 7%
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HOlo xEEA] O TR wrist crease baseline 2 digit 19] landmark HE2

A=A 7 7] A% digit 1 base to hand blade 1Z2A1o] T+

i

&9l mid-metacarpal (MMC) pointE°] F7F2 o Ho] HFHO=Z 247)9
hand landmarks”7} 417 & 21t}

A% hand landmarkS 7]WFS. 2 hand dimension 1A% © ™ handle

Ol

design dimension}] A¥A FAE 335t handle ©H UH], ©H Fo]

b

=& 5% handle design dimensions®l “&-&3F+= hand dimensions©] 7= AT}

A (top view)= 7|02 FHIFS 9 #9-5 hand landmarks 2} =719 tipd)

DTC/PTC®] =&, Figure II1.63} 7#°] handle®] F9¥ ©d vn]e} A% hand
dimension-> digits 2 ~ 59] tip to DTC/PTC A A= AGHAG. SH ol A

B o /45 9 FH3FS hand landmarks= MMC point®} PIP joint®] 2.2, Figure

Handle A #| QI X} Hand-Handle Hand dimension

Tipto DTC

< -— <—> Digit 2

— — <— Digit 3

\ «—> Digit4
\ \

o D5 DTC/PTC

Figure I11.6. Hand-handle interface +4]: T U H]
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Handle & #| Q1 X} Hand-Handle Hand dimension
R,\ E\‘J ﬂplp joint
it
a'/ b'/// \H MMCFZ
( MMC

PIP

g
Hir

Figure I11.7. Hand-handle interface 4]: ©HH %0]

177 %] handle F-9'¥ ©W o]} A% hand dimension< digits 2 ~ 59]

PIP to MMC A4 7Agz AA=HAT. %3 ZF &7 handle grip Al

(e
(L

tipol 5] 5-E] MMC point”7}#] handleS =222, Figure I11.8¥} #©] handle

Ay
)

EHldol& digits 2 ~ 59 tip to MMC XHW ATlZ XA =Sl Handle2]

of\
jubad

T3+ dole} AFE hand dimension Figure 1192} o] digits 2 ~52] W=

Handle 4 A| Q1 X} Hand-Handle Hand dimension

MMC

Tip

DTC/PTC

MCP

Figure I11.8. Hand-handle interface 47:

aV
)
i

g4 o]
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Hand dimension

Hand-Handle

Handle dimension

Figure 111.9. Hand-handle interface +-4]: =™ 7F Zo]

Abo]  FHdol2 AAHSt. Handle®] 7%= ¢1¥% hand dimension< Figure

07} #o] handle WA} digits 2 ~ 5 W5 T4 <

Figure 111.10. Hand-handle interface +4]: 5™ Z}%
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Handle 22 A| 21 X}

Hand-Handle

Hand dimension

‘M PIP joint
. Digit 2 MMC/b/olnt
< )
.\ \ Digit 3
9
.\ \. Digit 4
'\ \,Digit 5
e
\
Figure II1.11. Hand-handle interface #2}: =W 3+ I &
Handle 4 #|QIX} Hand-Handle Hand dimension
____Digit2
Pa,
........ > Digit 3 M.MC
<=2, Digta R
e e < - Digit 5 ./ /
PIP. P
a

Figure II1.12. Hand-handle interface

SRR
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V. Analysis of Hand Grip Deformation

4.1. Methods

4.1.1. Participants

>

Handle angle W 3}el] & WS d4 #ist gobs 98 20 ~ 50tHe] theksh

b

715 7k AR FAR 158 M: 10, Fr 5)°] EFEUT. AP FoAA=
Aol wa} small (<339 %ile) 5™, medium (33" %ile ~ 67" %ile) 58, large
(>67" %ile) 57 °] Z+z} ®F ] 1L (Figure V.1, Table IV.1, Table IV.2), &= Zo|+=
HAAOZ 1779 £ 123 mm=, Size Korea (2010)°1 4 A|Alst= 20 ~ 500 Y (n
=4,050)2] & Zo](177.4 *+ 10.4 mm)2} A THE(4063) = 0.22, p = 0.83).

220
SizeKorea 2010 data (n = 4050)

210 @ MY &HOXt(n=15)

200 Large =
(> 661" %ile)

190 ®

WL qg0 MR 1 .
(331~ 66" %ile)

170 L4
2 20| Smal n=5g L@ 172.0mm

(mm) 160 (<331 %ile)

150

140
55 €0 65 70 75 80 85 20 95 100

L = ]
(mm)

Figure IV.1. @3l 23 7]& (£ do] B & yH))
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Table IV.1. I A Fx} & Zo] HF(Mean = SD)

Total average
Group n Average hand length hand length Average age
C= (mm)
Small (< 33"%ile = 172.0 mm) 5 165.1 £ 54
Medium (33" %ile ~ 67 %ile) 5 177.5 £ 3.0 1779 = 123 272 £ 8.1
Large (> 67™ %ile = 182.0 mm) 5 1912 + 84
Table IV.2. IAF A} & Zo] A H(Unit: mm)
Subject Hand size Hand length Hand width
S01 L 204.8 86.5
S02 S 164.3 70.1
S03 L 184.3 87.1
S04 M 179.6 81.2
S05 M 181.0 89.0
S06 S 163.6 72.7
S07 M 175.8 81.8
S08 M 177.7 81.9
S09 S 168.4 73.4
S10 L 184.3 85.9
S11 S 157.5 72.1
S12 L 193.0 92.1
S13 S 171.8 75.3
S14 M 173.5 82.1
S15 L 189.5 93.2
Total 177.9 81.6

53



4.1.2. Apparatus

& T2t wE & YA Wl gl AFe Figure IV29F 7ol (1) I|AFA}

ZFA| control, (2) & WH &2 casting, 123 (3) £ 3D scan®] 3¢HA HAE

f

sotel FRHAT. LA AA= ZwA 4= £47] 2 handle 4=
ZA71E o] &3t FAHAY. FEA A= 2d 9 34 ZFE W7 (range:
180°)°] 7bsd Hw=A HFE °]77]7](DR. MED, Busan, Korea)”} Ab-& 3 o]
ZAHE T} Handle 2% A7) B AFA FR3A4 LF%HE &9

adduction/abduction =2+S 331 7] 98] handlee] Zt=9} o] X#Ho| 7}E3h

TEX EX7| Handle Zt: =H7|

* Handle 2t XH7|: 22 2t =& Y 1 ’
« CIRIE Z2A: Ze gol

= TRA A=z ZEADY

Otoform & Pen 3dMD

= Otoform: hand casting
= Pen: hand landmarking

= Hand 3D scanning

Figure IV.2. Apparatus
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2B =9} diameter 15 mme] cylindrical handle®] A}-&%Ith &%k 3D scans

#3l cylindrical handleS =% tape® masking 3151 2™, handle 4 H A] WS

i)
2
ot

T AEF A HAZE reference= 8% At Handle®] ZF%& 1/10
G 7HA] A 7 A E ZFEAl(Dongguan Kuaijie Measuring Tool & Instrument
Co., Ltd., Guangdong, China)E A}&3sle] =7l AAgEglom 23 Z s}
s Ad F w7t 2 FAH=A FAFHAT. E3 hand scan A controlE
o] FA9 jlo] & Fol7l 2dE ¢ JeF o] mtHE A, A7}
A EF S HY 7 =T Hkgk o7} v H A th(Figure 1V.3).

= Y= F4L  Otoform(Dreve Otoplastik GmbH, Unna, Germany)%

Figure IV.3. A3 27
55



o] &3l casting o™ FAIHAUDENA 500; MONAMI, Yongin, Korea)<

0] &3} landmark”} 3 7]% % th(Figure 1V.2). Handle®| Y & 52 =AE gripsh

t

ZHA1e] = WS G2 gip A & WR7E M A A SAoE Qe
3D scanner®= WA} F-915 A4 FFste] 3D IS 7S] ofHTE o] #
AT M= BA7] A Al A WS s 2] S AFEEHE 98

casting material}] Otoforms 83l & WS S EIm= casting WHOI
&8 ATt Otoform AsH AL A typed}t B typelZ FAEO F+ AEE
119 HE2 413 Al oF 28 ojul® wEr 5 SAS 7Hlen, &2

o] WPH A ol AP F Fu) SAHo FE&5HA 8&HAT & A=

Al BF7HE e A7 AlZ A Otoform A typet B typed] A3fxl &S

ml

&
g FHleFlTh R, A o] ARgH o] AR Ae] &3} Otoformol] & 3

0%,

=49 F8 F2H< hand landmark”7} 715 ATh S wddAte] o
BN F ARkl AW ASte] A& 4 glo] F8shAl e A

3xH & A2 3dMD hand system (3dMD LLC, Atlanta in Georgia, USA)=

~

AF8-3Fo] handle grip Al & AW FAAI casting & WS FAgo] 7+
S5 A} 3dMDE 29 ©]732] camera® T4 ¥ 3D scanner® hand, face, whole
body?] B3 TS 10Hz9 HEZ W2 scand 4= ATk 3D scan Al A
285 &= portable scanner= U7} 7FHASFAL 3D scan cameras Yot WHO R
A2 controlo] ZV5EHA N, A7 EE Qlo] mAE o] glojok sl
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A E @3] scandti= H °F 100l 4857 Wil ARSo] HnLA
7hehEoh v, 3dMDE F 7 E7FSEAL camera $1XE control 317
AFANE o2 the] camera’} ok FXF oA e IAMATE A AR B
witell AA FH scano] 7Fssto] AMAE oF 20% oWl scan 3 G SlaL
54 &7 scanste] &Rl 7hssith 2 A Fo| A= handles gripdtil AT

& 9% 9y

ot

o

e}

scandlal = WS 3AJo| casting®l OtoformS scandli= H
3dMD7} AH&H ATHFigure 1v.2). &4 AF dds 98 AF A= A

a
3dMD camera calibrationS 2+5.35}31 T},
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4,1.3. Procedure

Hand grip &4 W3} 4] 23 L Figure IV49 2o (1) 28 4], (2) static hand
scanning, (3) AFA1™ hand grip ¥4 casting % 3D scanning, (4) hand landmark
A 4 BAR FAALTE A 29 BAGA AP FoIAE A F A
49 Add B Ane 5o ¥ A9 FANE YA, AnHeie &

74 2] 7] Z~(Mitutoyo America Corporation, Aurora in Chicago,

ﬂ
USAY7} &g&¥or, Ay 29 FQ3F reference’} &= % 24702] hand

7 min
£ :
1Az e IR JRE
A FH|
2. 49 4%
¢ .2 min. 3.& 2o, Lib 573 :
Static hand scanning _
' 4. Hand landmark &7| 7
2 min. 5 min. 5 min. 2 min.
. Grip X Casting ZA1
XAl control Casting P H." 9 E."I'
3D scanning Landmarking
v' Shoulder flexion: 0° v Otoform A, B type v’ 3dMD v Landmark
v’ Elbow flexion 6 spoon A MYSHAH &7
> 45° — Y OXF 2 —
v WristAd./Ab. V
> Ad 20° ? =
> 0° e B y
> Ab 30° =0 § § ’\ :
1 |
l 5 min.
Scan AN HE
v 1 min.

Hand landmark |7

Figure IV.4. 28 protocol
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HE #o SN
A 2
.
- \ .
r ‘ / - sl "
| Y -
.
> A B -
.
-
| 2 o
.
18 2. Hand grip X1 casting % 3D scan- .
-
o5 A i e g '
A 4
20189 ¥ ®
Figure IV.5. A3 FH|(HAE o] F9A, & A7] 574, hand landmark)

i,

landmark”} 3] A& xFe]  &Eo  Figure V.59 o] SIS o] 83519
F7IH AT T 9.

Static hand scanning 7|l 4] & Figure IV.63} o] 32 g 29| static hand
ZEA o] 3%k scano] G QUTE 3] A F A7 3dMD hand scan  set-upoE

ol sste] A|FHE AN E& BF H AAR oF 20% F M= St 33

£ o] SAEJTHCF 28 A 2). AW YPA= 3dMD7F £S5 U A EH

hand scanningS 2 ~ 31 ®WH5E 4= QlT}, Static hand”} scan®l Z ¥} datai™ hand

landmarks7} 231 textureES ¥ ¢35Fal OBJ formatl = # 4% )T},
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(a) (b)
Figure IV.6. Static hand scanning: (a) scan AFA] 2 27 (b) scan 23} of A|

ZFM|¥E hand grip B/ casting ¥ 3D scan TAYIAME 37FA| wrist
adduction/abduction Aol t)&}e] AFA| control, grip AFA casting, grip ZFAl 3D
scanning, 1¥]3 landmark 7|7} TAUE JPHJATHSF 428 482). Grip
AFA = Figure IV.73F 29] shoulder®} elbow’} 24 S 7|02 ZH7; 0°, 45°2

5 A =] 1 2L, wrist adduction(+)/abduction(-) &2 o] &2 LISl 20°,0°,-30°2]

Figure IV.7. Shoulder, elbow, wrist angle =4 2 23} handle H3F LA
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&5 AAZE AR AR BEAe EuA] 4 2H87])E o] &8t
45°%2 314 %31, handle-orientation angle< wrist adduction(+)/abduction(-) 7%=

(20°, 0°, -30°) 5 FE3tEE AWHS 7|07 15° 45° 65°7F ¥ == handle 2=
Z4717F 245 QY 94271 handleS gripst Wl 23} handle®] & YAl
AAE  AEF line tape’t Z¥ handleo]] F-ZHEo] HH of F7F 1w ATt
Tk, F% 224 Al 3D scan data®] HEHE 9lE line tape’t F-2E FATE
handleol] 71 9] A reference® &&= ATt A A=) o7, dw=A], &5 F-919
7t 4ol gnd = AW vg FH|EHo] A" Otoform A type 30 ml

(5ml x 6spoon)®t Btype30mls 41o] 7%= ZA7]o 71931 cylindrical handle®]]

Szl o FAEHA= AA~H L power grip AHAIZ Otoforms  3}A| 3}l

Figure IV.8. Casting 2 ¥} landmarking
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vl kol Y HTE Otoforme] PA3d] & =

¥ Otoforme  casting®t A4
a2 & Aol scan H 3L, Figure 1IV.83} o] Otoform®] landmark”}
AgstA B7HES TS o] &3 Ars) 2ol sk

Hand landmark A|A ©A A= A8 A9 o FAHO R
landmarks = FEl47 H 228 o]g3] AASA TS

landmark=

A A W= hand grip AHAl casting TAIIA] =of] E2 Otoform<]
Z15el A AA=AT. 12

Ago] £ F Figure IV.99} 9] landmark”}
%7]% casting Fo] 3DE scan & A THEF 20 4 2). Otoform scan datai= hand
grip A} scan data €1 HAH 7 FLSHA scan F-9le dig A

4 quality”} 2%

Qs ofal 2elH e,

Otoform scan ZA 1} O A|

B

Figure IV.9. Otoform 3D scanning
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4.1.4. Hand Scan Data Processing

& 9|5 gripscandata®t <= WS castingdatat™ &84 EA4E 3 (1) $A 4,
2 A4, 281 3) BEe FAE F3l hand grip fusion O E EEFF U}
Z} 3D data®] $* 2]+ Figure IV.103} %Fo] Rapidform (INUS Technology, Korea)<]
selection, delete, registration, merge, hole filling functionS ©]-83}o] 8= A}
A4 Fa5A &85 E & H-9(e.g, handle grip part)E WA S 2 data trim©]
T A T, FEA 02 scan®l = 9 gripscandata = & U5 casting
M asto] scan data®] quality A 2ol AT

g
B A A" dF 7Y ELS Rapidform®  hole filling functions

3dMD scan data Scan data 22+ X2 A}

i
\ £ 9|= scan data

2 Ll = scan data

Y

Rapidform
(register, merge)

; g

Figure IV.10. <= €] ¥ U]= 3D scandata H.¢+




A2 2 YAoA scan®l = 95 scan data®} &= WS casting datat
A Aol eyl #l@l Figure V.13 #Zo] 5 data® && 43
174 handles 7]FoZ AEFAY. & 95 % U5 datar Rapidform©]
regional registration functions ©]-83}0] F-& 02 scan® Otoform %S regional
reference® A8l JHEQIh gk 2E hand grip scan data’} g3 7 handle
AAel FEE & AEF shell trackball functionS ©]&3te] & 95 2 U5
data7} o5 3 3| HAr v A8 & 1A handleol] A HH AT

Qe

b

9] scan data®} <= U= casting data= Figure IV.129} o]

e/

handles gripgt <= 7] Hdgh FdS 93] HA=HATE & 25 scan data®}

£ U= casting datat= ZEZXQ A4S 93 Rapidforme] remesh, smoothing

Hand 2|=/=
data align

3dMD scan data Handle align Z 1}

e

\ £ 9|= scan data
" #

N/ |
Rapidform @ 1A handle

Q (register)

\ . B Rapidform
AT (trackball)

Figure IV.11. &= ¢|5/W5 data B4
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functionS ©] 83l mesh Y3 2 surface smoothing 2o G- = At &=
2|5 scandataol| A= & H-91E A€ S casting material scan 9, &= WS casting
dataol| = <& HIHZF 9G] selection function 2 delete functions ©]-83}o]
AAHEAG. REH & 95 FAd data®t & WS P4 data’™ merge functions

o] &3le] FTUG meshZ FFH 2™, bridge function, hole filling function®]

scan datat™ smoothing, remeshing function®] #-&% o] F 2§ Aoz A7
HA F dataZ} HEE AA HFHeg, S 59, &F 99, &4 H9)
o) FE7F vk HFHJAAT FA Feg, EHtd FA, &k 34

Hand L= data
reverse

0jEE £ MA

Hand fusion Z 1}

Rapidform
reverse

—

Rapidform Rapidform
(merge) (fill holes, smoothing)

&

Figure IV.12. & 9|5 % W= scandata 3

Rapidform
(delete)
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Handle Wrist Hand L} % scan data .

angle | Ad.JAb. Hand 23 scan duta (Otoform) Fusion Z 1}
65° Ad 20°
45° 0°
15° Ab 30°

Figure IV.13. Hand data ¥ g A ¥} oA

FH YhHeE Ve Y 54 A4S FAste] e A ok(Figure 1V.13).
HFH oz o] &5 hand data= ‘ply’ formatS =2 A= It} Hand data

WS e & 3719 1589 AF 3oy zket 3744 handle grip 2% Z11 0]
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4,1.5. Hand Deformation Measurement

£ o e & UYS A W3l Rapidform S/'WS MATLAB (MathWorks,
Natick in Massachusetts, USA)S ©o]-8&3lo] 15789 Azt zte] & W datas
=7 3ko] A= Ut} Hand dimensions 5743k dl 7]5¢] ¥ hand landmarks
3%7]% fusion® hand mesh oAl Rapidform®] pick point functions ©]-8 3}

A8 Al %719 landmarks XS vl = E A Landmark %7] A, Zt

landmark=  identification 3} HAS AFEe] ] L&A O e

e

=% Figure IV.149} o] landmark®] A& I1#sle FHFTZH OS2 Figure

fass

IV.15¢F #Zo] 715 Act = %7]19 24709] hand landmarks+= IGES format 2. =

=9 HAH

Tip

[ DIP joint

N MMC point

»  DIP: Distal interphalangeal

«  PIP: Proximal interphalangeal

»  MCP: Metacarpophalangeal

+  DTC: Distal transverse crease

+  PTC: Proximal transverse crease
+  MMC: Mid-metacarpal

Figure IV.14. Hand landmark 1% 2 3%7] &4
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Figure IV.15. Hand landmark 3%7] ol A]

Landmark %} Zo] ¥¥ hand dimension< static hand posture®} dynamic
hand posture(hand grip posture)®ll &} landmark 3+ 24 A2 ¢} landmark 7t
FH o7k SAHAAL, 4= % 2E B¥ hand dimension £7FEf T o A
F=9 i curves FE3t] FA A Landmark 7+ 24 71¥]%= landmark
coordinatione MATLAB®] norm functions ©]-83}¢] Figure IV. 16 (a)2} 2] Z}
landmark AFololl A E vectore] HolE ALkt SAH AT 2F E7FES] tip-
PTC/DTC$} PIP joint-MMC pointe= 77 ol YH| e} @il ol SAHE T
Landmark 7t 3% 2]+ W3 hand mesh®} landmark dataEs 8319 shortest
path algorithm=- %] -83}9] Figure 1V.16 (b)¢} #©| hand surfaces ™2} landmark
point Ato] Ht A& AlAbste] 573 =] 1t Shortest path algorithm> 2] 7} €]
2t Aoz o]Fo|F surface meshE Wl HGAEE Fol7lE R zigzag
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Rekolm AA dolRtt AA SAHE F vk xW Aol A Al AAe}
FAFSHAl 54 ¥ =5 Rapidform®] subdivide shell functionS ©]-83}9] hand fusion
data®] surface mesh 1717} 16712 mesh® A|&-3}% o] #Ao] =3 ¥ 31, hand

daad] S mEste] Fa A U & NS P99 meshol ¥ YR

Rl

2y A4

(o]
)
X
.
b
=
N
S
ofy
N

| 43 = A th(Figure 1V.17). 574 &7kl tip-

MMC point= @ ¢ Zdo|2 FAHATh

(@ (b)
Figure IV.16. Landmark 3t A2l 574 ®W: (@) 24 dol,(b) 2H o]

Figure IV.17. Hand surface mesh +& of A|
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Ay
=5

dimensions™= dynamic hand®] 27} <&7FE U Hs we AAE Eer
2

curve 2 H-E EE% thHS fgatowr =X

T} Dynamic hand®] <+ U=
curve IAHA} 1599 7t 719 tipal A HF-E MMC point”7hA|  landmark
A}olE hand surfaces el AZste] A EATE 37F4] hand grip AFA(wrist
adduction(+)/abduction(-) 20°, 0°, -30°)HZ =49 1599 &7l WF curve
Figure IV.183} ko] 5% 9 X|4wity 4t Flo] =ZHAh HAFHES A=
Ad=o] 17FA] AAD 4712 Ht curves (BA WS H curve, 4 WS
HLt curve, SA] WS HA curve, 2F WS H curve)’} A AT whEbA
47081 curveZb 37FA] ApAlel tia] FAdEo] F 12708 B+ curve’} IGES

format 0.2 A %= AT},

b 5" % points

— Ad 20°

A —— Ab30°

Figure IV.18. &7kt WS St curve =5 W
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4.1.6. Repeatability experiment

2 AF protocol oA SAHE Ao AFE FEE 9l repeatability A3 O]

THE AT AE HH-S Figure V.2 9 2ol (1) A3 4], (2) static hand scanning,

(3) ArAMI'H hand grip ¥4 casting ¥ 3D scanning, (4) hand landmark #|A <]

Agow B AW U3

=

A3EAtE A3 2FA = shoulder 0°, elbow 45°, wrist 0° %

control =©] 3 ¥ WS- QI TH(Figure IV.22). AT A= F 5 HM: 3, F:2)0.2 &

Z o] Small (<33 %ile = 172 mm) 1 "4, Medium (33" %ile ~ 67" %ile) 3 ¥, Large

(67" %ile=182mm) 1 o] ZHFATE FAEA} & doji= HAAHO=Z 1750 £

2 min.

XtA| control

v’ Shoulder flexion: 0°
v’ Elbow flexion: 45°
v' WristAd./Ab.: 0°

—

e R AT oF 50 % 285 9Tk

5 min.
AlSIEO| A RHAD .
' 2. 4Y 48 AN d
) 2 min. 3.2 20|, 4H| =
Static hand scanning
' 4. Hand landmark &7| 4
5 min. 5 min. 2 min.
- Grip XHA| Casting Z1}
Gisdng 3D scanning Landmarking
v’ Otoform A, B type v 3dMD v’ Landmark
6 spoon 4 MY 7]

v X 3 28

R

1 X3
3 min.
Scan 1l ZHE
v 1 min.

Hand landmark X| A

Figure IV.21. Repeatability 2§ protocol
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4.2.Results

AT &5 4d38]) A AAIQL static hand 9t wrist adduction/abduction &%} A]
power grip AFA|Q1 dynamic hand®l W3l Figure 1V.229} #¢] hand landmark ZF
A AR 2 xH AZE 543l static hand Y] dynamic hand dimension
Z o] W3slE, dynamic hand {F dimension 2}o], 12|31 & = 7|*™H hand dimension
zFol S BA319 T Hand landmark 7F ZA 718]+= handle?] @i y#H] 2
Folet AdwE &7 tip to DTC/PTC 2 PIP to MMC point Zojoll th3}e]
Fa5HA 4% At Hand landmark b 9 7] 2]= handle®] 9 =2 o]9}

A#E tip to MMC pointol] diste] Fa38HA FAE AT

I

A=l dimension<
static THH] dynamic hand Z1o]e] W3} ML, wrist neutral AFA| TH] adduction,

abduction AFAM|S] =7 ¥l W &= 77 group 7+ Aol zpol7F EA = AT Wrist

Figure IV.22. Hand dimension: Linear length®} surface length
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Figure IV.23. =&, 2%,

one-way ANOVA (within subject)

M BAH Aele
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S

T curve® FAAE THS o]&

3

3

V233 o] & Y=

a
=5

g¥o] w)aL

=
=

3

0°, abduction 30° Z} A}Aol )
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Hr
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=
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4.2.1. Overall hand deformation

Static posture THH] dynamic posture ©l4]12] hand dimension W3&}&2 & UF-2
UH|= 64.7% ~ 73.9%, =015 43.1% ~54.4%, 71813 W =8+ 29.9% ~ 36.5%
HAER Foty| o] handle grip A WMl SHE Zo] Wyl 7g F o=
}ot= v}, Handle YH] 9} A#¥ hand dimension?! tip to DTC/PTCi= Table
Iv.33} 7Z+o| static posture ] uj digit52~5°ﬂ/ﬂ Z}7F 90.9, 99.7, 98.4, 76.6 mm©®] 1L
dynamic posture & w Z}7} 27.8 ~ 30.1, 27.3 ~ 30.0, 25.7 ~ 28.1, 23.6 ~ 27.1 mm=
y}etx]o] dynamic posture©l] 4] static posture WHH] 66.9% ~ 69.4%, 69.9% ~ 72.6%,
71.5% ~ 73.9%, 64.7% ~ 69.2% o2 FrAhdte 3oz F45 9t} Handle

0|9} A% handle dimension?] PIP to MMCs= Table IV.33} o] static posture

d o digits 2 ~ 5014 Z}7} 68.6, 82.3, 78.2, 64.1 mm©®] L dynamic posture o uf

S

7} 332 ~ 354, 37.8 ~ 40.3, 35.7 ~ 38.5, 33.1 ~ 36.5 mm = 3215 0] dynamic
posture®l| 4] static posture THH] 48.4% ~ 51.6%, 51.0% ~ 54.1%, 50.8% ~ 54.4%, 43.1%

~48.5% TR Ak o BAEAT. 1H =do AdE tip to MMC
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¥ AZ T Table IV.33} 70| static posture & ® digits 2 ~ 59141 Z+2F 117.9,
135.8, 129.8, 106.0 mm®] ™ dynamic posture & | Z}Z} 79.5 ~81.8, 86.2 ~ 87.3, 83.8
~86.2,69.6 ~ 743 mm= I}°}%| o] dynamic posture®l| A static posture TIH] 30.6% ~

32.6%, 35.7% ~ 36.5%, 33.6% ~ 35.4%, 29.9% ~ 34.4% TO2 TAidts Ao

Table IV.3. Static WJH] dynamic posture®] hand dimension Z©] % H3}&

Hand dimension Handle dimension Static Dynamic
\, e 3 Ad 20° 0° Ab 30°
" «—’}- DTCPT .
z (4
* p<0.05
* [ 30.1 27.8 28.3
Dz |HETESBEAE | 909 | 6690, @ | 69.4% | 68.9% @
30.0 28.1 27.3
D3* SEHE HZ CHH 14 H| 99.7
Tip to PTC =T 69.9% ¥ | 71.8% ¥ | 72.6% ¥
= A2
= . 28.1 26.6 25.7
Dar | SEF 25 TR HH B4 1 715% 8| 73.0% 8| 73.9% @
" = == 271 26.4 23.6
Dt | wETSSEAEM | 765 | 64798 | 65.5% | 69.2% @
* [ 33.2 33.8 354
bz | HEwHS EA =0 68.6 51.6% § | 50.7% §| 48.4% §
37.8 39.6 40.3
D3 | STHe A5 Crl =0 823
P o MG 54.1% § | 51.9% §| 51.0% §
= A2
= . 35.7 38.5 37.1
Dar | 387 25 HE =0l 782 54.4% § | 50.8% @ | 52.6% @
. e 334 36.5 33.1
DSt | #EF =5 BE =0 641 478% § | 431% §| 485% §
" [ 81.8 79.6 79.5
D2 | FMEhs 5 Sa 2ol 17.9 wvoiw | now| nes
87.3 87.2 86.2
D3+ | Zohe A= Sa2o) 1358 . ; :
Tip to MMC 357% @ | 358% @ | 365% @
HH A
= = = 84.7 86.2 83.8
D4 | ZoHe &5 S32o) 1208 urie | mew| rems
. . e = 71.6 74.3 69.6
D5 | et =5 s 20| 106.0 325% § | 200% § | 344% §
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ok T} Handle WH] 5] hand dimension< static posture U H| dynamic
postureol| 4] o] S5, Zddo] M2 hand dimension®] H|3l A4 o2 20%
~35% A & WsES Uedle Zo w2 dotE g

& 549 wE hand dimension< Table IV.42} o] wrist neutral (0°)
AAE 71ES® adduction 20° Al & WF-O] UHIE 24% ~ 84% T8kl
=0l 1.9% ~ 8.4% THA3HH, abduction 30° Al <& UlF-S] YH]E= 2.9% ~ 10.8%

71&_3}3

M

ol £ HZ(digit 2 ~ 3)NAHE 2.0% ~ 4.6% Z7FeH} FS(digit 4 ~
51HE 35% ~ 95% ZAaste Ao EAEAY yHlel dAdE tip to
DTC/PTCE wrist 0° thH] adduction 20° A] digits 2 ~ 5914 Z+Z} 8.4%, 6.9%, 5.6%,
2.4% <7131 31, abduction 30° Al ZFZ 1.8% S 7F, 2.9%, 3.4%, 10.8% 723t}
wh2kA] tip to DTC/PTCE WA 2 adduction 20° & @] 7} =31 abduction 30°
] 7hd e 43S B0, adduction 20° & W= 0° thH] & A Z(digit 2)°]
7Fg A A WMElal abduction 30° ¥ wi= 0° tiH] & $S(digit 5)°] 7 AAl

AT Eolef A PIPto MMCE digit2~ 59141 wrist0° thH] adduction 20°
Al ZH2E 1.9%, 4.5%, 7.2%, 8.4% 7+Ax3t%lal, abduction 30° Al digits 2, 3+ ZH7}

4.6%, 2.0% <7}, digits 4, 5= Z4ZF 3.5%, 9.5% A8t wEka PIP to MMCE

r P>

A S (digits 2, 3)°1 A1 &= abduction 30° ¢ | 7} =3l adduction 20°d o 7}

Ztom | &£ T Z(digits 4, 5)9E wrist 0°€ W 7P 2 A BT S99

o

AFE tip to MMC ¥ AZ|= wrist 0° H] adduction 20° A] digits 4, 59 A
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Table IV.4. =% EZto] w}Z hand dimension "3}
Hand dimension Handle dimension Ad 20° 0° Ab 30°
e ¥ s 4
tb 1 Z 4 (A5
* p<0.05
29.4 29.8
Dzt | YTE s TY 4
1 8.4% A 26.9 1.8% 4
= 31.0 27.4
D3 | ZE= H= Eo
Tip to PTC i 6.9% A 270 2.9% @
=8 Az 285 26.8
D4* ECte 5=t 1Hd : ’
s Al 5.6% A 250 3.4% @
. 256 259
D5* | TR =5 THH LY 255
B 2.4% 4 10.8% @
37.6 32.3
D2r | HER UE TH 0
| % B 324 6% A
= 42.0 37.5
D3* CHE M= EHH %0 383
PIP to MMC °© 4.5% @ 2.0% A
=8 Az 38.0 37.2
D4 | SEHE H= 00 0| : :
s 7.2%% 36.0 3.5% B
i . 341 35.0
Ds* | mErm == el ol
8.4%% 339 9.5%%
- 787 837
D2 HER M= Fado
sel=el 2.8% A 785 0.1% @
= - 857 888
D3 CHE M= S8 40| 86.1
Tip to MMC =T = 0.2% A 1.1% ¥
zH Az
D4 | BE= = 5420l 81.5 84.7 88.6
1.8% @ 8% ¥
o e = 67.1 75.3
D5 | mEre mm SOl
= 3.6% @ 30 6.3%
247y 1.8%, 3.6% FAsl 0 abduction 30° A] digits 4, 5 27 2.8%, 6.3%
ipto MMCE <& 7 S(digits 2, 3) A &= A2 FA8S AL, &
bduction 30° & uwj 7}# 22 Ak

st wEbA] tip t
°d W 7 A

A

N

B = (digits 4, 5)l A]

o,
79

B
32



Repeatability A4 FaE 3] wbE A& FA35 23} Table
IV.59} o] tip to DTC/PTC7} (SD = 0.5 ~ 3.6 mm, CV = 1.8% ~ 12.4%) PIP to MMC
(SD=0.2~2.5mm, CV = 0.5% ~ 7.4%)2} tip to MMC (SD = 0.2 ~4.1 mm, CV = 0.3%
~54 %)l vl 2 WEAS BAT} Tip to DTC/PTCE digit 29141 SD=0.6 ~ 2.8
mm, CV = 1.8% ~ 8.9%= T digitsol] Hlal W2 WS BHelo, 53] digit
4, 5914 SD7F HW} 3.6 mm, CV7F HU 124%% AiHoer & HEAEE
At} PIP to MMC+ digits 2, 59141 SD=0.9 ~2.5 mm, CV =2.4% ~ 7.4%= digits

3,4 (SD =02~ 19 mm, CV=0.5% ~ 5.5%)°] H]&] =& HEAS HAT} Tip to

Table IV.5. Repeatability 2] A3} SD9} CV

_ Tip-DTC/PTC PIP-MMC tip-MMC sD v
Digit R (mm)| cv ) |sDmm)| cv @) [SDmm)| cv(%) | >20mm >50%

S01 28 8.9 09 24 3.0 36 >10.0%
s02 06 1.8 16 5.8 04 04

2 03 15 47 23 6.9 16 2.0
S04 1.0 3.2 22 7.1 40 5.4
505 1.1 34 14 44 0.2 03
S01 22 7.7 0.2 05 15 16
s02 2.0 6.2 16 44 41 43

3 503 23 7.5 05 1.2 20 23
S04 08 2.9 15 3.9 14 16
505 22 7.0 17 44 1.1 13
S01 3.1 12.4 038 16 38 41
s02 27 7.5 19 5.5 0.6 0.6

4 503 24 7.9 16 42 22 26
S04 2.1 9.7 16 43 27 33
505 23 8.3 18 46 1.0 1.2
01 23 8.1 14 30 30 36
s02 36 10.2 25 74 25 3.2

5 503 23 7.2 19 6.2 37 5.1
S04 2.1 8.9 1.1 29 24 33
505 05 1.8 23 6.6 15 24
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MMCE AAA o= SD7F 0.2 ~4.1 mm=E UE hand dimensions®l] H] & &=3ko )
CV7F 03% ~ 54%= 7} ekt o]i= static WH] dynamic posture®] hand
dimension W88 fFASHAl H A”E SAE tip to MMCZF A ARlE
=43 tip to DTC/PTC, PIP to MMCol| H|3l] W-s/do] Wi, 53] faido] &
landmark$] tipe] ¥ =0} Q1& tip to DTC/PTCYF ¥5Adol 7Hd A Yel=

Aow voe)

4.2.2. Hand deformation by digits

& A S(digits 2 ~ 3)o A1 <] power grip W F A2 &5 adduction F abduction
Al YHI = 1.8% ~ 84% S718t9 o™, #ol= £% adduction A 1.9% ~ 4.5%
Z+a3k abduction Al 2.0% ~ 4.6% <718k on, ¥ E#+= €5 adduction
Al 0.2% ~ 2.8% & 718ttt abduction Al 0.1% ~ 1.1% 743t A Bk &
W= yYHlel A9 tip to DTC/PTCE Figure 1V.248F 7o) digit 2014 wrist 0°
tH] adduction 20° & w 8.4% 3 Al S 7HF@ri2=3.59, p=0.041), abduction 30°

o 1.8% 7L, digit 3914 wrist 0° thH] adduction 20° & W 6.9%
Tl S7Fet S tHFan) = 4.90, p = 0.015). &= WS Folet A#E PIP to

MMC+< Figure IV.259} 7+o] digit 20 4] wrist 0° W H] adduction 20° & o] °F 1.9%
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(mm)

—®— Digit 2
—=— Digit 3

30.1

0t
410
370
3.0
Tip DTC/ 29.0
PTC
25.0
0 F
|

Figure IV.24. &5 F2}o] w}2 digits 2, 39] tip to DTC/PTC W3}

7+ A, abduction 30° & W 4.6%

Folahal F71H A L(Fam = 4.36, p = 0.023), digit

3o A wrist 0° 1] adduction 20° & ] °F 4.5% F+23}A 74, abduction 30°

ul 2.0% S7FFAtHF e = 12.

26, p <0.01). £ WS 3H =Szt AFH tip to

(mm)
A
4.0 —®— Digit 2
41.0 3738 28 142 —ill— Digit 3
37.0 354
Cm2 338 ___— .
33.0
MMC
29.0
25.0
0 T >
PIP | Ad 20° 0° Ab 30°

Figure IV.25. &% F&bo w}& digit 2, 32] PIPto MMC W3}
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(mm)

w0 | —®— Digit2
== Digit 3
k 90.0 873 872 86.2

- + + [ — f .

85.0

MMC 818
T|p 400 T 79.6 79.5

75.0

70.0

0k

| Ad20° Ab 30°

Y

Figure IV.26. <=5 5 2to] w2 digits 2, 39 tip to MMC W 3}

MMC %W A= Figure V.26 o] digit 2914 wrist 0° THH] adduction 20°
o1 ] oF 2.8% =7}, abduction 30° & T 0.1% 728} I(Fain=3.06, p = 0.063),
digit 3914 wrist 0° tH] adduction 20° & w °F 0.2% <57}, abduction 30° &

1.1% 723 tH(Fai = 0.75, p = 0.481). kA digit 29} digit 3-& & WS UH),

9|
b

W

Sl el fAkek Welk Fee B, AUHoR digit 27) digit
30| v Ho 2.6% o = H]&E H3lsl= Ao g BEAEA)
A<

& F=(digits 4 ~ 5)°141 ] power grip W &7 &5 adduction Al 2.4%

~ 5.6% <=7}3F} abduction A] 3.4% ~ 10.8% 7F

4
£
Hir
o
;9

W =ddole=

(3

adduction 2 abduction Al Z}Z} 3.5%~9.5%, 1.8% ~6.3% 7FA2ste= AeS HS

oy

il

& W= ynjet A8 tip to PTCE Figure IV.273 7o) digit 4014 wrist 0° thH]

adduction 20° & W °F 5.6% 57}, abduction 30° A W] 3.4% ARSI A(Fon) =
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(mm)
45.0 —®— Digit4
410 Digit 5

37.0

33.0

Tip DTC/
PTC

Figure IV.27. <5 F2to] u}2 digits 4, 52] tip to DTC/PTC H 3}
3.70, p = 0.038), digit 5°I 4 wrist 0° ™H] adduction 20° & ©f °F 24% Z7},
abduction 30° ¥ wl 10.8% TSR Foiy= 635, p <001). & HS =o|9f

A #¥ PIP to MMC+ Figure 1V.283} o] digit 401l 4] wrist 0° thH] adduction 20°

(mm)
ry
00 —®— Digit 4
410 Digit 5
85 37.1 g
37.0 'F
357
MMC 330 36.5
334
331
290
250
PIP ° |

Ad 20° Ab 30°

e &

Figure IV.28. <=5 5 Zto] wh& digit4, 52 PIP to MMC % 3}
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(mm)

95.0

90.0 Digit 5

RS SRR .
K 85.0 1&- = T
MMC 80.0

Tip

Figure IV.29. &5 2o w2 digits 4, 5] tip to MMC 3}

o w eF 7.2% FFA, abduction 30° ¥ W 3.5% AL (Fon = 6.95, p < 0.01),
digit 5141 wrist 0° t)¥] adduction 20° & @ °F 8.4% 74, abduction 30° & ]
9.5% F2RAtHFpiy=8.32,p<0.01). £ W= ¥ Zdo A% tip to MMC
™ A= Figure IV.29%} #Fo] digit 40l 4] wrist 0° thH] adduction20° & ™ 1.8%

7+, abduction 30° & W] 2.8% AT A (Fa=6.71, p < 0.01), digit 59 4] wrist

(==

° thH] adduction 20° 4 w] °F 3.6% FrA, abduction 30° & Wl 6.3%

223t A tH(Fan = 8.87, p < 0.01). kA digit 49} digit 55 & WS U], Fo]

b

=5

doFeel tel FARRE sk AFS Blan, A e® digit 571 digit 4°]

Hs Hol 7.4% 2 H|&2 WsslE Ao BEAET)
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4.2.3. Hand deformation by hand size group

¥ A7]"8 hand dimension ztol& & WS yH]e] 5 S (small) group®] M
(medium)¥} L (large) group WH] T TH-(digit 3, 4)°ol A Z+ZF Hdl 15.0%, 13.2%
A3, =0l 49 S group®] M, L group WH| Z+Z} Ho 15.9%, 162% iL,

Table IV.6. &= 7] hand dimension *}©]

Hand dimension Handle dimension S M
afA
YI:( _' L ( A
e o \
* p<0.05 T /
D2 TICHE M= CHH Y| 294 26.9 29.8
D3* SR §5 THH | 27.0 274
Tip to PTC
M AHel
D4* SCHE =X CHH 1| 250 268
D5 SCHE X T Y| 25.6 255 259
D2* HECHE © & thH =0 324 32.3
D3* SCHe M5 O =0 383 375
PIP to MMC
M A
D4 SHE =5 HH =0 38.0 36.0 37.2
D5 SR 55 HHH =0 341 339 35.0
D2* HEHE M= S8 Ho| 78.7 785
D3* SR d= S8 Zol 85.7 86.1
Tip to MMC
EH A
D4* S =5 E8Z0o| 815 84.7
D5* e == S8 67.1 73.0
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¥ =99 49 L groupe] S M group tH] ZHzE Hd 12.2%, 6.6% A
el & WS yn)el d3d digits 2 ~ 59 tip to DTC/PTC AA 7=
Table IV.62} #©] S groupoll Al H 2 22 25.6~31.0 mm, M group®l 4] 25.0 ~27.0
mm, L group®l| 4] 25.9 ~29.8 mm= YE}STE WA tip to DTC/PTC 214 AE =
S group©] digit 3, 4911 M group B Z}Z} 15.0% (4.0 mm), 13.8 % (3.6 mm) o7},
L group thH] Z+Z} 13.2% (3.5 mm), 6.2% (1.7 mm) 5718 FolatA 2 Aoz
ol 5] A Th(digit 3: Foin = 3.42, p = 0.042; digit 4: Fo.2 = 3.52, p = 0.039). & W=
=ol9l AAHE digits 2 ~ 59 PIP to MMC X A#E Table V.63 2o S
group®l| Al FH S =2 34.1 ~ 42.0 mm, M group®l| 4] 32.4 ~ 38.3 mm, L group®l| 4|
32.3 ~ 37.5 mmZ YERS T wEbA, PIP to MMC A4 A& S group®] digits 2,
391 A1 S group®] M group WH] Z+7Z} 15.9% (5.2 mm), 9.6% (3.7 mm) <7}, L group

el ZHZE 16.2% (5.3 mm), 11.9% (4.5 mm) 7}l frolaiA & Zeo=

“

o} %] 91 th(digit 2: F12= 13.02, p < 0.010; digit 3: F.12= 5.15, p = 0.010). & W=
A FdoF AAE digits 2 ~ 59 tip to MMC 3% A2l Table V.63 o] S
group°l A 67.1 ~ 85.7 mm, M group®l| 4] 73.0 ~ 86.1 mm, L group®|*] 75.3 ~ 88.8
mm= YERSTE mEkA, tip to MMC 3 AR & L group®] digits 2 ~ 5914 S
group TIH] 3.6% (3.1 mm) ~ 12.2% (8.2 mm) <7}, M group tH] 3.1% (2.7 mm) ~ 6.6%
52 mm) S7tste] oA 2 Ao = ok lvhdigit 2: Foix= 5.31, p < 0.010;
digit 3: Fo,12= 3.54, p = 0.038; digit 4: F2,12= 9.45, p < 0.010; digit 5: F2,12)=8.97, p <
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0.010).

Hand dimension®] &35 F2to] mE S7F dHS & S YHl9 45
M3} L group®] A= fAHe.g., adduction A] <7}, abduction A] 7FA)3FAr,
=olol A% S M group®] AZE AHe.g., adduction A] <7}, abduction A
= 7hH8l k. dl & E°1, Figure IV.30 (a)9F 7o) digit42] Y ¥](tip to DTC/PTC)E S
group®| wrist 0° H] adduction 20°, abduction 30°°| A Z}7}F 0.4% 74, 4.3%
A4 W M group ZHE 12.7% 57, 2.7% A4Sk, L group ZHE 5.7%
7}, 3.0% 7438k k. =3 Figure IV.30 (b)2F 2ol digit 29] 3] (PIP to MMC):=

S group®| wrist 0° TH] adduction 20°, abduction 30°°l 4 Z}7F 1.1% <7t 8.9%

- O ] O
7k wWl M group> ZH7F 2.3% S7F, 6.6% S 7FEFAL, L group ZHZ 9.1%
& 37| 20° (Add.) 0° -30° (Abd.) 2 37| 20° (Add.) 0° -30° (Abd.)
28.8 277 36.8 306
S 0.4% U 289 43% U S 1.1% 1 36.4 8.9%
27.3 236 322 336
12.7% N 24.2 27% U 2.3% M 315 6.6% 1
28.1 25.8 30.5 329
L 57% 1 266 3.0% U L 9.1% U 336 1.9% U
(Unit: mm) (Unit: mm)
450 4 450 A

410 410 S

37.0 37.0 .J
MMC

Tip DTC 33.0 33.0 ./'\' L

I ————

25.0 L . 25.0

21.0 -» 21.0 >

Ad 20° 0° Ab 30° Ad 20° 0° Ab 30°
! 4 4 { 4 5
(a) (b)

Figure IV.30. <= 271" 53k dlE o)A (a) digit 42] tip to DTC/PTC,
(b) digit 22] PIP to MMC
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s, 1.9% A3kt T3 tip to DTC/PTCE S group?] 4% & 4 S(digits 2 ~
3)oll 4] = abduction 30°K.T} adduction 20° & w| T A A WASIIL & S S(digits 4 ~
5)°l A]i= abduction 30° ¢ w vl AA WIIATE M group? L groupS &
A /% (digits 2 ~ 4)°l 4] adduction 20° & w] ¢ & WH]EE WAL & FS(digit
5)ol A]+= abduction 30° ¥ wj ¥ & H|E=E WSIUTE PIP to MMC+ S€ M
group®] 749 & HZF(digits 2 ~ 3)° 4] abduction 30° & W] ¥ & H|EZ Wl
S = (digits 4 ~ 5)° 4] adduction 20° & w ¥ & H|E&=2 WHIGITE wbH
groupe] A & H/FTF(digits 2 ~ 4)°1 A adduction 20° & W ¥ & H|E=E

Wk & T Z=(digit 5)° 4] abduction30° & W ©] & H|& = WalQiTh

4.2.4. Additional Design Dimensions

Gl M = Figure V313 o] A=, 8t5, 295 =8, 2gal AJsts o]

d

HlFo] &5 A 2 &rigtde BAEQdY. &5 0° ] adduction 20° %

abduction 30° A A5 FEL &£ HZo|A 197 ~ 232 mm Z2(more sharp)3}o]

b

00 o of 7P ehelvh 85 SES EE AAlClA 11 ~ 48 mmE
ME fARETE #2395 FES TFURdA 00 d W 152 ~ 62.8 mm,
adduction 20° ¥ ©] 3.0 ~ 10.1 mm, abduction 30° & W 12.4 ~20.l mm = <& 0°

9w g gk o spelwiglth wul 463 o] wge AAHom

¢
3
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0.5:0.5
0.5:0.5
0.5:0.5

0.4:0.6
0.6:0.4
0.4:0.6

0.4:.0.6
0.5:0.5

0.4:0.6

0.3:0.7
0.3:0.7

Figure IV.31.

Ab. 30°

N

N
g

T

X

X

abduction
3L
-

l
=

adduction 20°
=

ato] Al =

101.2 ~ 299.3 mm
e}

Eana

151.6 ~ 267.7, 952 ~ 98.1 mm<]
ol A

Wate] thal A=t

Adolrtt AA et

Figure IV.329F 7ol

& wrist 23 @] oF 3:29] HlEE UEhs

1

1

=

=

[e)

T

= ol A

Ael7k 3

=

=

FEFo|A 7394 ~ 2707.5 mmZE 2 (concave)

73§~ wrist 0°
= =-(convex)

B

S

Alr

3R

90

7oA 2L, adduction 20° 2 abduction 30°°| A FTTEH7} 22 ~5.1° AL 5o



Ab 30°

00

Ad 20°

95.2

-90.7

711

2027 267.7

1516

»
|

166 ' 18.0 -

' 16.6 '

1744 174"

Figure 1V.32.

RES

el

E

Ava 79

o
IT

Ho] A=

Hol 1 mmeHE 2ol S

=y
2

Frk3 o] A
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V. Discussion

e

A7+ 3D scan F casting WHS &&slo] SHo] o]#H % hand grip HF

A}

oft

At A= HHES e on, &% adduction/abduction

o

DSkt 2 AFA = ¥ Aol =S casting material (Otoform)<

I

ggste] & WS JAS AEEH casting 39 2™ 3D scan® £ HAdE A

o

casting hand& fusionsto] & W5 /¥ hand landmark”’} E3HE 43 3%
hand grip &S =% 3D hand fusion 372 <% adduction ¥ abduction

AAE R 78 A= o] XA WSt w2 hand dimension W37 AEFA o=

ARG dH, B ATl A% & WP 54 ¥ FASH car 3D scan,

T,

o
o
2,
ol
)
M
>
o
4»

ear casting % fusion®] FPH o] A P L SRS

AL 7} A Th(Lee et al., 2018).

e
i
i

Power grip WS 37 #2412 hand-handle 134 A4S &3

92



_1>4

1A o], Zddo], 2%, I8a FE5 FWe =2 hand dimension 4035 9]

Ay

A Eo] 43Ut} Handle A7 SWol4 F23 handle design dimension (e.g.,

AV

Hoyn], =dlde], 5§ ) 11F°] s 2 YAl HdE7F group?
discussions &3l AAEFNL, +4 7]FH o] ¥= hand landmarks (e.g., digit'd

tip, DIP, PIP, MCP, DTC/PTC, MMC) 24%©°] hand-handle?t < H$ oA 2zt

b

tet B e wel AAHAY. & UZ @4 E4L 98 hand dimension (e.g.

tip to DTC/PTC — ©H UYH], PIPto MMC — B o] 5)& 4719] 7|2 < Fo A

1

=% palmar hand dimensions¥} handle design dimensionit AFY XS
Tt 4050 HF AEEASH handle design Al AF &8&E F ATk
Power grip W5 &4 242 power grip AA12] fusion handE ™S 2 hand
dimension®] 2|4 Zo], Fd o], 4%, 18la FEo] A

Z}FA hand dimension W 3}EFo] AgH oz FAHAY. = U o
21 Al polygon mesh®] thZ}E Fx=2 QlF TASIE noiseE FH A3}l

handle clearance -2 AA2=eE A R4S {8 & FH P fitting®

4l 41 F35te] handle AA A FE F de AF-Aolal vt
ARE AFsiaivte SHA 997t gt
=5 ¥ static A4 HH] power grip®] dynamic AFAo A hand dimension
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il

B\

A= UH] SH 65% ~ 74% A, 0] S 43% ~ 54% A, B =4

“

30% ~ 37% FAstE 74 ek or¥lom, £7F2F % hand dimension™ %=

g

i
)

b

W38 power grip AAlol A9 T 74 2 handle Al
=y

&

7

(<0

5182 4= 9t} Power grip UH 9} A#H tip to DTC/PTC A Ag:=

Jo

static AFAl O8] dynamic AFA|oll A 7+ digit™E (digits 2 ~ 5) = 31% ~33%, 27% ~ 30%,
26%~29%,31%~35% T & skt & WS olek AuE PIPto MMC

21 A static A4 Y] dynamic AFAlN A ZH2; 48% ~ 52%, 46 ~ 49%, 46% ~

(2

49%, 52% ~ 57% T=O.& A3t £ S 19 S Jd39 tip to MMC
W Al static AHA tiH] dynamic AN A ZEZE 67% ~ 69%, 63% ~ 64%, 65%

~ 66%, 66% ~ 70% TwO 2 7FAsRrE B Ao A Fety zF &rieEhd yn))

s

o] W =9 do] W3 v &L static AHAolA =4 E hand dimension =74

Ed

b

dlolE A8 Al powergrip Aol A 2] hand dimensione FAE 4= Qo] 7]E &

e

A AFE ©]&F power grip X g Ao &8&E & Utk Hg FA¥ hand
dimension<> power grip W UH], Fo], W =dl¢ HA A= o
static AFAlol Al =A@ hand dimension =&} W3HE&S o]&3le] A|F handle

design dimensionS FA3lo] AA] 83514 &8 = Q)

rh

Power grip Ao & 7t Qe (neutral) 4] adduction 20°° A4 U]H]|7}
24% ~ 84% Z718bH F=ol7F 1.9% ~ 84% #HAadteE YAl tapered HE S
o] 11, abduction 30°°14 & HZ(digits 2~3)¢] UH] 2 Eo|7} 1.8% ~ 4.6%

94



S7Fetd & F=(digits 4~5)°1 A UHIeE zol7t HTl 9.5%, 10.4% FHAske]
Hlu A 52438 tapered FEIE ol F+= Zow gotE At YH|oF AE tip to
DTC/PTC A Az &% 2% 0° tiH] adduction 20°91 4] digit'd 8.4%, 6.9%,
5.6%,2.4% Z7}8taL, Eol9l AdE PIPto MMC A A= digit® 1.9%,4.2%.
7.2%, 8.4% ZFAdto], power grip Al A5 UH[ZF Wil 59 Fol7f A2
tapered FEHE o]FE Zo=z oty dut. && ZF%= 0° oiH]  abduction

30°01 A= debi(digits 2~3) oA vH] H =ol7t ZZE FHO 1.8%, 4.6%

N

7Veh Ty (digits 4~5)01 A1 digit M E U] 3.4%, 10.8%, 0] 3.5%,

9.5% FA3FY], power grip Al AWFH o2 HAFHLE Rl Frtstal 504 Y H]

adduction ¥ abduction®] ¥ A4 = abduction/adduction motionS ©]-&3F
handle®] 7% A& Adst=d F&stA &84 4 Attt &5 adduction

A A FY AN & WY Gy e

_

H
i

AA| 2 AFE%+= handle A3
UH7F 8% A% Hlal 0]7F 8% A% A4 tapered FE| handleS #|oHe <=
UTH &I abduction AFA|E AFE-E = handle®] A5 FH ARl diH] SR
Ul 2 =ol7t 10% AE 72 Y tapered FEE handleS AT 5 9

Handle A% < Z&3 #HZ-8 probe handle?} #o] FHA] Al abduction}
adductions §2S EF T35t AFE3tE handle A52] 7d-$- compromised
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papered 65‘15“% Zﬂ%fb‘]'o:] handle gﬁ]‘% Zﬂ?_]_'sel' ‘/F‘ %E} 15__:% X}’H] Eﬂﬁ'q] Uj‘%

power grip F/4S &S handle A7l Al AFEAFS] JA| F o] FojEal

b

& A71E power grip FA A A YH] E Fol9 A S (small)
group®] M (medium)¥} L (large) group UIH] Z+zF O] 15.9%, 16.2% =3, %A
=89 29 L group®] S M group tiH] ZH2Z} HUl 122%, 6.6% & AR
gelE Ak & WS vulet Add digits 2 ~ 52 tip to DTC/PTC 24 A& S
group®] M group THH] 0.2% ~ 15.0 % % 7}staL, L group THH] digits 3 ~ 404 6.2%
~ 132 % S7Fekith webA &= UlS YHl= digits 3 ~ 4914 S group©] M, L
group¥}t Hlulste] 7hg & Ao wetH At & WS Folok Avhd digits 2 ~
59] PIP to MMC & A2l S group®] M group TIH] 0.5% ~ 15.9 % < 7}8kal, L
group THH] digits 2 ~ 47} 2.3% ~ 162 % S/}t Wb, & WS Fole
digits 2 ~ 494 S group®] M, L group2} Hlulslo] 7} & Aoz motH ). &
Y= 39 S99 933 tip to MMC X9 A+ L group© 1S group ojj 1] digits
2~59A 3.6%~122% %73k, M group thH] 3.1%~6.6% =7}ttt whehA],
= W5 29 8+ digits 2 ~ 5914 L group®] S, M group¥} H]ulste] 714 2

Ao shete gt

(e

Aol A= cylindrical handleS T4 S =2 optimal handle diameter
TAS St 7E AFeeE 2y & S A4S yn], =ol 59 hand
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dimensionS #2]3le] A& handle design dimensionS ¥A{3Ion  UH
SWolA Hof 149 mm, Fo] SHAA HA 47 mm® ZFo]E YERWTE Kong

=S

[e)
=

}01'

and Lowe (2005)© ¥4 W% FHo| X diameter 35 ~ 45 mm7} 7 A

)

o}3}91aL, Aldien et al. (2005), McGorry et al. (2009)%= peak pressure 2 MVC

B\

Holl A diameter 30 ~ 40 mm7} 7FE A EHS ottt B AFoA =EE
handle®] HZ wH YH]= 23.6 ~ 30.1 mm, H % ©A =] 331 ~ 40.3 mm=E
vetgo] 7]E Aol wkolwl  cylindrical handle diameterol] H]E] R

S| = 4.6 ~ 149 mm, =°| SHoMHE 31 ~ 47 mm HE Zo)7}

|

WAl o] ©wHol A2l cylindrical handleS ©] &3 7]& Ao w3,

2 AT A= A= power grip AHAlE A&kl ZEA B o) #H
ks HAg IR ow, HEZ=2E  casting materiale E&3dl & 5

deformations & 43}t Hl¥o| o3k 2}o]ol o= AlFHET)

w A7 AgE A R gip AAlel iR 54, F=jlel] =jhd

rie

A% 2 BA3 handle grip A W] FFS mAdA EF FAES Adrh

=

A= shoulder 0° 2 elbow 45°9] AHHE ApAoA 2] &5 adduction =
abduction &2Foll gk & WS grip I W3} A0 $HFHATE Grip A=
power grip?} pinch grip & power grip®] AHEAS™ power grip FTOlAE
DA E7 s U A E7beel] HAH <= cylindrical gripdll thatoiwh @7ErE
TH = AT} Handle®] T/ AFE AFstol] wel shoulder flexion/extension %
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adduction/abduction, elbow flexion, wrist flexion/extension 2 pronation/supination

e E 235 g gt AAE 1y 4 9o ZF #- ZF interaction

A4 handle 7] W Bl WA F glont B ATAE Po| gL

WAE el 23 Felxe]l Asele gip T4 FHshel B,

fusion hand datas &-83}9] 3D anthropometry =73 9]

gt F7b A £ A

b
|

S A4S #HA handle Ao H-8317]
gk F7F A9 ZQsith 2 AT FaE dol, A4k 9 2D
anthropometry SHe] & PAES F4 ¢ A4S &3] 75% fusion hand data

sets &-83sto] A xHA,

(b
=
Iy
of
&
ol

9] 3D anthropometry®l] w3t #+241&

T3 4 2t} 3D anthropometry &4 A] handle 7% F3, HZA 3w

ofrt
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=

handle A& #13F thgst B & 50] 7153H, 3D anthropometry”} handle2]

design dimensions<= handle 270 2| H A o2 H-8%7] 93| grip force, push force,
EMG, questionnaire 5ol T3 AFgAl H7IES F3Psle] A ¢ SH
HAHs7E 82 5 Jdoh dE 5o 2 handles AFstar AA AE AHE
37 o)A handle®] A}-84S 7SIl handle design dimension ¥ 704 SRS

EEste] # Aol = H

2

handle design dimension®| X ¢+

+
%2,
o
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V1. Conclusion

X 9= hand-handle interface 212 E3 24709 hand landmarks 2 40719

hand-handle 913 dimensionsE A A3}, & PFA O ZHE A handle EAE
AAste] =6 d A= 8849 Zo® 7|E ). Hand landmarks: handle

grip Al AE B9E wel 7} &7 tip, DIP, PIP, MCP, DTC/PTC, MMC

%) 21t}. Hand-handle 1% dimensionE-> handle 7 %H4-
, THE 5, TR 59 Wi Y], Fo], =8 Aol
5°] tip to DTC/PTC, PIP to MMC, tip to MMC 52| hand dimension¥} 1¥%o] %
407HA17F A AT & WS A W E4 A] 24719 hand landmarkE ©]
A 7EA-e] HA, SAE F U= 9JH7HA hand dimensions 5 4071 2]
hand-handle ¥ dimensionE°] L3} measure=% Hln 2 FEXEQc}

wpA, E Ao AAFE hand landmarksyE & FAF FA] AFolA EA

).
ot
ox
M
i
i
i)
e
=3
=
e
a
ofk
ox
=2,
a2
oo
ol
ol
rlr
=
N
ko
_0|L
=,
i
oo
i)
_l
%0
o

A 98 A3 = 24 protocols AlFste], XA handle HAE AT
theFgt hand B3 &4 Aol €842 7 Atk - ATl A handles gripste
AFM|=  shoulder 0°, elbow 45°, Z1#] 3l wrist adduction(+)/abduction(-)2] ROM
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HEI9l 200, 0°, -30°2 AAEUI power grip TAMNE FAETES YA
=

=7y HA FH T cylindrical gripol] $HE AT AFAl controlS $3]

L

= 24719 handle Zt% 2A7I7F ARSERLAL, & P9 3D TS 96
3D scanner(3dMD)$} casting material (Otoform)©] &8 % T} 3Dscan® &= 95 %
Y= 372 (1) data 7} 913+ smoothing, remeshing 2] $*12], 2) ¥ 2

B4 21F 9K wAe 9% A, aga 3) §e 9As AR 4

by

2 T3d¥%Y. Hand dimensionE< landmarkE3F A Aol W
&l 2+t vector Aol Al ALt 217} shortest path algorithms ©]-8-3}¢
S4¥AY. 98 A3 protocol?} &4 protocol T handle grip AA %=
A8 758ttt olE £9], shoulder flexion/extension 45° H-3= elbow flexion 90°

= WA AY wrist adduction/abduction®] ©}d  wrist flexion/extension A Z
a2 4 vk =3, AA|E7MEHS handleS WEF EE cylindrical power

grip®l\} pinch grip AHAlell thete]l HE 24 protocolo] FUATA A gl

X A= wrist adduction/abduction ©] WE &£ Y= A WHIE

Moto] grip AAMEE 27 5= A handle 340l tES #Hs3la 1

qm

a3s #d Zg FdolA aideidi. &5 T3 AAolA adduction A
handle @ UH|= 2.4% ~ 84% T7Fshal, T 350]= 1.9% ~ 8.4% ZHA3H,

=8 dol= AeHFolA 2.8% S7F FHFOA 3.6% HAStE AES HT



o] A3} wrist adduction 5 2F Al & digits ¢ PIP joint 7} & W
& 9502 Hdo] HEstHA EEH oz FFHAT EE FTH

ZA ol abduction Al handle ©¥W UnH|E AGFolM  18% 7 2

oy
o
o

ol A 2.9% ~ 10.8% 74, @ Fole Aol 2.0% ~ 4.6% F7F,
SohRo A 3.5% ~ 95% A, 9 dol:= AAXHOE 01% ~ 6.3%

st AekFS Hth o] A wrist abduction &2F A & Wk} 71s-

4 WEE E4% A= gip A HA handle I Ev GHYE grip

AAE 1% AA handle S BASE 8 T Bk @ 5 Aok
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APPENDICES

Appendix A. Handle ¥¥ &3 2l A3 8.°F (10f4)

No. Author(s) Year Objectives Handle Type Factors Measures Key findings
« To figure out the magnitudes and distribution N . « Smaller size handles (30 and 40 mm) lead to relatively higher
. . Cylindrical handle diameter:
of hand-handle interface pressure during a 30 mm Contact force contact force
1 |Aldienetal. 2005 (gripping and pushing task vary considerably « Cylindrical handle « The relative differences in peak pressures within different zones
) i X « 40 mm « Peak pressure .
with the applied grip and push forces, and the for the 30 and 40mm handles are considerably smaller than those
. * 48 mm
handle diameter observed for the 48mm handle
«Toi tigate the effect of gri L . .
. © |n\{es |ga ¢ the efiec ? grip span on 4 type grip circumference « MVC absolute grip force: as lowest levels of force were exhibited
isometric grip force and fatigue of the #exor R
digitorum super"cialis o #1: 100mm « MVC for the smallest and largest settings, 1 and 4, and the greatest
2 |Blackwell et al. 1999 %9 P ) . - o #2: 130mm « Median FDS EMG forces were found at the middle settings, 2 and 3
(FDS) muscle during sustained voluntary ) . . . . .
. . o #3: 160mm « Time to fatigue « Median FDS EMG drops for all grip settings across all subjects
contractions at 60}65% of the maximal voluntary #4: 180mm) Time to fatigue: no signicant dilerences between grip settings
contraction (MVC) . gue: 9 ’ grp 9
Hand tybe « No heart rate differences among handle types
. P « Heart rate « One of the handle designs (Model A) enabled working under
N « To examine the effect of handle type on . . « Model A (3200g) ) . . K X X
3 |Bohlemann et al. 1994 . _— . . « Electric hedge-clipper » Muscular strain (EMG) varying conditions (work height and direction) at a reduced level
muscular strain and subjective satisfaction « Model G (3900g) o . . . .
Model M (3900g) « Subjective satisfaction of muscular strain of the right arm
9 « Subjective satisfaction: M > G > A (not specified)
Handle orientation
« To see how asymmetrical objects «0° « Final hand orientation could already be inferred from its value
are grasped by systematically varying both their «30° Grip aperture after 30% of the movement distance with reliability that explains
4 |Cuijpers et al. 2004 [shape and orientation. - «60° P ap . . . 50% of the variance.
. . « Hand orientation variation ) .
« To see effects of target orientation and of *+90° « Final grip aperture was only after 80% of the movement
direction of movement on the final grasp. «120° distance.
- 150 °
Handle diameter:
« 7 mm (tapered: 6.5 mm)
To develop ergonomically designed dental + 10 mm (tapered: 9.3 mm)
L perg Y 9 + EMG(FDS, FPL, EDC, ECR) « The instrument with a round and tapered shape and a large
scaling instruments to help reduce the L . . .
5 |[Dong et al. 2007 Dental scaling instruments Handle shape: « Thumb pinch force diameter (10 mm) required the least force to use
prevalence of carpal tunnel syndrome among X . L . . . .
. « Round « Questionnaires « No significant differents with handles at questionnaires
dental practitioners
« Hexagonal
« Tapered round
« Tapered hexagonal
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Appendix A. Handle ¥

23 Wi A3t 8

F (2 of4)

No. Author(s) Year Objectives Handle Type Factors Measures Key findings
Handrail shape
- A00/8.0
« A15/8.0
« A45/8.0
/ * % of body weight
* A30/20 Probability of failure
« A30/1.5 (probabilit yof loss of arip: « Depth of the finger purchase (undersurfaces) in the sides of
« To address the performance of handrail shape . « A30/1.25 .p . y gnp: handrails is an important factor affecting handrail performance
6 |Dusenberry et al. 2009 L . « Handrail likelihoods that the force L - L L .
as graspability evaluation « A30/8.0 . « Itis in the longitudinal direction that fall victims are most likely
Round required to be exerted on a to lose ari
, handrail to abort a fall exceeds grip
Force direction the ability of the test subject)
« Transverse
« Longitudinal
« Normal upward
Hand spans
« TCL,-4.0
« TCLy-35 ) ) )
«To mvefhgate lthe optlrlnum gnp.spén. for? « TCL,-30 + Maximurm voluntary isometric . Mo‘st hlghest gr|p.force is generated at the TCL,,-2 (ROGS,
power grip exertion relative to an individual's CTCL.25 tip force (MVGF) relative optimum grip span).
7 |Eksioglu et al. 2004 [hand anthropometry considering MVGF « Cylindrical handle TCLm 2'0 g I\/Fl)uscular activity (EMG) « TCL,-2.5 is the optimum grip span based on the EMG (least
imum isometric voluntary grip), EMG, SR e e ivi
(ma)flmgm isometric voluntary grip) STCL 15 « Subjective rating (SR) muscular activity)
(subjective ratings) as critera. m
« TCL,-1.0
« TCL,-05
« TCL,,
Handle diameter:
« To evaluate the effects of three cylindrical « User's inside grip diameter « Cylindrical handles 1.0 cm smaller than user's inside grip
s |crantetal. 1992 handle dlamgters bast.ed gn anthropometrlc . Cylindrical handle - 1cml o o « Grip force diameter c.an_ reduce the manual effort (grip force & forearm
measures of inside grip diameter with manual « User's inside grip diameter |+ EMG muscle activity).
effort in a simulated assemly task. « User's inside grip diameter
+ 1cm
o T hose limitati f igital
o overcom those limitations of current digita « Handle based on DHHM > Cylindrical handle (p < 0.01)
human-hand models (DHHMs) regarding the Handle shape - } )
} < . ) ] o « Subjective comfort rating (7- |+ Anatomically shaped tool-handles based on the developed
9 [Harih and Dolsak 2013 [tool-handle design that require extensive « Tool-handle « Cylindrical handle R R .
. ; . . point) DHHM can improve user performance and lower the risk of
ergonomic knowledge and iterative design « Handle based on DHHM . X
process cumulative trauma disorders (CTD)
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Appendix A. Handle ¥

23 Wi A3t 8

F (3 of4)

No. Author(s) Year Objectives Handle Type Factors Measures Key findings
« To investigate the mechanical contact « Material: steel, ethylene ; . .
interaction between a fingertip and composites ropylene diene monomer * The best results were obtained using proposed composites of
g. P -p . propy » Contact pressure distribution  |EPDM rubber and EPDM foam as well EPDM rubber and PU foam
i . of rubber and hyper-elastic foam materials using (EPDM) rubber, EPDM X . L . K L
10 |[Harih and Dol$ak 2014 - » Tool-handle « Vertical deformation « Limited tool-handle material thickness can maintain low
the finite element (FE) method, and compared rubber + EODM foam, X ) . . L
e . . « Vertical finger force deformation rate of the tool-handle material for maintaining
them to the traditional materials used in tool- EPDM rubber + poly- K " .
. desired rate of stability of the hand tool in the hands
handle design urethane (PU) foam
« To develop a mathematical method for
tomising tool handles to the sh, f « Anatomically shaped handl . _— . .
. « cus lesmg 0(,) andies 1o the shapes o na.\ omlca ys .a;?e andie |, Anatomically shaped « Subject comfort rating « Subjective comfort ratings: anatomically shaped handle >
11 |Harih and Dolsak 2014 |particular users’ hands and to compare to the « Cylindrical (optimized (subject specifi) Lestionnaire cylindrical handles (p < .05)
shape of the users' hands with handles that diameter) handle ) P q Y P <
were cylindrical
« Cylindrical handle (8 different
shape: (1) circular with two flat « General recommendations for the design of handheld devices
« To determine th t handle sh d si ides, (2)circular with flat side, _— . follows: (1 ic sh , i-circl 1) with
12 |Herring etal. 2011 o de ermilne e best handle shape and size [sides, (2)circular with fla 5|d.e . . Subjective comfort rating are as follows: (1) ba?lC shape (square, semi arcg or oval) wi
for gloved first responders (3) square, (4) rectangular with rounded edges, (2) diameter of 3.5 ~ 4 cm, a perimeter of 11 cm,
4differnet H/W ratio, (5) and a minimum length of 11 cm
triangular)
« To evaluate the effects of handle diameter and
handle orientation on torque, total finger force, « Handle diameter: 25, 30,
efficiency of flexor and extensor 35, 40, 45, 50 mm) « Torque
electromyographic (EMG) activity, and subjective « Handle orientations: « Finger force « Largest maximum torque: 45, 50mm diameter handles
13 [Kong and Lowe 2005 |comfort rating in a maximum voluntary torque |+ Cylindrical handle vertical (perpendicular to * EMG « Least maximum torque: 25mm diameter handle
task the floor), horizontal « Subjective comfort rating (7 « Most comfortable: 35 ~ 45 mm diameter handles
« To define the handle diameters that maximize (parallel to the floor) point scale)
perceived comfort rating according to the user's « Gender
hand length
-_To evaluate the effects of gen.d.er, user's hand . 10 handles: 5 types x 2 EA
size, handle type and hook position on
. ’ S « Double frustum handle - ) .
subjective discomfort and individual phalange 1) 30-24 DF « Individual finger force (4 « The phalange force is more related to handle shape than to
forces in a maximum gripping task; Oval handle 2) 37-26 DF fingers) handle size (oval handle > double frustum handle)
14 |Kong et al 2004 [+ To compare force distributions on fingers and « Phalange force (3 phalanges) | Force distributions - highest to the lowest
« Double frustum handle 3) 45-35 DF R . . . . . . . .
phalanges Oval handles « Discomfort rating (7-point 1) Finger: middle, index, ring and little fingers
* OV
« Recommend the handle shapes and sizes for 1) 30-24 OV scale) 2) Phalanges: distal, middle, and proximal
subjective rating and mean of individual 2) 37-26 OV
phalange forces in a maximum gripping task
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Appendix A. Handle ¥

23 Wi A3t 8

F (40f4)

No. Author(s) Year Objectives Handle Type Factors Measures Key findings
Handles diameters
« 30 mm
« To compare how changes in grip size affects + 40 mm « Force ratio (measured : The grip force on cylindrical handle is effected by handle
. . N « 50 mm K diameters (30, 40 mm > 50 mm).
15 |McDowell et al. 2012 |grip strength measured with each dynamometer |+ Cylindrical handle force/baseline value) - - } .
ol The Jarmar handle spans Grio f « Torque reaction forces has a high relation with a handle
swie * 34 mm rip force diameter between 30 - 50 mm.
47 mm
* 60 mm
« MVC: for the 30 mm (219+55 N) and 40 mm (213+64 N)
handles were significantly greater than for the 50 mm (189+62 N)
« To expand the knowledge base available to Stainless steel instrumented  |° 30mm « MVC handle, p < 0.001 and p < 0.0001
16 |McGorry et al. 2009 |guide selection of an optimal tool handle handle « 40mm « TOI « TOI and cHb: significantly different when working with the 30
diameter for the general population « 50mm e cHb and 40 mm handles than with the 50 mm handle (with a
decreasing TOI and increasing cHb observed with the larger
handle)
« Handle diameter: 45.1, Torque
57.8,83.2 )
« To examine the effect of torque direction and rﬁm . « Grip force . . .
. . T S « Torque direction: toward « Grip force decreased as the handle diameter increased from 45.1
17 [Seoetal 2007 |handle diameter on grip force distributions and |+ Cylindrical handle ) L « Total normal force
fingertips (inward), toward ) . to 83.2 mm
torque « Fingertip force
the thumb (outward)
» Thumb force
» Gender
Handle diameter
« 30 mm
: jg mm Grio f « Hand-handle contact force is strongly dependent on grip and
« To identify the relationship between the o mm rip force push forces and the handle diameter between 30 - 50 mm (linear
18 |Welcome et al. 2004 . « Cylindrical handle « Push force .
contact force and hand grip and push forces. . L relation).
« Grip force with five levels [« Contact force F.(contact) = aF,(grip)+bF(push)
(0, 15, 30, 50, 75N) ‘ - ATognpTRTeP
« Push force with four levels
(0, 25, 50, 75N)
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Appendix B. MATLAB code of Measurement of Linear Length and Surface Length

clc

clear

close all

addpath 'functions';

%% run if file is selected
ForderName = 'Data';
ForderNameList = dir (ForderName) ;
ForderNameList (1:2) = [1;

TableLinelLength = [];
q=1;
r =1;

for pp = l:size(ForderNameList, 1)
SubForderName = fullfile (ForderName, ForderNameList (pp) .name);
SubForderNameList = dir(fullfile (SubForderName, '*.igs'));

for hh = 1l:size(SubForderNameList, 1)
clc;
fprintf ('Participant no: %s, Hand name: %s\n', ForderNameList (pp) .name,
SubForderNameList (hh) .name) ;
%% data loading
LM = function get LM from iges(fullfile (SubForderName,
SubForderNameList (hh) .name)) ;
if length(LM) > 24

LM (25:end, :) = [];
end
assert (size (LM, 1) >= 24, 'igsO| MZE landmark 7H5=7F 24717t O ) ;
filename PLY = [SubForderNameList (hh).name(1:10), ' complete hand.ply'];

[V, F, FB, H]
filename PLY));

function loading ply file(fullfile (SubForderName,

)
ok

ptCloudVertex = pointCloud(V(:, 1:3));
for 1 = 1l:size (LM, 1)
[indices (i), dump(i)] = findNearestNeighbors (ptCloudVertex, LM(i, :), 1);

end
LM(:, :) = V(indices, 1:3);

loop = 0;
simplified = 1;
smooth = 1;
interval = 5;

%% point-to-point length measurement
for t=1:4
for i=(6*t-5):(6*t)
for j=(6*t-5):(6*t)
length points(i,j) = norm(LM(i, :) - LM(J, :));
end
end
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for t=1:4
for i=(6*t-5):(6*t)
for j=(i+1): (6*t)
TableLineLength(p,q) = length points(i,Jj);
p = ptl;
end
end
end
q = qtl;

)

3% surface length

TableSurfacelLength(r, (hh-1)*20+1) = SurfaceCrveMeasurement (V, F, ILM(1:2, :),
loop, simplified, smooth, interval);
TableSurfacelLength (r, (hh-1)*20+2) = SurfaceCrveMeasurement (v, F, LM(2:3, :),
loop, simplified, smooth, interval);
TableSurfacelLength(r, (hh-1)*20+3) = SurfaceCrveMeasurement (V, F, ILM(3:4, :),
loop, simplified, smooth, interval);
TableSurfacelLength (r, (hh-1)*20+4) = SurfaceCrveMeasurement (v, F, LM(4:5, :),
loop, simplified, smooth, interval);
TableSurfacelLength(r, (hh-1)*20+5) = SurfaceCrveMeasurement (V, F, ILM(5:6, :),
loop, simplified, smooth, interval);
TableSurfacelLength (r, (hh-1)*20+6) = SurfaceCrveMeasurement (v, F, LM(7:8, :),
loop, simplified, smooth, interval);
TableSurfacelLength(r, (hh-1)*20+7) = SurfaceCrveMeasurement (V, F, ILM(8:9, :),

loop, simplified, smooth, interval);
TableSurfacelLength (r, (hh-1)*20+8)
loop, simplified, smooth, interval);
TableSurfacelLength(r, (hh-1)*20+9)
loop, simplified, smooth, interval);

SurfaceCrveMeasurement (V, F, LM(9:10,

SurfaceCrveMeasurement (V, F, LM(10:11,

TableSurfacelength (r, (hh-1)*20+10) = SurfaceCrveMeasurement (V, F, LM(11:12,
loop, simplified, smooth, interval);
TableSurfacelLength(r, (hh-1)*20+11) = SurfaceCrveMeasurement (v, F, LM(13:14,
loop, simplified, smooth, interval);
TableSurfacelLength(r, (hh-1)*20+12) = SurfaceCrveMeasurement (v, F, LM(14:15,
loop, simplified, smooth, interval);
TableSurfacelength (r, (hh-1)*20+13) = SurfaceCrveMeasurement (V, F, LM(15:16,
loop, simplified, smooth, interval);
TableSurfacelLength(r, (hh-1)*20+14) = SurfaceCrveMeasurement (v, F, LM(l6:17,
loop, simplified, smooth, interval);
TableSurfacelength (r, (hh-1)*20+15) = SurfaceCrveMeasurement (V, F, LM(17:18,
loop, simplified, smooth, interval);
TableSurfacelLength(r, (hh-1)*20+16) = SurfaceCrveMeasurement (v, F, LM(19:20,

loop, simplified, smooth, interval);
TableSurfacelength (r, (hh-1)*20+17
loop, simplified, smooth, interval
TableSurfacelLength(r, (hh-1)*20+18

) = SurfaceCrveMeasurement (V, F, LM(20:21,
)
)
loop, simplified, smooth, interval);
)
)
)
)

= SurfaceCrveMeasurement (V, F, LM(21:22,
TableSurfacelLength (r, (hh-1)*20+19
loop, simplified, smooth, interval
TableSurfacelLength (r, (hh-1)*20+20
loop, simplified, smooth, interval

= SurfaceCrveMeasurement (V, F, LM(22:23,

’

= SurfaceCrveMeasurement (V, F, LM(23:24,

7

end
r = r+l;
end
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Appendix C. Results of Linear Length

.
2
(1: tip, 2: DIP, 3: PIP, 4: MCP, 5: DTC/PTC, 6: MMC)
T =4 & sD Static CHY| =15 0-0jH] S &S Statistics
EESE.
Dimensions | Static | Ad. 20° o Ab. 30° | static | Ad. 20° s Ab. 30° | Ad. 20° o Ab. 30° | Ad. 20°  Ab. 30° itah( =
@ to @ 238 18.9 17.5 T7.6| 2.1 2.1 2.3 2.1 -20.9 266 -26.0 79 0.8 5.23 0012
@ to® 439 271 25.1 25.2 40 3.5 29 2.8 -38.3 4238 4286 79 0.3 562 <001
@ to @ 671 29.5 271 27.3 47 3.8 34 3.2 -56.0 -59.6 -59.3 88 (e 4.90 0015
D to® 909 301 278 28.3| 6.2 3.0 40 3.7| -66.9 -59.4 -63.9 24 1.8 3.59 0041
@ to ® 1122 19.3 191 21.4] 85 6.3 6.1 7.8 -32.8 230 810 13 12.0 392 0032
@ to 3 203 9.3 88 8.7 23 2.1 20 1.5 -34.4 567 -57.0 53 07 147 0247
@to@ 433 16.6 158 16.3 33 21 29 2.4 521 539 £2.8 49 2.8 0.87 0431
@t 676 26.3 263 26.9] 48 2.4 28 3.3 -61.0 510 -60.2 00 2.0 0.54 0589
@ to@® 887 286 294 31.5| 71 5.5 50 6.1 678 569 544 -26 75 7.52 <001
Sto@ 236 10.6 103 10.3| 18 1.7 15 1.8 -55.1 -564 -54.1 31 5.2 0.87 0432
@ tod 474 24.5 250 25.3 33 2.2 2.3 2.5 -45.2 473 465 -18 1.4 1.34 0277
Sto® 636 33.2 338 35.4 54 41 39 4.0 -51.6 507 434 -19 46 438 0023
@ to® 239 15.6 164 16.3 25 2.0 20 2.8 -34.8 -312 -31.8 -49 0.s 1.52 0236
@ to® 454 29.6 302 30.9| 45 3.2 35 3.0 -34.9 -335 -31.9 -22 23 223 0127
S to@ 220 20.5 203 201 36 2.5 33 2.5 7.2 3.1 9.0 10 09 0.32 0731
@ to@ 247 19.8 189 T9.0| 26 2.4 28 2.7 -19.8 232 -23.1 44 [15] 145 0249
Dto® 475 30.4 288 28.6| 41 3.2 31 3.4 -36.1 -394 -39.9 54 09 3.51 0044
@ to@ 744 32.7 310 29.3| 50 3.9 35 3.4 -56.0 -583 -59.9 54 -3.8 674 <001
@ to® 997 30.0 281 27.3] 6.8 49 5.2 4.5 -69.9 718 T26 6.9 29 490 0015
D to@ 1296 225 225 22.9| 88 7.8 82 82 826 826 223 [+N] 16 0.09 0916
@to3 232 11.8 113 11.0] 20 1.7 13 1.8 9.3 513 -52.8 42 2.9 2.32 o117
2 to@ 502 183 186 177 27 24 27 2.7 525 529 847 09 -5.0 150 0163
Digit3 |@ to & 754 25.8 262 25.5| 45 3.0 40 3.4 -5£5.8 552 -£56.0 -15 -2.3 041 0669
@ to® 1053 321 340 34.8] 6.6 5.4 59 5.7 -69.5 577 -£7.0 -55 2.3 7.54 =001
Sto@ 271 111 115 11.3 21 1.9 16 1.8 -58.9 576 -53.4 -30 -1.8 0.32 0726
Sto® 524 24.4 253 24.9| 34 3.0 35 2.9 -53.4 517 -52.5 -36 1.7 162 0217
& to® 823 37.8 39.6 40.3] 6.0 4.4 45 4.3 =341 =519 -51.0 -45 2.0 12.26 =001
@to® 255 15.5 1683 15.4 24 21 27 2.1 -39.1 -360 -394 -42 -5.3 333 0050
@ to@ 555 33.6 35.1 34.9| 45 3.2 33 3.2 -39.5 -368 -37.1 -43 0.4 996 <001
& to® 303 21.5 220 22.5 35 2.7 32 3.0| -28.9 275 -25.6 -20 2.7 647 =001
@ to@ 244 20.5 201 19.7| 25 21 24 19| 158 -175 -19.2 21 2.0 2.57 0094
@ to & 458 306 298 29.0| 44 3.1 29 2.7 -33.2 -35.0 -36.8 28 2.8 5.66 =001
Dto@ 691 331 319 301 56 3.2 27 3.0 -52.1 -538 -56.4 36 -5.8 9.54 <001
@ to® 984 28.1 26.6 25.7] 75 3.9 41 3.1 71.5 730 3.9 5.6 -3.4 370 0038
@ to ® 1235 205 216 19.5 90 7.3 87 8.0| -83.4 825 -54.2 -52 4.5 2.55 0096
@to® 217 11.3 109 10.5 24 1.8 16 1.5 <180 496 -51.5 33 3T 242 0107
@ to@ 451 18.4 185 171 35 2.5 21 1.5 -58.3 -59.0 -62.0 -06 7.3 3.88 0033
Digitd |@ to & 745 251 263 25.5| 55 28 32 3.0 663 547 857 -48 22 205 0143
@ to@ 995 30.2 330 31.4 71 5.5 65 6.5 £9.7 569 -53.4 -86 4.7 6.18 <001
& to@ 236 107 115 10.8] 25 1.7 1.5 1.4 -347 =512 -54.1 =71 -39 2.86 0074
Sto® 531 243 267 26.0| 38 31 32 3.8| -53.3 <498 -50.9 -T2 -28 538 0011
B to@ 782 35.7 385 371 58 4.4 54 5.7 -54.4 -50.8 -52.6 -T2 -3.5 695 <001
@to® 2956 175 188 17.8 23 25 24 3.0 -10.3 -364 -39.8 70 -53 361 0040
@ to@ 547 324 343 32.7| 45 3.0 40 43 -10.8 -373 0.2 -55 4.8 587 <001
& to® 254 17.9 180 18.2 34 2.4 30 3.0| -29.6 289 -28.3 -09 0.8 0.7 0848
@D to@ 213 17.2 169 T6.0| 27 23 19 2.4 -21.0 -223 -26.6 16 5.8 277 0080
Dto® 375 24.0 234 22.0| a7 3.4 27 2.9 -36.0 -375 -41.3 24 .1 418 0026
@ to @ 551 27.2 268 24.4] 45 3.8 30 3.2 -50.6 -514 -55.6 17 487 7.22 =001
@ tod® 766 271 264 23.6| 70 4.9 53 4.2 847 -65.5 -89.2 24 -10.8 6.35 <001
@ to ® 1013 246 272 22.4] 85 a1 89 7.3 75.7 731 779 -95 -17.8 1046 =001
@to® 159 a2 a1 75 24 20 13 1.7] <85 <490 -528 09 75 257 0094
@to@ 337 15.3 162 14.0] 29 3.1 14 2.4 -54.8 -519 -58.5 -8.1 -13.7 .31 <001
@ tod 552 225 242 21.4] 51 3.4 34 3.7 -59.2 -56.1 -£1.2 -69 -11.6 8.69 =001
@ to@ 799 31.6 350 30.9| 6.8 5.5 6.6 6.6 -60.5 -562 -£1.4 -97 -11.8 8.58 =001
G to@ 179 89 100 2.4 17 1.9 11 1.7 -50.4 438 -53.2 -117 -16.6 1247 =001
@ tod 393 19.5 216 19.2 34 2.6 33 3.6| -50.4 451 -51.2 -85 -11.0 9.60 =001
S2to@ 641 33.4 365 331 53 4.2 55 5.8 47.8 431 48.5 -24 95 832 <001
@ to & 217 12.4 139 12.6] 24 1.5 24 2.5 423 -359 419 -1038 9.3 6.03 =001
@ to ® 466 29.8 323 29.7] 42 3.3 36 43 -36.1 =307 -36.3 77 80 781 =001
S to@ 250 19.3 201 19.5| 31 3.0 26 2.8 -20.8 -197 -21.8 -13 2.8 043 06538




Appendix D. Results of Surface Length

.
2
(1: tip, 2: DIP, 3: PIP, 4: MCP, 5: DTC/PTC, 6: MMC)
B =4 I sD Static CHH] B[S 0-OH S35 Statistics
ST
Dimensions Static | Ad. 207 o Ab. 307 static Ad. 200 o Ab. 30° | Ad. 20¢ o Ab. 30° | Ad. 200 Ab. 30¢ i‘ah: =
@ to@ 252 20.3 189 19.0| 2.3 24 27 24 -19.5 -253 -246 78 09 445 0021
Dtod 459 30.5 224 285 42 44 37 33 -337 -383 -380 75 0.5 5.06 0013
@ to@ 702 419 39.6 40.2 51 40 43 37 -403 435 428 58 13 405 0029
@Dto® 950 59.4 57.7 57.7] 6.7 43 46 44 -375 -39.2 -392 28 00 1.90 0169
@ to® 1179 81.8 T9.6 79.5 9.2 5.5 64 49 -306 -325 -326 28 041 3.06 0.063
@tod 207 10.2 9.5 95 2.4 22 23 17 -51.0 -541 -543 63 L4 2.07 0145
@ to@ 450 21.6 208 211 3.4 26 31 25 -520 538 -530 39 17 0.94 0402
Digit2 |@ to & 607 391 389 387 51 30 39 34 -440 443 445 05 L4 010 0902
@ to® 926 61.5 60.7 60.5 7.8 43 53 39 -336 -344 -347 13 05 1.02 0373
@ to@ 243 11.5 11.3 11.7] 1.9 17 15 16 -528 -535 519 15 34 0.34 077
@to® 490 289 29.4 29.2 3.8 23 29 29 -1 401 403 -16 04 0.24 0785
3 to® 719 51.4 51.2 51.0| 5.7] 24 37 28 -286 -288 -29.1 02 05 012 0ga8
@ to® 2438 17.4 181 17.6| 2.8 19 25 27 -295 -269 -290 -36 28 073 0493
@ to® ar7 399 40.0 39.3 4.7 25 36 3.0 -163 -162 -175 01 -16 0.61 0550
@ to® 229 225 219 21.8| 3.7 32 35 27 -20 -45 -50 27 05 1.03 0369
@ to@ 261 215 207 206| 30| 29 31 30 -176 207 -212 38 06 122 0312
Dtod 499 342 329 32 4 45 33 31 39 -314 -341 -351 41 -15 251 0100
@ to@ 778 463 454 445 55 36 25 42 -405 417 428 20 -18 178 0187
Dto® 104 3 635 631 615 7.2 49 35 41 -391 -385 410 07 25 224 0125
@ to® 1358 873 87.2 B86.2| 9.3 45 39 38 -357 -3538 -36.5 0.2 -1 075 0481
@to® 238 127 12.2 11.8| 2.0| 19 15 19 -455 439 -504 47 29 2.29 0120
@to@ 517 248 246 23.9| 2.8 32 28 29 -52.1 -524 -537 05 28 079 0462
Digitd |@ to B 782 420 423 40.9] 4.4 45 43 32 -453 458 477 03 -34 1.57 0227
@ to® 1097 65.8 66.5 65._6| 6.7 39 44 29 -400 -394 402 -10 -13 0.54 0587
S to@ 279 12.0 12.5 121 2.2 20 19 17 -56.9 -553 -566 -35 28 0.49 0618
Gto® 544 293 30.2 291 3.4 37 40 30 -452 445 455 31 37 148 0248
S to® 8590 531 543 53.8| 6.0| 34 41 31 -382 368 374 22 £9 1.81 0182
@ to® 265 17.2 17.7 17.0| 2.2 23 27 22 -349 331 -359 27 42 1.76 0191
@ to® 580 41.0 41.8 41.7] 45 24 31 29 -292 279 -282 -19 04 245 0104
@ to® 315 238 241 247 3.5 26 33 31 -245 -235 -216 -12 25 3.22 0055
@ to@ 260 224 222 21.5 2.7 27 28 22 -1386 -143 172 ['F:] -33 3.73 0037
T to® 432 344 338 32.8] 4.7 3.7 35 28 -286 -299 -319 1.7 30 5.34 0011
@ to@ 725 46.0 46.2 445 6.0 38 34 33 -365 -362 -386 05 37 6.64 <001
T to® 1032 654 66.8 84.2 7.9 55 42 54 -366 -353 377 20 38 6.49 <001
@ to @& 12938 847 86.2 83.8| 9 5| 56 47 54 -347 -336 -354 -18 238 671 <001
@tod 222 120 115 113 2.4 20 16 16 -462 480 492 35 23 154 0231
@ to@ 465 236 240 23.0 41 29 23 24 -493 484 -505 A7 41 147 0248
Digitd |@ to & 772 430 445 427 5.7 43 37 45 -443 423 <45 -34 40 3.25 0054
@ to® 1039 682.3 540 623 7.4 43 43 43 -400 -334 400 25 26 3.34 0050
Sto@ 243 11.6 12.5 11.7] 2.7 17 17 14 -52.1 437 -517 66 58 2.70 0085
Sto® 550 311 33.0 315 3.9| 38 32 40 -435 <401 428 -58 48 481 0016
S to® a7 50.4 52.5 51.0| 6.1 34 42 42 -383 -357 -375 <0 27 441 0022
@to® 307 19.4 205 19.7] 2.4 25 24 32 -368 -332 -358 -53 38 217 0133
@ to® 573 387 40,0 393 4.9 25 39 39 -325 -303 -315 -32 -7 1.96 0160
@ to® 266 19.3 19.5 19.§| 3.5 26 31 32 -275 -268 -26.5 L9 04 010 0909
@ to@ 231 12.4 18.5 17.2 31 26 23 29 -204 -199 -25.5 46 -0 2.60 0.092
@tod 394 27.3 27.2 254 5.2 40 33 40 -307 -309 -356 04 £38 434 0023
@ to@ 577 37.0 381 344 5.6 47 34 43 -36.0 -340 404 -30 487 11.93 =001
@ to® 802 50.6 53.2 433 7.6 57 47 6.0 -369 -337 -398 ] 92 15.96 =001
@ to @& 106.0 716 743 69.6| 9.4 6.4 53 6.8 -325 -299 -344 -36 £.3 8.87 <001
@tod 16.3 89 a7 8.2 2.4 22 14 20 -452 465 -499 24 62 2.15 0136
@to@ 346 186 19.6 17.2 3.0 35 18 28 -464 434 -50.3 52 122 948 <001
Digits |@ to & 571 322 347 311 5.3 47 38 49 -436 -393 4586 71 -104 11.52 <001
@ to® 829 53.2 55.8 52.4] 7.2 52 43 56 -358 327 -3638 46 %1 6.75 <001
G to@ 183 96 10.9 9.0 1.7] 19 10 16 -473 406 -507 -114 <174 13.54 <001
S to® 408 233 26.0 229 35 32 32 38 -429 -364 438 -103 -118 1366 <001
@ to® 666 443 470 442 5.8 39 41 48 -335 -293 -3386 59 61 7.00 <001
@ to® 225 136 151 13.9] 25 17 24 27 -393 -329 -382 95 79 464 o018
@ to® 433 346 36.2 35.2 45 34 35 39 -283 -251 =271 -3 28 1.59 0222
3 to® 258 21.0 21.1 213 3.2 30 26 28 -187 -183 -175 05 09 013 0881
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