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Objective: Based on the uncontrolled manifold (UCM) framework, this study investigated
the hierarchical organization of redundant motor elements in multi-digit prehension, focusing
on moment production across two control hierarchies.

Method: Twelve adult males participated in the current experiment where they grasped a
customized handle to generate and maintain target moments under isometric conditions in
both pronation and supination directions. The forces exerted by the digits, recorded via
transducers on the handle, underwent UCM analysis. This analysis quantified the synergistic
actions across the upper and lower control hierarchies for stabilizing moments and grip
forces. Additionally, synergy properties for lateral and medial fingers were analyzed to assess
their distinct contributions (finger specialization) to moment and force stabilization.

Results: Our findings revealed that the thumb and virtual finger contribute differently to
net moment generation according to the direction of the moment, reflecting the different
abilities of the individual fingers to produce moments. In the upper hierarchy, synergistic
actions were notably stronger, effectively stabilizing both moments and grip forces. In contrast,
the lower control hierarchy demonstrated a lack of synergy in force stabilization (trade-off
synergy), although synergy in moment stabilization was preserved. Further, lateral fingers
were found to play a more significant role in stabilizing moments compared to medial fingers.

Conclusion: The pronounced synergy in grip force observed in the upper hierarchy implies
that grip stabilization is likely an intrinsic strategy of the central nervous system, rather than
merely a mechanical consequence. Furthermore, synergistic covariations of digit moments
in both hierarchies indicate the neural controller's capability to generate synergies across
hierarchies for stable multi-digit moment production. The notable contribution of lateral
fingers in moment stabilization provides supporting evidence of finger specialization. Overall,
this study elucidates the hierarchical interplay of redundant elements to achieve task-specific
stability, especially in multi-digit prehension.

Keywords: Prehension, Moment production, Motor synergy, Hierarchical control, Finger
specialization
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Figure 1. A scheme of hierarchical control for multi-digit
moment production including two control hierarchies.
The M; represents moment of /digit, and the Mror stands
for total moment. TH: thumb; VF: virtual finger;

I: index; M: middle; R: ring; L: little finger
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METHOD
1. CHAXE

M 2o FS 0/E £ e MX9 277 A M
A &40 gl 89 Hd 12Y (™ 294+43M; HB: 77
+643 kg, A% 1.76+£009 m)0| A0 EHOISIYULCH A
#(hand dominance)2 =Qlst= O EiH{2| ZAHEdinburgh
handedness tesh & Sl 2= HIIXIE0| LE&ZT0| A2
SHOISRICtH R E Ol HAHE M2 AXf SCHtw 7|2 HE
2lezel o el M| ACE HIMRE AU A

EILE &0lsty| 2lo S0l SOME AFHO| Zdst =
AHHHO| T ACE
2. MEep

CHA 2712 thumb, index, middle, ring, little) 222 HE
S &0 SHY ZHOM momentE MEE £ U= AHE
SHE0| DO QUCHFigure 2B). x-z BHO| HHE HEO=
e &712r slg £H-517| I8l 6= 2 MA(Nano-17, ATI

Industrial Automation, Garner, NC, USA) 5747t S&+g| QT
U &7t siEste @ MAM= x F2 [zt 30 mm 2H4
2 BiX|=/Act. 38 Z(grip width) — thumb0i| siEste A
M mEH Y &7teh MM B2HO| 2 = A2l — £ 50 mmE
HEE|UCE &7 HEL s 2 2 Mo BHole &7t
2} OpErE B7FAIZ17] I8 100-gritQ] AZEI BEHE| QALY
&7tet Zap Abx ZF OpE Al 2 1.4~15% ChSavescuy,
Latash & Zatsiorsky, 2008). HE2 A& =20 ofs x|
OlA 150 mm =O0|A HALSHAH nHERYH, HdEHE My
2lof sACt

g AME Sl +8E 2= M2 200 Hz2 MEYEOf
Of2I-CIX|E B2t7|(Gen5, AMTI, Watertown, MA, USA)E
Sl CIX|E3} E|QUCt 241K ZLIE7 M MA 20| &
X HAIZISE 2712 momentOl CHSH "EE EIHXIO|A

LI

|0

NSotct =712 29| =Tt moment AHE, AlZ} mEHY
M3 2lsi &&EH LabVIEW program (National Instruments)

Of AtEE[RULY.
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Figure 2. Experimental setup. (A) The rigid forearm brace on the table held the participant's right forearm and wrist securely in
a neutral prehension position. A monitor located at eye level approximately 0.7 m away from the participant was used
for visual feedback on digit total moment (Mror). (B) Description of the experimental handle. Five 6-component force
transducers were aligned in the x-z plane to measure the individual digit forces. The axis of the moment
along the j~axis was located at the mid-point of the grip width.
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5. XI2 A 2|

BE T4 #elol A 240f SPSS 24.0 (IBM, Armonk,
NY, USA)O| AFZE|RACE Moment A Bf&k0| 2 thumb
I} virtual fingerZt XIL|= Z|AX Zato| XtO|E =Qls}7|
I8l Finger (thumb / virtual finger)t Direction (pronation /
L0lo= gt= s (RM) ANOVA
£ moment?} normal forceOf CHs] 2t =ZSIRAChHypo-
thesis 1). 2t&| =% St moment@t grip forceE 2tz SH=
FEE Hlwstr| s 2t Mo AZ0AM =
(VoI CHS =7t2fel J7[AHA 28 T2t Ffect (moment
/ normal force)@t Directions 29192 &= RM ANOVAES
2t ®Hol AES FEH0 =AU CHHypothesis 2). L3,
lateral®t medial finger
3t Sth= AVO| XtO|E &QISL7| I8l FAinger (lateral / medial
fingenE 2992 t= RM ANOVAE X8} CHHypo-
thesis 3). FIIE2E, synergy 282 ZE=E H7I517| single-
sample ttestE S8 ZE AVZt A Z(critical value)dt H|
QU &9 ASLt 5kl ABoIM LA 22 01 0.55
2 MYE/9on, 0|2 £Ik5E Qo|0[3t synergy EHE0| 9

supination)= Repeated-measures

2| S5l synergy X4

Zt moment@}t normal forceS 9HY

ASS 2IOJBICt Mauchly's sphericity test?t T84 7P82
2OISL=0| AFRE[R2H, Greenhouse-Geisser estimation=
Sof Y o] gt 20| O|F0f ML Rolgt K2l
7t 4= EE mutof| T8l Bonferroni correctionsS st At
= 2Mo| AL 2E AE 7O =F (w2 0.05 0|t
o=z HHESIAC

RESULTS

1. &9 Mo A5 £715 ZHE 5 8 48 2t

ThumbXt virtual finger2| momentd| CH®t FAinger X Direc-
tion RM ANOVA Z1}, Finger (Ar1] = 35595, p < 0001, ne?
= 097)@ Direction (A1) = 1419, p = 0.003, 7?2 = 0.56)0|
Chet =z itet 2921 7F S %& (A1 = 836, p < 0001, nY?
= 0.88) &7} =HOIZ|QUCt A= 24 AW, virtual fingerQ|
moment= &4 thumb2 moment ECt 120, thumb2|
moment= supination 20 A] pronation Her0]| H|sH 2iCH
Moz O & YHH, virtual finger2l moment=
20| o ZA20| =HQlx|ACHFigure 3A).

pronation 2t

Grip forceS 4d3t= thumbdt virtual finger2| normal
force= Finger (A111] = 19.12, p = 0.001, 7 = 0.64)0] Cst
ZF20F o] LtEHGCE O|= virtual finger2| normal force?}
thumb 2Ct SO|81AH Z1SM, moment A4 diskof M2 K}
Ol EXSIX| %22 20|tk Figure 3B).
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Figure 3. Magnitudes of (A) digit moments and (B) normal forces under pronation and supination moment production.
The data shown as means and standard errors. The solid bars indicate thumb, while the open bars represent
virtual finger. The asterisks (*) indicate significant differences between digits.
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®Moment OForce
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Figure 4. Magnitudes of synergy index (AV) for (A) upper and (B) lower hierarchy under pronation and supination moment
production. The data shown as means and standard errors. The solid bars indicate AV for stabilization of digit moment, while
the open bars represent normal force stabilizing AV. The asterisks (*) indicate significant differences between two sets of AV.

2. 2742 RUEC BS OHEs} st ASH AlUX
atg

Figure 4A= net moment2 grip forceE 2tz St &9
X ol HEQ| synergy 282 HOFELE Grip forceE M3}
Sh= synergy X|=(AV)E moment Q3 AV ECH 3 A L}
EFRCE & AVE moment ‘87 BHeko| 2t Xt0|E EO|X|
EACL Ol2fet A= SAHLZ [FolSt Fffecte| TRt
(Aim] = 758, p = 0019, n* = 041)0] 2fs == ALY.
Single-sample ttestE O| &3l A AV()2l EE Z=Z10|XA
gEE AVE H|W3H Z1} ARl AZO| moment®t grip force
£ Qor83} ot Ave ZE ZUOM AZE 43| sk A
OS2 LEHRECHall p<0.001).

Virtual finger®| moment@t normal forceS 9HE3ISHE )
% Hlof AHE2l Avoll CHe Z1t= Figure 4BOi| LIEFACE RM
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ANOVA Zul, &9 HB1t RASHA Effect (Arn] = 20037,

p < 0001, ne? = 09501 CHEt FZ 1} o] ZQIZ|QALE Ol=

momentE 2HH3} 8t= synergy Z80| normal forceS

43t St= synergy EC O 3A LIEHS2H, moment

2ol e Xtol= USE 2|O|BHE, Single-sample #test

1t momentE QHE% = AVEHOl A ZL(0.55)2 R2lst
|k

S
A Z1stol go|0|st synergy 80| UAS0| 2HQIZ|YUCHall

iy oZ rQ

3. 2712 BUES 3 MAS 9B 271 JI5H
23} %8

MomentE QHd%} 5= lateral finger2t medial finger2l
82 H|W3k 21, lateral finger@| AVE medial finger &
Ct Sol6tA 12O, moment YEkof 2} X}O|7} LIX| QF



KJAB

©

0.6 % W Lateral OMedial

0.5
0.4 *
0.3
0.2
0.1

AV (z-transformed)

-0.1

-0.2

Pronation Supination

Hierarchical Synergy Adjustment and Finger Specialization in Multi-digit Moment Production 121

©

0
-0.2
T 04
g -0
s
= -0.6
3
= -08 ]’ '|'
N
S -l | 1
< %k £
-1.2
-1.4
Pronation Supination

Figure 5. Average magnitudes of synergy index (AV) for stabilization of (A) moments and (B) normal forces under pronation
and supination moment production. The solid bars correspond to lateral finger, and the open bars indicate medial
finger. The asterisks (*) indicate significant differences of AV between lateral and medial fingers.
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Figure 6. Average magnitudes of individual fingers' (A) moments and (B) normal forces under pronation and
supination moment production. The black bars, dark grey bars, light grey bars, and open bars represent
index (1), middle (M), ring (R), and little (L) fingers, respectively.

UCHFigure 5A). Ol= Ffingers R E dt= [olot Fr
THAq11] = 13.21, p = 0.004, ne? = 0.55)0 2Jsf &Iz AL

=

Single-sample #test ZA 1}, lateral finger®| A2t momentE ¢t
3t st= Ral0|Bt synergy 2&0| AZO0| =L ACKall
p<0.001).

Normal forceOl Ci3t medial finger2| AVE lateral finger
o AV EIOt ROIGHA i gheto e
XI0|E& HO|X| URUACHFigure 5B). O] ZIHE Fngers 20212
2 3= QO3 FHIA] = 4546, p < 0.001, nP? =
0.81)01 2[sf ZHQIZ|ALCt. Laterald} medial fingere| AV 25
22/0(5t synergy BHE BHASH= YA 20| O|2X] £&H0|

single-sample ttestE Sl 2 QI&|QUCt

EAOH, moment MY

.

DISCUSSION

2 g7s 23220 A0| WHE 2lzte| 715X 23
ol otE &7tEkE 0]8% F|7|, & multi-digit prehensions
ol HYE 2358242 ABHE ZZH2H(hierarchical organ-
ization of redundant elements) E842 AHE 0X}t SHYLCE

et dm

o
=
o
=7s %70 n¥E

o
5| Ot £7+2H9| moment 4 40]

=0 7 &= momentE ¥ASte S moment@} forceE
g3t st MEE TR0l RIS Thumbet virtual
finger7t MAtstHE

2ol whep CHEX| UUE EHH, momentE=

normal force2| 3 7|= moment A gt

LIS AN = = = H|'o|:01| [[}'_ TC'I>'
o3t X10|E EO0IFQ{CHFigure 3A). Ol & Aol X HNY
74t LK|SICE PronationI} supination @EFOIN RFLEE=

net moment= 04 NmZE SY o, M2t 0] Zit= &<

http://e-kjab.org
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§9| T 2712 moments BHEH0|| M2t net moment A
Ct22 7|04&2 2l0|stct Thumb2l moments= pronation
%k H L} supinationd|A] G ZISO, virtual finger®| moment

gt S EQICE Thumb2 XM SHS2 Qlgff Ct
#7t8 B0t 22 moment arm2 SO, W2tA thumb
oIzt moment ‘Y4t 7|047F FItE|l= A2 H 2EF
Moz ofAE = QUCh ol2fst W0l 2 moment 3
719 Xto|= k%l AZQ Yl £7H2e| moment o] MHE
moment ‘4 S| XtO|OM T[Tt o2 HOIL} Figure
6A%}t 6B= i &7t2F0| MMT moment®t forcell 37|E
BOJFELL Pronation momentE TtE&= FE &7 (agonist
fingen @l index finger =L} supination Beko| FEI £7}2+0I
little finger7t 4HHSZ X2 momentE LZ|sts HE &
QIgt = ULt F, supination EHEFOf| CH o
HOZ E2 moment MY sHE &9 AEL thumbO| 3
YYo=z HASI0] T &= net momentS THEA|ZI Znt
oI Zojct.

20 rr o 2 é

Il

r‘l
O

o)l 2

Moment

i

o =
o= =75t momentQ} forceg oINS St AHSH ALY
X 25 gekof M2 Xto|E EO[X| AUACL 42| X0l AHB
Ol M= moment@t grip force ZFE 23} 3PE a4k Al

X| 80| LIEtHOH, grip forceQ| AlLHX
Of CHot AJLX| HEHLH YUMoz O
2l AY M7 SE momentE st
7| W20l momentE 2H%} St= 80|
OiRRE & Aol JHEnt Biofel= ZutRAC o9
M moment®t forceOfl Ciet A|HX| ZE2 thumb@} virtual
finger0ll MZE CHE SH3}t I{HEZ QFSHCHPark, Han & Shim,
2015). Thumb®t virtual finger2| moment= net momentE
oHEst Sk7] fIsl FHQ sHdE X[H0f SiH, HtCHE
thumb@} virtual finger2| normal forcee MZE E& SHES
X|LHof $CE O R & &712F 2t ME ChE SH3l 1jH0|
SAOf A= A2 momente| 27|E ZFSH=0 U
OlM £=7}8F normal force?| 37| HELCh= tangential force@f
moment armit Z2 CHE Q018 HIIA|ZASZM moment
£ 4 3 HOoMSS 20[tr). o]t ME2 2RO &
&ot prehension MOIE Theal 517| fIs HeteE SHQ| &
2|(principle of superposition)2 A& == UCHArimoto &
Nguyen, 2001). 82| {2|= SH|Q| translationt rotation |
07} SAl0l 27 &= 4E0M HE
aly| EH6F SEHQl 519 25 HH(Mmotor command)2 &
S ®Mojg = UCk= oI, 22| prehensiond M & LHE}
L= S0l o2 H4HE Soll == ACKShim & Park,
2007; Song, Kim et al, 2021; Zatsiorsky, Latash, Gao & Shim,
2004). & 97 Zat= o] SHel A7t 1™E SHof Cisy

E£2{= force2t moment
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momentS dGot= WA HEME F=OHA LEHE
US| thet 2 Xt=7t ElCh

EESH momentOfl CHEH QAR DL M= QHO| EXHRH D,
SHE0| 2[50| 1=l (fixed object) ZHYNE £l

|E
el
ZA8HA LIEH grip force OFH3l Al4X
virtual finger normal forceQ| &=z} TfH
HE A=Ch 2R KXo 1FEX] 2 Ax Mg -
gl ENE T F 7HX prehension THA|E 250 olst 7|A|
X K2 (mechanical constraints)2| AtO|E X|LICt XtR =X
£ 202 T3 HHOl prehensions F=THCHH, A2 K| 0f
= thumb@} virtual finger2| normal force A
3P04 2HSE HA F S positive covariation)
O|CKSong et al, 2022). dziLt & ¢t &
=2 & WMe £719| normal force7t Mg
poh, ol S WACR LiELl= Q4 7 S}
He2 MBA0 LHRHE Mol M2 vthSte AR SfM
EICHPark et al, 2012; Shim et al., 2004; Song et al,, 2022). [T}
2t 2 ATFOA BEE grip forced]| CHSE 23t A|LHX| &8
2, prehension &2t thumb®} virtual finger normal force 7t
FHOl SHY0| Wlst= 20| 7|AH Mt =HOo|L 2F
L= SHEQl KIAIAFZOIAM 7|91t Z40] OFEl, CNSOi| LHAHE
D70t Mol MY = UAZS AlAFSICE
5t HMol ABoM= TMHHQ AF 2t trade-off A|HXIE
G5t0] virtual finger normal forceE M3} St Al X[ &
2 A =F0| O/X|X| tuen, &Itat
ol Szt IfHE 2 RACKFigure 4B). EHH,
kA 3t ABAHME momentE 2HE 2t
X Z80| =lz(0f Y £7t29 momente MZEQ]
AASHE BX ZHANS T92S SIS CHFigure
4A). O ZAntet FAISHA, &7t & moment
St= lateral finger2| momentOiI CHSE A K| Z-82 medial
finger=2Ct 3 A LIEHGD, normal forceQ| A ZHME2
5|2{ medial finger0Af ©f 3 LtE}LECHFigure 5). O|&
Aol & S Ml S| 7t LX[ot ALt Trade-off
AlHZX|, & Prehension &2+ &9 AZOMT HEE= {72
ojgh A|HX| 282 CNS7t Mol AZ & otH > g
El A2 2o F2 S FOH Sk Mo ABo
QA9 XEgtE= O|XfMo 2 1ndste Hoe=Z2 AN
(Latash, Gorniak & Zatsiorsky, 2008). 12{L} & AHT10|A =
21E 5t ABOME FE2{T moment 2HERF A|HX|=

]
F
.
o

T

Zt normal force

82 AS

ot= #eln|

rir o
> A oo

LY

|'O ot
° ﬂlir]d > do oX

i

|
&

=

AALS Cho}

e to

sto HOr
ofn .

(]

r

MBAZE IH| Ed5 EHEStA 02 AT =0 SAl0
AMUXIE g8 = UASS AMSTE dATFME =2

ot= Ot ==0A 27
of MEfo|2t 2nston,

Q0| 28 320 UEA

Y (rotational equilibrium)| 2+
X gEete LEHtE 7128 H|

=0 & =H e EES sixle
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= =2ME Fle & 20 21 Mool § 5-E ECte B
StUCKScholz et al, 2002). O|2{%t 2|7 HHO| CHot 2AIS
Hold S48 stAZHM FE2T moment 2HE%H &
9| |0l & £ Aot Tt ZTF0| Y &2 5
(ie, medial2t ring finger2| ALON)OI| K|Stz AL Ul &7t
2 normal force?| HAQl ZHHEE2 momentE QHE2lst=

EI18 Q1 ZIH(minimization of the secondary moment prin-
ciple)S &|5tA E|0(Li, Latash, Newell & Zatsiorsky, 1998;
Zatsiorsky & Latash, 2008), 0|21t | &=7t20] MAtste 7|

AN zaoto] 54 ot 2 2o 2 OINS A2=E M
= EIC
CONCLUSION

= g7= OE &7tEE 0|8t & weel moment
A MHIE E3 prehension S LIEILH= AISH Kol EA
I YU 2EQAE X3} St MBS SIS DX} 51
Ch S LSt net momentE MAtst= S0 A9 X0 752

thumb®} virtual finger@l moment 37| moment &0
|

mter XolE 2R, Ol= 3tel ASe Wl &7t5 0] Xd
moment ‘48 S| XO|0M 7|Q5tE AS =I5t AUCt

=
HIMOICHAR(UCM) 242 Soll "D HABE A4 &
2 EH 0 ZL3l= grip force?t moment XHAOA CHEA|
o

LIEFSICE ForceE 9_*’“2} St AlHX| 282

EHGACY.
AZA O WHE D33t grip force A% E’ST'-I' 2 ot E
25849 A|HX| 22 WA 39 =
o ABoM SAl0 =23t 2 = ASS A|A}6,_PE|-. St =
7Mooz 2712to| 7|5H E3l(finger specialization)2 2t
E 7HdE 25, 2 A0 =EE Aute lateral
finger2t medial finger?t X[l 7|5 Xtojof CHgh MAAT
of Mot X|X|strt.

|O |-O
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0x

o
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