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Objective: This study examined the effects of stimulating fingertip temperature on the patterns
of force sharing and stability properties during multi-finger force production tasks.

Method: 9 adult subjects (male: 3, female: 6, age: 26.11+4.01 yrs, height: 169.22+5.97 cm, weight:
61.44+11.27 kg) participated in this study. The experiment consisted of three blocks: 1) maximal
voluntary contraction (MVC) task, 2) single-finger ramp task to quantify enslaving (i.e., unintended
force production by non-task fingers), and 3) 12 trials of multi-finger steady-state force production
task at 20% MVC. There were three temperature conditions including body-temperature (i.e.,
control condition), 40°C, and 43°C, and the stimulation was given to the index finger only for all
experimental conditions.

Results: There were no significant differences in the MVC forces, enslaving, and the accuracy of
performance during the steady-state task between the conditions. However, the share of stimulated
index finger force increased with the index fingertip temperature, while the share of middle finger
force decreased. Also, the coefficient of variation of both index and middle finger forces over
repetitive trials increased with the index fingertip temperature. Under the framework of the
uncontrolled manifold (UCM) hypothesis used to quantify indices of multi-finger synergies (i.e.,
stability property) stabilizing total force during the steady-state task, the two variance components
within the UCM analysis increased together with the fingertip temperature, while no changes
in the synergy indices between the conditions.

Conclusion: The current results showed that fingertip temperature stimulation only to index
finger does not affect to muscle force production capability of multi-finger, independence of
individual fingers, and force production accuracy by the involvement of all four fingers. The
effect of fingertip temperature on the sharing pattern and force variation may be due to diffuse
reflex effects of the induced afferent activity on alpha-motoneuronal pools. However, the unchanged
stability properties may be the reflection of the active error compensation strategies by non-
stimulated finger actions.

Keywords: Temperature, Cutaneous stimulus, Maximal voluntary contraction, Enslaving,
Stability, Error compensation strategy, Synergy
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Figure 1. (@) Top-down view of the experimental setup. Force transducer was attached between the experimental frame and
thimble. Graphene pad was placed between the thimble and the index finger. (b) View from the back of the experimental setup.
Graphene pad was placed only at the index finger. The graphene pad was connected to the power supply and set the temperature

through voltage regulation.
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Figure 2. Experimental procedure. The target force level and
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RESULTS

1. 4X| MVC Z}H|(Index maximum voluntary contrac-
tion force production task)

1) %[ XA 222 (Maximum Voluntary Contrac-
tion Force: MVC force)

2= X=50| FOT FX|o| Hof ALY +FH2 M 2=
=40 et SAHez [olgh K0S EO|X| Rt

2. XN & 4’4 1tH|(Single-finger ramp force pro-
duction task)

1) 344 X|$=(Enslaving Index)

ob &712t0] IHME =AY M LIHX| CHE &713f0] ok
Xl %A(unintended) B2 ddste THHE SXIE AHES
HH =Ho|M 22 ZAO| MEF Rol$t XtO|7F LIEEOH
(F216=5.34, p=.017), C}& &7f2 8l 2= =AM = Ralst
XIO|E HO[X| QULCE LD A= AYE o S8 2= &A
Ol HIgH 43°Col 2= ZHOM o3t Z2 X2 554
X5 ISIASH(p=.04), 40°C Z=0f| H|8| 43°Co| 2%
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=AM FeloH "2 X2 T5HY X+E HQUSHALHp

=.013) (Figure 3).

20 | OControl

Q 040C
1 m43TC *
5 15 ’—*|
E
sn 10
g
>
=
“% 5
=

0

Index Middle Ring Little
Task finger

Figure 3. The index of enslaving of the index, middle, ring, and
little fingers under three temperature conditions (white bar:
control temperature, gray bar: 40°C, black bar: 43°C) during
single-finger ramp force production task. Average values are
presented with standard error bars.

3. ¥ &3 M’d IHH|(Multi-finger steady-state force
production task)

1) H& & HIEF2 2XH(Normalized Root Mean
Square Error: RMSE, ;1)

X 2=0f IE gEel BEstE Ma
o Kol 2= =d0| w2t SAXH2Z 7o

K| QEACE

2) & &Hl(Force sharing)

AX|o| 2= X3of mat U™ o Md Al Y &
&2t Ao|E FHSY| It HtEEY A/AHIT 24t
b BXI(Az16=4.253, p=.033)2t SX|(A216=3.994, p=.039)
7ttt 2= =70 et |olst Xto|Tt LIEMRCE ALE
He B3l AX|9| 40°C 2 ZAHNM EX 20 v &
ot 2 2H{e| BIHE =0l S M(p=.038), L3t SX| &7}
43°C 2= ZAOM SH =0 Hg{ Folst & 2HY
28 =ol8tCHp=.037) (Figure 4).
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: ]
Index Middle Ring Little
Finger

Figure 4. Force sharing (%) of the index, middle, ring, and little
fingers under three temperature conditions (white bar: control
temperature, gray bar: 40°C, black bar: 43°C) during multi-finger
steady-state force production task. Average values are presented
with standard error bars.

3 At AX[E MRSt HX|(A216=10.95 p=.001), SX|(A21q
=10.854, p=.001), YX|(F216=12.04, p=.001) =II0|N 2=
of T2 H3As2 |2zt AHO|7F LIEGon, RE 229
7tof et & WMol HAts B7t5ke B
Mt Al & IRE Hojl 5|8l 43°C =AM HESH =Tt
S MH(p=.006), 40°C Z=Z10]| H|sH 43°C ZZ0|N
A7t FOlSHH =2 AS RISt ALHp=.004). SA| &
12 X 2% =0 H|l 40°C =N HEA
| =%2MH(p=.019), M 2= =0 H|sh 43°C
SAT7E RS =2 WS &Q5HACHp=.002).
=I1o| 42 M 2= &0 H|s 43°C =0
A7k F2lBHA AL (p=.001), 40°C =0 |3}
HolM BHMSAFIL KOst & WS =IstUCt
.013) (Figure 5).
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A E oy B =
g Hir
;O
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4) 3SEE X|$(Synergy index)

RACHo=.024). VorrE &
SHA RUALT(p=.044),
FELE LIEHGCHp=.029).

M2 OiIH 40°C =20f B[l 72
o|s o
oleh X0|E EO[X| BRUACE

43°C =40f Hlgl 7 =
SHH 22L& X0 & AVE

[l

(Figure 6).

O Control

E ::2* * %11
3
il Wi

Index Middle Ring Little

Coefficient of Variation (%)

Finger

Figure 5. Coefficient of variation (%) of the index, middle, ring,
and little fingers under three temperature conditions (white bar:
control temperature, gray bar: 40°C, black bar: 43°C) during
multi-finger steady-state force production task. Average values
are presented with standard error bars.
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m43
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Variance (N2)
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Figure 6. The variances in the UCM (VUCM), variances in the
orthogonal space (VORT) and synergy index under three tem-
perature conditions (white bar: control temperature, gray bar:
40°C, black bar: 43°C) during multi-finger steady-state force pro-
duction task. Average values are presented with standard error
bars.
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