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ARTICLE

Do Tangential Finger Forces Utilize Mechanical Advantage
During Moment of Force production?
Junkyung Song1, Kitae Kim1, Jaebum Park1,2
1Department of Physical Education, Seoul National University, Seoul, South Korea. 2Institute of Sport Science, Seoul
National University, Seoul, South Korea.

ABSTRACT. This study investigated the beneficial effects of
the utilization of mechanical advantage (MA) of finger tangen-
tial forces during the moment production. Subjects produced
the resistive moment of force against the external torque while
the moment arms of the tangential forces were systematically
changed. We observed a relatively large contribution to the net
moment by the tangential forces with the increased moment
arms, whereas the vector sum of normal and tangential forces
decreased. The indices of multi-finger coordination for the sta-
bilization of the moment of forces and force direction increased
with the moment arms. The current results provide evidence
that the utilization of MA is associated with both the efficiency
of force production and the stabilization of perform-
ance variables.

Keywords: force direction, mechanical advantage, stability,
tangential finger force

Introduction

T he mechanical advantage (MA) of the human move-
ment system addresses the relationship between an

outcome force and a resistive force (Biewener et al.,
2004; Demircan et al., 2020). Notably, effectors posi-
tioned further away from the axis of rotation have larger
MAs for the moment of force production (Shim et al.,
2005a; Zatsiorsky et al., 2002a). This implies that a rela-
tively large contribution from effectors with larger MAs
(i.e., relatively large shares) would be an efficient and
effective way to produce the moment of force. The prin-
ciple of MA states that the human controller may con-
sider the MA of the effectors for the efficient sharing of
activations between involved elements (Zatsiorsky &
Latash, 2008). Previous studies have reported that the
principle of MA is valid at various levels of the human
movement system, including end-effector force gener-
ation (Martin et al., 2011; Zatsiorsky et al., 2002b), bit-
ing with the teeth (Devlin & Wastell, 1986;
Throckmorton & Dean, 1994), and muscle activation
(Buchanan et al., 1989; Kuo, 1994; Nichols, 1994;
Prilutsky, 2000).
With respect to end-effector force generation and shar-

ing among a redundant set of effectors, the principle of
MA is one way to resolve the degrees of freedom prob-
lem (Park et al., 2012; Zatsiorsky & Latash, 2008)—not
by finding a unique combination of outcome levels of
the involved variables (Todorov et al., 2005)—but by
conjugating an abundant set of variables (i.e., motor

abundance, see Latash, 2012; Reschechtko et al., 2015 )
based on the rule of organizing sharing and co-variation
patterns among the variables. The normal components of
finger forces with larger moment arms had larger contri-
butions to the required torque during prismatic grasps
using hand digits (Park et al., 2012; Shim et al., 2004;
Zatsiorsky et al., 2003b). In particular, the MAs of the
index and little fingers are relatively large compared to
the middle and ring fingers during prismatic grasping or
pressing. This is because of the partially constrained neu-
tral line of the hand, i.e., the line where a zero net
moment is observed is likely positioned along the ulnar
side of the middle finger (Zatsiorsky & Latash, 2008).
Hence, the anatomical structure of the body segment,
such as the parallel alignments of fingers, is assumed to
be a primary factor for differentiating the MAs of mul-
tiple elements related to their sharing strategies when the
normal component of finger forces is considered.
A variety of manipulation tasks that use the hand and

fingers require the production of appropriate and suffi-
cient shear forces (i.e., tangential forces). A tangential
force can be a primary force component that satisfies the
task mechanics or carries out everyday activities. For
example, the digit tangential forces mainly contribute to
the moment production when circular objects are manip-
ulated (Shim & Park, 2007), such as during rotation of a
doorknob. Further, load direction affects the sharing pat-
terns of digit tangential forces (Pataky et al., 2004; Slota,
Latash, et al., 2012; Slota, Suh, et al., 2012). Of course,
the grasping forces (normal force) are necessary to avoid
slipping off the hand-held object. However, this does not
necessarily mean that the tangential forces passively cou-
ple with the normal forces. Thus, the tangential forces
can be actively adjusted, given the mechanics necessary
for successful performance. Hence, it is plausible that
both normal and tangential components of forces are
actively controlled, depending on the necessary mechan-
ics of the motor tasks (Latash et al., 2004; Park et al.,
2010; Shim & Park, 2007). Generally, the MA of digit
tangential forces can be determined by the geometric fea-
tures of the hand-held object, such as the width of the
object being grasped (Adams & Peterson, 1988; Pheasant
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& O’Neill, 1975; Slota, Latash, et al., 2012; Slota, Suh,
et al., 2012). The adjustment of finger tangential forces,
by the principle of MA, should cause the redistribution
of the finger normal forces. In other words, the local
cause-effect adjustments of the finger normal and tangen-
tial forces as predicted by the task mechanics are
expected, and this phenomenon has been called “chain-
effect” (Shim et al., 2003; Zatsiorsky et al., 2002a).
Thereby, this leads one to question whether there are
similarities between the strategies for the utilization of
MA for normal and tangential forces.
Most prior studies have focused mainly on the redistri-

bution of digit force shares relative to changes in MA
(Slota, Latash, et al., 2012; Slota, Suh, et al., 2012;
Zatsiorsky et al., 2002a), while few studies have
explored if the adjustment or redistribution of the force
shares, using the principle of MA, benefits performance
stability. In this context, “stability” in a redundant human
system refers to an ability to maintain or return to an
equilibrium of the system by task-specific ways of
covaried adjustment and flexible shares of the elements.
Consequently, the stable performance in the redundant
human system does not require a single solution. Instead,
a family of solution would be beneficial for low variabil-
ity of an important performance variable (PV) (i.e., sta-
ble performance), which is well fit to the classical
definition of stability. For example, if the hand-held
object is unexpectedly perturbed by an external force or
torque (Park et al., 2015; Shim et al., 2006), flexible
combinations of digit forces (i.e., a family of solution)
allow finding ways to maintain the equilibrium such that
the mechanical effect of the perturbation is driven by
exploring solutions within sub-space of digit forces com-
patible with the required mechanics. Thus, the stabiliza-
tion of salient PVs (e.g., net force or torque) is critical
for functional actions and could be affected by the shar-
ing and co-variation patterns of redundant elements
within the human system.
This study investigated unanswered questions sur-

rounding the manipulation of finger tangential forces,
while systematically changing their MAs. Specifically,
we examined the beneficial effects of using MA afforded
by pressing the index and middle fingers on both mech-
anical and control aspects of the moment of force pro-
duction. The MA (i.e., moment arm) of normal forces
was uniform, while the MAs of the finger tangential
forces were changed by the nonuniform geometries of
the external object. We formulated the following hypoth-
eses. The magnitudes of the finger tangential force will
increase with the moment arms of the tangential force;
this will cause conjoint changes in the finger normal
forces (i.e., decrease in the finger normal forces), while
the magnitudes of the finger normal forces will always
be larger than those of finger tangential forces for the
slippage prevention (Hypothesis 1). Since both finger

normal and tangential forces contributed to the moment
production in the current task, we explored the changes
in the stability indices of the moments of finger normal
and tangential forces, separately. We expected the non-
parallel changes of the stabilization of two components
of moment production such that the indices to stabilize
the moment of tangential force will increase with the
increment of moment arms, while the stability indices
for the moment of normal force will decrease
(Hypothesis 2). Further, we explored the combined
effects of finger normal and tangential forces. We
hypothesized that the increased MAs of tangential forces
would be associated with increments of the stability indi-
ces that are related to the magnitude of the net moment
and force direction (i.e., the direction of force vector)
(Hypothesis 3).

Materials and methods

Participants

Twenty young subjects including six females (age:
28.43 ± 4.94 years; weight: 68.62 ± 12.14 kg; height:
171.25 ± 5.67 cm; mean ± SD) participated in this study.
The hand dominance of the subjects was determined by
the scores of the Edinburg handedness inventory
(Oldfield, 1971). The average score across the subjects
was larger than 80 (83.3 ± 13.1, mean ± SD across the
subjects), which confirmed that all the participants were
considered right-handers. No participants had any sign
and history of neuropathies or traumas to their upper
extremities. Prior to the experiment, the experimental
procedures of the study were explained to the partici-
pants, and they signed a consent form. The consent form
indicated the procedures and potential risks involved dur-
ing the experiment in accordance with the ethical stand-
ards set by the Institutional Review Board of Seoul
National University (IRB No. 1907/003-015).

Apparatus

Two multi-component force/torque transducers (Nano-
17, ATI Industrial Automation, Garner, NC) being
attached to the customized flat steel-frame (14� 5 cm)
were used to measure individual finger forces in both
normal (z-axis) and tangent directions (y-axis) (Figure
1(A)). The two transducers were aligned in the x-y plane,
i.e., horizontal plane, and there were two slits along the
x-axis to attach the transducers. The surfaces of the
transducers were covered with 100-grit sandpaper (fric-
tion coefficient: 1.40� 1.52) to provide sufficient friction
between the fingertips and contact surface of the corre-
sponding transducers (Park et al., 2012; Shim & Park,
2007; Zatsiorsky et al., 2003a). The experimental frame
was designed such that it allowed movement in the rota-
tion about the x-axis only (Figure 1(A)). In other words,
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the frame with the transducers was not mechanically
fixed, but the frame could rotate about a shaft passing
through the center of the frame. The friction during the
rotation was supposed to be minimal as the contact sur-
face of the shaft was small and an oil grease was
injected into the hole where the shaft passed.
A set of cylindrical spacers (Figure 1(B)) whose diam-

eters were identical to those of the transducers (17mm
diameter) were employed to implement changes of the
moment arms of the finger tangential forces. The height
of each spacer was 1 cm and different sets of the spacers
allowed changing the moment arms from 0 cm (no spa-
cer) to 10 cm (10 spacers) at 1 cm interval. Note that the
position of the center of rotation was above the steel-
frame by the height of the transducers; thus, the moment
arm of the finger tangential force with no spacer was
supposed to be zero. A 0.2 kg load was mounted and
fixed on either right or left end of the frame in order to
create external torque in the clockwise (CW) and coun-
ter-clockwise (CCW) directions (Figure 1(A)). In add-
ition, a bubble level was placed on the other side of the
load, allowing participants to monitor the angular pos-
ition of the lever. The force signals recorded from the

sensors were digitized with an analog-to-digital converter
(Gen5, AMTI, Watertown, MA).
The rotation of the frame with the transducers was

constrained to the x-axis, therefore, the force components
along the y- and z-axis were supposed to contribute to
the production of the moment of force about the x-axis.
The distance between the slits was 4 cm, and the center
of rotation was positioned midway between the two
transducers. Thus, the magnitude of the moment arm of
the normal forces (i.e., force component along the z-axis)
for the two fingers was fixed at 2 cm.

Experimental Procedures

The subjects visited the laboratory for two consecutive
days. On the first day, the subjects had at least 30min
orientation session to become familiar with the experi-
mental setup by performing practice trials. We assumed
that 30min practice was enough time for the subjects to
become familiar with the tasks, and the learning was
possibly completed by the practice session (i.e., no learn-
ing effect during the experiment). Further, the subjects
performed half of the whole tasks on the first day. On

FIGURE 1. Experimental setup. (A) Two six-dimensional force/torque transducers were mounted on steel-frame that could be
rotated along the x-axis by the production of finger forces. The 0.2 kg load was attached to the frame in order to produce
external torque in clockwise (–) or counter-clockwise (þ) directions. (B) The cylindrical spacers were used to adjust the
height of the transducers, and the height of the forearm brace was also adjusted accordingly to ensure the constant wrist and
finger configuration during the tasks.
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the second day, the subjects had a short practice session
and performed the rest of the trials. Note that the data
from practice trials were not considered for the analysis,
and the number of rejected trials by failing the task dur-
ing actual data acquisition was less than one per condi-
tion for each subject. The subjects sat in a height-
adjustable chair and were instructed to place the index
and middle fingertips of the right on the corresponding
transducers (Figure 1(B)) and positioned their right fore-
arm on a wrist-forearm brace (semi-circular plastic cylin-
der) that was fixed to a table. Non-involved digits,
including the thumb, ring, and little finger were flexed
naturally while not contacting frame and transducers;
therefore, non-involved digits had no mechanical effect
on the frame during the tasks. The forearm was held sta-
tionary with Velcro straps to prevent excessive forearm
and wrist movement during the tasks. Before the initi-
ation of each trial, the subjects placed the distal phalange
of each digit on the center of the corresponding trans-
ducer, and each trial lasted 10 s. Once the trial started,
the subjects were instructed to maintain the rotational
equilibrium with minimal efforts (i.e., the avoidance of
excessive pressing) for at least 5 s. A bubble level pro-
vided visual feedback on the rotation of the frame. Note
that there was a single mechanical constraint that was
“zero net moment by producing normal and tangential
forces by the two fingers”.
There were 11 conditions of the moment arms of the

tangential finger forces, which were given by adjusting
the number of the spacers (Figure 1). The height of each
spacer was 1 cm and the moment arm conditions were
given from 0 (no spacer) to 10 cm (10 spacers) at 1 cm
interval. As the condition of the moment arm changed,
the heights of both chair and forearm brace were
adjusted accordingly to configure the constant forearm
and finger geometry during the tasks (Figure 1(B)),
which avoided possible changes in the peripheral proper-
ties of the flexor muscles (i.e., spring-like properties of
the muscles). Further, two external torques, which
required the subject to produce the CW and CCW
moments, were given at each moment arm condition
(Figure 1(A)). For each combination of moment arm and
external torque condition, the subject performed 20 con-
secutive trials; therefore, a total of 440 trials (11-moment
arm conditions � 2 external torque conditions � 20 tri-
als) were performed for each subject. The conditions
were given in a block randomized order across the sub-
jects, and each combination was presented as a block of
20 trials.
All force signals were set to zero before each trial

began and the sampling frequency of finger force data
was set at 100Hz. A rest interval was given to the par-
ticipant between trials and moment arm conditions to
minimize fatigue, and no participant reported fatigue.

The rest interval between trials and between moment
arm conditions were 20 s and 5min, respectively.

Data Analysis

The recorded finger force data were analyzed offline
using customized code written in MATLAB (MathWorks
Inc., Natick, MA). The fourth-order, zero-lag
Butterworth filter with a 10Hz cutoff was applied to the
raw force data. The filtered finger force data from each
trial were averaged over 1 s in the middle of 5 s data
where steady-state values of net moment of force (i.e.,
zero net torque) were observed.

Mechanical Constraint of the Task
The mechanical constraint in this study was limited to

the finger forces in the y-z plane, and the force compo-
nent of the y- (i.e., tangential force) and z- (i.e., normal
force) contributed to the resultant moment of force
(MRES) production. Hence, the following task constraint
(torque constraint) was supposed to be satisfied by pro-
ducing appropriate forces with the index and middle fin-
gers (Equation (1)).

MRES
x tð Þ ¼ dIy � FI

z tð Þ � dI, jz � FI
y tð Þ

h i

þ ½dMy � FM
z tð Þ � dM, j

z � FM
y tð Þ�

¼ �Tqk (1)

where j stands for the moment arm condition (i.e., j ¼
f0, 1,���10g). Note that the moment arms of the finger
normal forces (dy) were constant, while the moment
arms of the finger tangential forces (dz) were varied
depending on the experimental conditions. k ¼ fCW,
CCWg; M, F, and d stand for the moment of force,
force, and moment arm, respectively; subscript x, y, and
z refer to the x-, y-, and z-axis; superscript I and M indi-
cate the index and middle finger. Fz

i and Fy
i coincide

with the finger normal (FN
i) and tangential forces (FT

i),
respectively, where i ¼ findex (I), middle (M), resultant
(RES)g. We computed the direction (i.e., arctangent of
the ratio of tangential to normal force) of force vectors
of the index (FDIR

I) and middle finger (FDIR
M) separ-

ately. The resultant moment of force (MRES) was decom-
posed into the moment by the normal (MN

RES) and
tangential force (MT

RES). The MRES was further classi-
fied into moment agonist (MAGO) and antagonist (MANT)
with respect to the moment in the required direction
against the external torque (Tq), and the ratio of the
magnitudes of the agonist–antagonist moment (MAGO/

ANT) was computed. All these mechanical variables were
calculated for each trial and further averaged across mul-
tiple trials and then across the subjects for each condition
separately. Lastly, we calculated the safety margin (SM),
which is the quantification of the difference between the
magnitudes of measured normal force and the minimum
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requirement of the normal force for the slippage preven-
tion (Flanagan & Wing, 1993; Johansson & Westling,
1984). In each moment arm condition, the SMs of the
index and middle finger were calculated separately using
Equation (2).

SMi ¼
Fi
N � Fi

T

�� ��=l
� �

Fi
N

(2)

where i is an individual finger, and FN and FT stand for
the normal and the tangential finger forces, respectively.
m was set at 1.4 as the friction coefficient between the
finger pad and the sandpaper interface.

Principal Component Analysis
A principal component analysis (PCA) with a variance

maximizing rotation (i.e., varimax rotation) was per-
formed to identify the significant number of linear com-
binations (PCs) among the four component of finger
forces including the normal and tangential forces of the
index and middle fingers (FN

I, FT
I, FN

M, and FT
M) over

20 observations for each condition and subject, separ-
ately. The Kaiser Criterion, i.e., extracted PCs should be
the eigenvectors whose eigenvalues are larger than 1,
was employed to extract the significant PCs and loading
coefficients in the PCs (Kaiser, 1960).

Coordination Index of Multi-components of
Finger Forces
The force data were analyzed within the framework of

the uncontrolled manifold (UCM) hypothesis (Latash
et al., 2007; Scholz et al., 2002; Scholz & Schoner,
1999). This computational method has been used to
quantify the patterns of co-variation among the involved
elements (e.g., finger forces in this study) for the stabil-
ization of important PVs including mechanically con-
strained (e.g., the moment of force) and hypothetical
variables (e.g., force direction). The hypothetical PVs
refer to the variables that were not constrained but
assumed to be stabilized due to potential importance. In
the current study, we tested the stabilizations of four
PVs, including 1) resultant moment force (MRES), 2)
resultant moment of normal force (MN

RES), 3) resultant
moment of tangential force (MT

RES), and 4) direction of
force vector (FDIR), separately. The changes in the values
of each PV can be written as a function of the force vec-
tor, Df as follows (Equation (3)).

DPV ¼ J � Df T (3)

where J is the Jacobian that links infinitesimal changes
in finger forces with changes in the PVs, and superscript
T is a sign of transpose. The Jacobians for the MRES,
MN

RES, and MT
RES-related analyses were [dIy dIz dMy

dMz], [d
I
y dMy], and [dIz d

M
z], respectively. For the force

direction (FDIR)-related analysis, the Jacobian was con-
figured as [1/RFN -RFT/(RFN)

2 1/RFN -RFT/(RFN)
2].

Briefly, two manifolds were found by computing the
null space and its orthogonal space of the Jacobian that
spanned by linearly approximated basis vectors. Then,
two components of variances within two separated mani-
folds, VUCM and VORT, were computed across the 20 tri-
als for each condition and subject. The UCM was
defined as an orthogonal set of the unit vectors in the
finger forces space where the changes in finger force
combinations did not change the net outcomes. The other
subspace (ORT) was the orthogonal vector to the UCM.
The synergy index (DV) was computed as the difference
between VUCM and VORT, which was normalized by the
total variance (VTOT) (Equation (4)). The two compo-
nents of variances were further normalized by the
degrees of freedom of the corresponding subspace, which
allowed making comparable indices across two subspaces
that were observed in different dimensions.

DV ¼ VUCM=DOFUCM�VORT=DOFORT
VTOT=DOFTOT

(4)

In addition, the DVs and SMs were log-transformed
for the statistical comparison between the conditions
using the Fischer transformation applied for the computa-
tional boundaries such that �4 to þ1.33 for MRES &
FDIR-related analyses, �2 to 2 for the MN

RES & MT
RES-

related analyses, and 0–1 for the SM.

Statistics

A standard description of parametric statistics was
used, and the data are presented as means and standard
error. Repeated-measured ANOVAs with the factors of
Direction (two levels: CW and CCW), Moment Arm (11
levels: 0� 10 cm at 1 m interval), Force component (two
levels: normal and tangential component), Finger (two
levels: index and middle), and Variance (two levels:
UCM and ORT) were performed to test how the quanti-
fied variables were affected by a set of factors. The fac-
tors were selected for particular comparisons to test
the hypotheses.
To explore the effect of the changes in the moment

arms on the difference in the mechanical variables of the
normal and tangential component, two-way repeated-
measured ANOVAs were done separately on the finger
forces (F) and the moment of finger forces (M) with fac-
tors Force component and Moment Arm (Hypothesis 1).
In addition, auxiliary ANOVAs were performed on the
force direction (FDIR) and SM with factors Finger and
Moment Arm.
Two-way repeated-measured ANOVAs with factors

Force component and Moment Arm were performed on
the synergy indices (DV) in the CW and CCW condition,
separately. Further, we explored the effect of Moment
Arm on the difference in the variances within the two
subspaces (UCM and ORT) with the factors Variance
and Moment Arm (Hypothesis 2).

Mechanical Advantage of Tangential Finger ForcesResearch Article
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To compare the synergy indices of the net moment
(DVM

RES) and force direction (DVF
DIR) across Moment

Arm and Direction, two-way repeated-measured
ANOVAs were done (Hypothesis 3). Also, a similar
ANOVA was performed on the ratio of agonist and
antagonist moment (MAGO/ANT).

Mauchly’s sphericity test was used to confirm the
assumptions of sphericity, and the sphericity violations
were corrected by the Greenhouse–Geisser estimation.
Tukey’s honestly significant difference tests and pairwise
comparisons were performed to explore significant
effects. In addition, the regression analyses as auxiliary

FIGURE 2. Changes in the resultant normal force (FN
RES, filled circles) and tangential force (FT

RES, open circles) with the
moment arms conditions for (A) CW and (B) CCW condition. Changes in FDIR

I (filled circles) and FDIR
M (open circles) with

the moment arms for (C) CW and (D) CCW condition. Changes in SMI (filled circles) and SMM (open circles) with the
moment arms for (E) CW and (F) CCW condition. Values are means ± standard errors across subjects. The dotted lines with
the coefficients of determination (r2) represent the significant changes of the variables over the moment arm conditions from
the regression analyses. Triple asterisks (���) indicate p< .001; double asterisks (��) indicate p< .01; single asterisks (�)
indicate p< .05 for the regression analyses and main effects of the ANOVAs. Vertical gray bars indicate significant
differences of post hoc comparisons; dark gray indicates p< .001; medium gray indicates p< .01; light gray indicates p< .05.
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tests were performed to identify the patterns of the sig-
nificant changes (e.g., linear increment or decrement) in
particular dependent variables over the moment arm con-
ditions. Lastly, PCA was performed to observe the con-
figurations of the dataset and their dimension reduction
(for more details, see Data Analysis section). The effect
size, the partial eta-squared (gp2), was calculated for all
presented results. We conducted all statistical analyses
using SPSS 24.0 (IBM, Armonk, NY), and the level of
significance was set at p<.05.

Results

Changes in Finger Force Production

In general, the magnitudes of resultant normal finger
force (FN

RES) were larger than the resultant finger tan-
gential force (FT

RES) for all experimental conditions.
Also, the magnitudes of FN

RES and FT
RES decreased with

the magnitudes of the moment arms of the finger tangen-
tial forces during both the CW and CCW conditions.

Further, the decrements in the magnitudes of the two
force components were not parallel showing a stiffer
decrement in FN

RES compared to FT
RES (Figure 2(A,B)),

which was partially in line with Hypothesis 1. These
results were supported by two-way repeated-measures
ANOVAs with factors Force component (two levels:
normal and tangential component) and Moment Arm (11
levels: 0� 10 cm at 1 cm interval) separately on each tor-
que direction. There were significant main effects of
Force component (CW: F[1,19]¼152.94, p< .001,
gp2¼0.89; CCW: F[1,19]¼1540.02, p< .001, gp2¼0.99)
and Moment Arm (CW: F[2.57,48.88]¼255.69, p< .001,
gp2¼0.93; CCW: F[3.36,63.76]¼249.12, p< .001,
gp2¼0.93) with significant factor interaction of Force
component � Moment arm (CW: F[3.03,57.60] ¼109.71,
p< .001, gp2¼0.85; CCW: F[3.08,58.53]¼395.95, p< .001,
gp2¼0.95). The significant factor interactions reflected
the fact that the magnitudes of FN

RES were significantly
larger than those of FT

RES for the all moment arm condi-
tions, which was confirmed by post hoc comparisons
(p< .05). In addition, the regression analyses further

FIGURE 3. Changes in the resultant moment of normal force (MN
RES, filled circles) and tangential force (MT

RES, open
circles) for (A) CW and (B) CCW condition. (C) The ratio of the magnitudes of MAGO to MANT (MAGO/ANT) for CW (filled
circles) and CCW (open circles) condition. Regression lines are shown with the coefficients of determination (r2). The average
data across subjects are presented with standard error bars. Triple asterisks (���) indicate p< .001. Vertical gray bars indicate
significant differences of post hoc comparisons; dark gray indicates p< .001; medium gray indicates p< .01.
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confirmed that the significant decreases in FN
RES and

FT
RES over the moment arms were best fit by a linear

model for all conditions (p< .01).
The signs of the force directions (FDIR) for the CW

(Figure 2(C)) and CCW (Figure 2(D)) conditions were
positive and negative respectively throughout all the
moment arm conditions and no sign differences between
the directions of two fingers forces. FDIR for both the index
(FDIR

I) and middle fingers (FDIR
M) increased in the CW

condition, while FDIR
I and FDIR

M decreased in the CCW
condition over the moment arm conditions. Further, the
FDIR

M were larger than FDIR
I for both the CW and CCW

conditions (i.e., more positive for the CW, and less nega-
tive for the CCW for the FDIR

M). These findings were sup-
ported by two-way repeated-measures ANOVAs with
factors Finger and Moment Arm, which showed significant
main effects of Finger (CW: F[1,19]¼10.98, p¼ .004,
gp2¼0.37; CCW: F[1,19]¼129.35, p< .001, gp2¼0.87) and
Moment Arm (CW: F[3.69,70.03]¼42.41, p< .001, gp2¼0.69;
CCW: F[3.54,67.27]¼74.96, p< .001, gp2¼0.80) without

factor interactions. Significant increment and decrement of
the FDIR for the CW and CCW conditions over the moment
arms were best fit by a linear equation for both FDIR

I and
FDIR

M (p < .001).
The SM of the index (SMI) and middle fingers (SMM)

were decreased as the moment arms increased in both
the CW and CCW conditions. The SM of which normal
force produced the agonist moment was larger than the
SM of the other finger (e.g., SMI > SMM for the CW)
(Figure 2(E,F)). Two-way repeated-measures ANOVAs
with factors Finger and Moment arm performed separ-
ately showed significant main effects of Finger (CW:
F[1,19]¼12.15, p¼.002, gp2¼0.39; CCW: F[1,19]¼122.40,
p< .001, gp2¼0.87) and Moment arm (CW: F[3.58,67.94]

¼36.97, p< .001, gp2¼0.66; CCW: F[4.17,75.07]¼66.22,
p< .001, gp2¼ 0.79) without factor interactions.

Changes in Moment of Force Production

The magnitudes of the resultant moment of force
(MRES) for the static equilibrium did not show statistical

FIGURE 4. Changes in z-transformed synergy indices for the stabilization of (A) the resultant moment of force (DVM
RES),

the moment of normal force (DVM
N), and the moment of tangential force (DVM

T) for (B) CW and (C) CCW condition.
Regression lines are shown with the coefficients of determination (r2). The dashed horizontal lines in red color indicate the
critical values of DV for the existence of the synergy. The average data across subjects are presented with standard error bars.
Triple asterisks (���) indicate p< .001. Vertical gray bars indicate significant differences of post hoc comparisons; dark gray
indicates p< .001; medium gray indicates p< .01; light gray indicates p< .05.
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differences between the experimental conditions (p> .05,
not shown in Figure). The magnitudes of the resultant
moment by the normal force (MN

RES) decreased, while
the resultant moment by the tangential force (MT

RES)
increased over the moment arm conditions for both the
CW and CCW conditions (Figure 3(A,B)), which further
supported the Hypothesis 1. Two-way repeated-measures
ANOVAs that performed with factors Force Component
and Moment Arm confirmed the significant main effects
of Force Component (CW: F[1,19]¼17.47, p¼ .001,
gp2¼0.48; CCW: F[1,19]¼9.63, p¼ .006, gp2¼0.34) with
significant Force component � Moment Arm (CW:
F[2.63,50.04]¼304.93, p< .001, gp2¼0.94; CCW:
F[2.69,51.15]¼614.51, p< .001, gp2¼0.97). The significant
factor interactions reflected the fact that the patterns of
changes in the MN

RES and MT
RES were opposite to each

other. The post hoc pairwise comparison confirmed that
the significant differences between MN

RES and MT
RES

were shown in most of the moment arm conditions
except in 3 and 4 cm for the CW and 4 cm for the CCW

direction. Further, the regression analyses confirmed that
the significant changes in each of MN

RES (i.e., decre-
ment) and MT

RES (i.e., increment) over the moment arms
were described best by linear models (p< .001).
The ratio of the magnitudes of agonist to antagonist

moment (MAGO/ANT) increased with the magnitudes of
moment arms, and there was no significant difference on
MAGO/ANT between the CW and CCW conditions (Figure
3(C)), which confirmed by a significant main effect of
Moment Arm (F[3.41,54.56]¼9.10, p< .001, gp2¼0.36)
without factor interaction. Significant increments of the
MAGO/ANT over the moment arms for all the torque con-
ditions were the best fit by linear equations (p< 0.001).

Coordination Indices

Moment Stabilization Hypothesis
DVM

RES, which represents the stability index for the
stabilization of net moment, increased linearly with the
moment arms (F[10,190]¼111.48, p< .001, gp2¼0.85,

FIGURE 5. Two components of variance, VUCM (filled circles) and VORT (open circles), for the resultant moment of normal
force (MN

RES)-related analysis for (A) CW and (B) CCW condition, and for the resultant moment of tangential force (MT
RES)-

related analysis for (C) CW and (D) CCW condition. Values are means ± standard errors across subjects. Regression lines are
shown with the coefficients of determination (r2). Triple asterisks (���) indicate p< .001. Vertical gray bars indicate
significant differences of post hoc comparisons; dark gray indicates p< .001; medium gray indicates p< .01; light gray
indicates p< .05.
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Figure 4(A)) with no significant difference between the
CW and CCW conditions (Hypothesis 3). We further
compared two components of variances, VUCM and
VORT, which showed that the VUCM was always larger
than the VORT for all experimental conditions (p< .001,
not shown in Figure). Both variances decreased with the
moment arms (p< .001), while relatively large decre-
ments in the VUCM compared to VORT that were con-
firmed by significant Variance � Moment Arm (CW:
F[2.82,53.56]¼8.03, p< .001, gp2¼0.62; CCW:
F[3.45,65.61]¼7.16, p< .001, gp2 ¼0.27).
There were opposite changes in the synergy indices

for the stabilization of moment of normal force (DVM
N)

and tangential forces (DVM
T), which was commonly

observed in both CW and CCW conditions (Figure
4(A)). That was the DVM

N decreased, while the DVM
T

increased with the moment arms (Figure 4(B,C)), which
supported the Hypothesis 2. These results were supported
by two-way repeated-measures ANOVAs with factors

Force component and Moment Arm separately on torque
directions, which showed significant main effects of
Force component (CW: F[1,19]¼9.59, p¼ .006,
gp2¼0.34; CCW: F[1,19]¼20.34, p<.001, gp2¼0.52) and
Moment Arm (CW: F[5.34,101.47]¼6.27, p< .001,
gp2¼0.25; CCW: F[10,190]¼4.02, p< .001, gp2¼0.18)
with significant Force component � Moment Arm (CW:
F[10,190]¼83.31, p< .001, gp2¼0.81; CCW:
F[6.10,115.96]¼75.46, p< .001, gp2¼0.80). As a result of
post hoc pairwise comparison, significant differences
between DVM

N and DVM
T were observed in overall

moment arm conditions except in 3 and 4 cm for both
CW and CCW condition (p < .05). Further, the signifi-
cant decrements and increments in DVM

N and DVM
T

over the moment arms were well described by a linear
regression (p< .001).
For the moment of normal force (MN)-related analysis,

VUCM decreased over the moment arm conditions, while
no significant changes in VORT. The VUCM was larger

FIGURE 6. (A) Changes in z-transformed synergy indices for the stabilization of the force direction (DVF
DIR) for CW (filled

circles) and CCW (open circles) condition. The dashed horizontal lines in red color indicate the critical values of DV for the
existence of the synergy. Two components of variance, VUCM (filled circles) and VORT (open circles) for the force direction-
related analysis for (B) CW and (C) CCW condition, are presented. Values are means ± standard errors across subjects.
Regression lines are shown with the coefficients of determination (r2). Triple asterisks (���) indicate p< .001; double
asterisks (��) indicate p< .01; single asterisks (�) indicate p< .05 for the regression analyses and the main effects of
ANOVAs. Vertical gray bars indicate significant differences of post hoc comparisons; medium gray indicates p< .01; light
gray indicates p< .05.
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than VORT at relatively small moment arm conditions
(e.g., 0� 2 cm), which were confirmed by significant
factor interactions of Variance � Moment Arm (CW:
F[2.21,41.98] ¼ 10.14, p< .001, gp2¼0.35; CCW:
F[3.55,67.37]¼12.66, p < .001, gp2¼0.40) (Figure 5(A,B)).
Similarly, for the moment of tangential force (MT)-
related analysis, both VUCM and VORT decreased with
the moment arm conditions (p< .05). The statistical dif-
ferences between VUCM and VORT were observed only at
6� 10 cm moment arm condition, which was confirmed
by significant factor interactions of Variance � Moment
Arm (CW: F[2.98,56.57]¼3.57, p< .05, gp2¼0.35; CCW:
F[10,190]¼2.05, p<.05, gp2¼0.40) (Figure 5(C,D)).

Force-direction Stabilization Hypothesis
The synergy indices to stabilize the direction of result-

ant force (DVF
DIR) varied depending on moment arm

conditions. Generally, the DVF
DIR decreased slightly and

then increased with moment arms for the CW condition,
and the DVF

DIR in the CCW condition increased accord-
ing to increasing moment arms (Hypothesis 3). The sig-
nificant difference on DVF

DIR between the CW and
CCW condition was observed only at 1 cm condition
(Figure 6(A)). Two-way repeated-measures ANOVA
with factors Direction and Moment Arm confirmed these
findings, which showed significant main effects of
Moment Arm (F[4.56,77.50]¼7.00, p< .001, gp2¼0.30)
with significant factor interaction of Direction �
Moment Arm (F[10,170]¼2.76, p¼ .003, gp2¼0.14).
Further, the changes in DVF

DIR for the CW condition
was best fitted by a quadratic function (p¼ .008), while
it was sufficiently described by a linear equation for the
CCW condition (p¼ .001). The VUCM and VORT showed
a gradually decreasing pattern with increasing moment
arm in both the CW and CCW conditions. In the case of

the CW condition, the magnitudes of VUCM were larger
than VORT in 0, 1, 8, 9, and 10 cm of the moment arm
conditions (p< .05) (Figure 6(B)). For the CCW, the
VUCM always larger than VORT in all moment arm condi-
tions (p< .05) (Figure 6(C)).

Dimension Reduction by Principal Component
Analysis (PCA)

The PCA was performed on the sets of 20 observa-
tions for each subject and condition. Generally, the num-
ber of significant PCs was two, which accounted for
more than 85% of total variance for all subjects and con-
ditions (87.50 ± 2.72% for the CW and 86.72 ± 2.77% for
the CCW; mean ± standard deviation across all subjects
and moment arm conditions), which describes that the
experimental observations from the multiple trials were
confined to a two-dimensional hyperplane in the four-
dimensional force space. In addition, the percent varian-
ces explained by the first two PCs increased significantly
with the magnitudes of moment arm for both the CW
and CCW conditions (p< .05) (Figure 7).
The loadings for a set of variables in PC1 and PC2

were calculated for each moment arm condition (Table
1), and the patterns of loadings for the variables within
two PCs showed systematic changes with the magnitudes
of moment arms. For the relatively lower moment arm
conditions (e.g., 0� 2 cm conditions), the normal forces
of two fingers (FN

I and FN
M) had large loadings

(jloadingj > 0.8) with the same sign in the PC1, whereas
the tangential forces of two fingers (FT

I and FT
M) had

large loadings in the PC2. For the mid-range of moment
arm conditions (e.g., 3� 5 cm conditions), the normal
and tangential forces of each finger were observed in the
same PC. The two force components of the index and

FIGURE 7. Changes in the percent variance explained by significant principal components (PCs) for (A) CW and (B) CCW
condition. The average data across the subjects are shown with standard error bars. Regression lines are shown with the
coefficients of determination (r2). Triple asterisks (���) indicate p< .001; double asterisks (��) indicate p< .01.
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middle fingers in the CW condition were grouped into
PC1 and PC2, respectively, while these loading patterns
were reversed in the CCW condition. Furthermore, the
two tangential force components and the normal force
which contribute to the antagonist moment (i.e., FN

M in
the CW, FN

I in the CCW) were grouped into PC1, and
the other normal force contributable to agonist moment
was solely PC2 under relatively higher moment arm con-
ditions (e.g., 6� 10 cm conditions).

Discussion

The current experiment produced both expected and
unexpected outcomes; therefore, the hypotheses formu-
lated in the introduction to this paper are partially sup-
ported. We observed a significant increase in the
stability indices for all four PVs, including the resultant
moment of force (MRES), the moment of tangential force
(MT

RES), and the force direction (FDIR) when the MA of
the tangential force increased. This observation supported
our second and third hypotheses. As the moment arm of
the tangential force increased, conjoint changes in the

normal forces were observed. However, given that the
magnitudes of the tangential forces decreased, our first
hypothesis was not fully supported.

Biomechanical Aspects of the Use of
Mechanical Advantage

The human hand and fingers exemplify the motor
redundancy that is observed at various levels of the
human movement system. The redundancy implies that
the number of variables (e.g., individual finger forces in
the current study) that need to be organized is greater
than the number of constraints that enforce the relation-
ships among the variables (e.g., zero net torque by
actions of four force components in the current study).
Therefore, a family of solutions could equally satisfy the
given motor tasks. Further, the organization of proper
sharing and co-variation among the involved elements is
necessary to resolve this problem of redundancy. The
individual contributions of elements to the overall per-
formance could be characterized by using the principle
of MA. Our findings were not in line with previously

TABLE 1. Loadings of principal components (PC1 and PC2) of all finger force components in each moment
arm and torque direction condition.

Moment
arm (cm) Variable

CW CCW
Moment
arm (cm)

CW CCW

PC1 PC2 PC1 PC2 PC1 PC2 PC1 PC2

0 FN
I 0.97 �0.07 0.91 0.21 6 0.37 0.90 0.86 0.14

FT
I �0.35 0.89 �0.30 0.74 �0.89 0.24 0.96 �0.26

FN
M 0.97 �0.03 0.88 0.33 0.72 0.30 0.06 0.99

FT
M 0.18 0.94 �0.34 0.77 0.88 0.38 �0.82 �0.35

1 FN
I 0.98 �0.13 0.93 0.06 7 0.33 0.92 0.95 0.11

FT
I �0.02 0.78 �0.06 0.84 �0.93 0.20 0.93 �0.33

FN
M 0.97 0.07 0.86 �0.30 0.87 0.25 0.03 0.93

FT
M �0.03 0.76 �0.11 0.80 0.92 �0.38 �0.93 �0.15

2 FN
I 0.97 0.05 0.10 0.92 8 �0.18 0.97 0.88 0.33

FT
I �0.04 �0.78 �0.07 0.92 �0.83 0.30 0.91 0.39

FN
M 0.95 0.01 0.92 0.28 0.89 �0.01 �0.10 0.97

FT
M �0.10 0.80 �0.94 0.23 0.93 �0.35 �0.91 �0.28

3 FN
I �0.97 �0.06 0.14 0.90 9 0.08 0.99 0.88 0.24

FT
I 0.86 0.14 �0.04 0.96 �0.91 �0.20 0.98 �0.26

FN
M �0.07 0.93 0.90 �0.09 0.87 0.34 0.25 0.98

FT
M 0.38 0.80 �0.85 �0.20 0.95 �0.29 �0.93 0.10

4 FN
I 0.90 �0.25 0.05 0.92 10 �0.04 0.99 0.66 �0.30

FT
I �0.93 0.03 �0.05 0.98 �0.96 0.13 0.91 �0.25

FN
M 0.02 0.95 0.84 �0.35 0.97 0.29 0.09 0.96

FT
M 0.27 0.92 �0.86 �0.33 0.91 �0.20 -0.87 �0.39

5 FN
I 0.93 �0.10 �0.03 0.92

FT
I �0.88 �0.32 0.21 0.93

FN
M �0.03 0.92 0.93 �0.09

FT
M 0.21 0.93 �0.88 �0.32

Data are from a representative subject. FN
I index normal force; FT

I index tangential force; FN
M middle normal force; FT

M

middle tangential force. Absolute values of the loadings over 0.7 are shown in bold.
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reported results that showed increased force magnitudes
with larger moment arms. In other words, we observed
that the magnitudes of the tangential finger force slightly
decreased with the moment arms. This finding was in
direct opposition to previous observations (Slota, Latash,
et al., 2012; Slota, Suh, et al., 2012). However, the cur-
rent results may support the validity of the principle of
MA during the usage of the tangential forces because of
the following reasons. In the current experiment, the
magnitudes of the external torque—that were supposed
to be compensated for by the moment of produced finger
forces—were tightly constrained. Meanwhile, there were
no constrained values for both tangential and normal
forces, such as a gravity-free experimental setup, and no
target net normal force values. The magnitudes of the
net forces had no constrained values; therefore, the rela-
tive contribution of the individual finger forces to the
required mechanics—that is, the constrained value of the
net torque—was important for gauging the benefit of the
MA. We clearly observed that the relatively large share
of the moment of the tangential force (MT

RES in Figure
3) to the net moment was accompanied by reductions in
the contribution of the moment of normal force (MN

RES

in Figure 3) when the MA (i.e., moment arm) of the tan-
gential force was increased. These results were associ-
ated with an increased ratio of tangential to normal
forces (i.e., direction of the force vector, FDIR in Figure
2). Note that the tangential forces of both the index and
middle fingers produced the moment in the required dir-
ection (i.e., agonist moment). This is further supported
by the result of the PCA, which showed large loadings
of the two tangential forces in the same PC, along with a
large loading of normal force for the antagonist moment,
especially during relatively large moment arm conditions
(>6 cm). By combining all these outcomes, a tangential
force with a large MA might effectively satisfy the task
mechanics by incrementally changing their contributions,
and by demonstrating task-specific compensation for an
anti-directional moment.
Another interesting finding was that the relative contri-

butions of the moment, by the two force components,
crossed at the 4–5 cm moment arm conditions, while the
magnitudes of the two forces continued to decrease (i.e.,
FN

RES > FT
RES from 4–5 cm). In the current experiment,

the magnitudes of the moment arm (i.e., the MA) of the
normal forces were fixed at 2 cm, and the friction coeffi-
cients between the fingertips and contact surface were
approximately 1.40 and 1.52 (Zatsiorsky et al., 2003a).
Again, there were no constrained values of either normal
or tangential forces, unlike holding an object in the air
(i.e., the sum of the digit tangential forces should com-
pensate for the weight of the object being grasped in a
static fashion). However, normal forces should be suffi-
cient to maintain the rotational equilibrium given the
friction coefficient. This means that the magnitudes of

the tangential forces were partially constrained due to the
friction mechanics. This may result in a relatively larger
contribution of the normal force to the net moment at
the 2 cm condition, where the MAs of the two force
components were equal. Therefore, the patterns of force
shares in this study comply with the principle of MA,
and with the mechanical necessities of the given environ-
ment (i.e., the friction coefficient). As the moment of
tangential force increased—as the MA increased—the
contribution of normal forces to the net moment
decreased to satisfy the constraint of having the same net
torque for all experimental conditions. These variable
patterns might also be modulated synergic actions of the
finger forces, which incited the chain-effect observed in
the current results.

Torque and Force Direction Stabilization with
Mechanical Advantage

The stability of a given task is crucial for achieving
functional actions by multiple elements in a redundant
motor system (Latash, 2016; Zatsiorsky & Latash, 2008).
We sought to determine if using the MA was beneficial
for stabilizing salient PV(s), such as stabilization of net
moment by purposeful co-variation of the four compo-
nents of the finger forces. The stability index (DV) of
the apparent PV (i.e., DVM

RES) increased with the mag-
nitudes of the tangential moment arms. Meanwhile,
opposite changes between DVM of normal (DVM

N) and
tangential forces (DVM

T) showed a direct proportion for
DVM

T and an inverse proportion for DVM
N relative to

the magnitudes of the moment arm (Figure 4). Further,
the force direction (DVF

DIR, i.e., the angle of force vec-
tor) was also stabilized—and even strengthened—as the
moment arms increased (Figure 6). To the best of our
knowledge, this was the first experimental evidence of
parallel changes in the stability indices with the magni-
tudes of MA for particular elements (i.e., tangential
forces). The use of MA was associated with the benefi-
cial consequence of the “economy” of total finger force
production—as shown in previous studies (Park et al.,
2012) and current results (i.e., the decrement in the force
magnitudes and SM)—but also with the stabilization of
net outcome variables that involved an abundant set of
elements. Here, we deliberately use the term “abundant”
rather than “redundant” because previous studies and
current outcomes have shown that combinations of a
redundant set of finger forces vary, not by freezing the
element actions, but by covarying all the involved ele-
ments properly and stabilizing task mechanics. This
study provides additional evidence of “active” control of
a tangential force (Park et al., 2010; Shim & Park,
2007), and our results support the hypothesis that MA
has a beneficial effect on fine-tuning (or trial-to-trial tun-
ing) of a set of four force components. Indeed, the ana-
lysis of the stability index and the dimension reduction
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(i.e., PCA) showed that inter-trial tuning to stabilize the
net moment created two subsets where the configurations
underwent conjoint adjustments as the moment arms
increased. For small moment arm conditions (e.g.,
0–2 cm), decoupled subsets of normal and tangential
forces were observed. These results were similar to prior
findings that supported the principle of superposition
(Shim et al., 2005b; Shim & Park, 2007; Zatsiorsky
et al., 2004).
However, we hesitate to claim that the current results

(i.e., decoupled control of normal and tangential forces)
support the validity of superposition control. This is
because both subsets contribute to the generation and sta-
bilization of the net moment. In other words, the two
subsets are not separable elements of functional perform-
ance, such as grasping and rotational equilibrium. This is
particularly evident during static prismatic grasping
(Ambike et al., 2013; Zatsiorsky et al., 2004). Again,
there were no constrained values or tasks for pressing
forces or tangential forces in the current experiment. Our
interpretation of the existence of the two subsets during
small moment arm conditions was that the fine-tuning of
tangential forces was not coupled with normal force tun-
ing. This implies that the tangential force might consist
of independent force components that are controlled dur-
ing finger force generation (i.e., active control of the tan-
gential force). Similarly, two independent subsets of the
force components were still observed at larger moment
arm conditions, while the configurations of the subsets
were modulated as the moment arms increased.
Functionally, the first subset seemed to compensate for
the anti-directional moment of force produced by one of
the normal forces. Here, we observed large loadings of
two tangential forces with one normal force in the same
PC. Note that the tangential forces produced by the two
fingers always produced the moment of force in the
required direction (i.e., agonist moment production).
Meanwhile, one of the normal forces produced the anti-
directional moment of force due to the geometry of the
experimental frame and the task mechanics. In addition,
the variance explained by the first two PCs increased,
while the variance within the task space (i.e., the UCM
space) decreased with the moment arms. These results
imply that first, the planarity of data distributions was
stronger when a relatively large MA was used. Second,
less-flexible finger force combinations were associated
with better stability due to smaller error variances
(VORT). Note that the strength of stability properties (i.e.,
synergy index) reflects the relative amounts of variances
of UCM space (VUCM) to its orthogonal space (VORT)
with respect to the total variance (VTOT). Thus, it is pos-
sible that lower VUCM is compatible with either higher
or lower synergy indices depending on the relative
amounts of the two variances (Kapur et al., 2010; Kim
et al., 2018). Hence, finger force combinations with

relatively large MAs may be nearly optimal combina-
tions within a two-dimensional hyperplane (i.e., such
combinations would be more likely to comply with the
optimal principle, see Terekhov et al., 2010; Terekhov &
Zatsiorsky, 2011 ) without sacrificing stability. Then,
what is the nature of the cost-function implemented in
the current data set? Despite the fact that the magnitudes
of finger force and SM decreased with the moment arms
in the current results, the force magnitude-related varia-
bles may not be the cost to be minimized due to the
observation of the antagonist moment production.
Instead, the current results of the increased stability
index (i.e., synergy index) with more converged finger
force combination (i.e., smaller variance) infer that the
cost to be minimized may not be “energy” because the
system could not reproduce robust stability during the
conservation of energy (Ahn & Hogan, 2012). A true
cost-function implemented by the human controller may
be related to the combinations of several human factors
such as biomechanical, physiological, and psychological
variables; thus, future research will have to ascertain the
veracity of possible cost-function that actually imple-
mented by the central nervous system.
During the current motor tasks, the finger force vec-

tors were supposed to be observed in the frontal plane
(y-z plane). This was caused by the actions of the fingers
following the issuance of instructions that were associ-
ated with flexion and abduction/adduction using the dis-
tal interphalangeal (IP) and metacarpophalangeal (MCP)
joints (Pataky et al., 2008). The tangential force (the
abduction/adduction along the y-axis) was predominantly
generated by activation of intrinsic hand muscles (e.g.,
the dorsal interosseous and the palmar interosseous) at
the MCP joint (Li et al., 2003). Extrinsic hand muscles
(e.g., the flexor digitorum superficialis and profundus)
contributed to the flexion moment by generating normal
force at the IP joint (Li et al., 2000). Since the current
task required simultaneous production of y- and z-axis
forces, the coordinated actions of the extrinsic and intrin-
sic muscles were critical to maintaining the stability of
salient PVs. It seems that the two groups of muscles—
intrinsic and extrinsic—stabilized the salient PVs by
organizing the two independent subsets. This resulted in
conjoint adjustments with changes in MA. Together,
these produced incremental changes in the stability index
for the net moment as the salient PV.
The elemental variables employed in the current ana-

lysis were finger forces in both the normal and tangential
directions. Individual finger forces are interdependent
due to biomechanical and neural structures in humans.
This phenomenon is referred to as “enslaving” (Van
Beek et al., 2019; Zatsiorsky et al., 2000). In the current
analysis, our justification was that the enslaving patterns
of tangential force production were more complex than
those of normal forces (Pataky et al., 2007). Further, the
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particular relations between the interdependency of nor-
mal and tangential forces has not been discovered yet.
The actions of the index and middle fingers, which were
the fingers involved in the current experiment, function
relatively independently compared to other fingers.
Therefore, we focused on force variability and its effect
on performance using a set of mechanical variables (i.e.,
finger forces).
The main result of our study is the demonstration that

the tangential forces actively utilized the given MA for
the moment of force production, which supported the
validity of the principle of MA during the finger tangen-
tial force production. In particular, the principle of MA
can be beneficial not only for efficient force production
but also for stabilization of PVs by proper co-variation
of an abundant set of elements. Nevertheless, we have to
admit the limitations of the current study such as the
nature of current task. Since the simultaneous stabiliza-
tions of grasping and rotational equilibrium are required
in many everyday activities, future studies will have to
determine whether the current conclusion would be
reached during more ecologically valid tasks.
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