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Abstract When people transport handheld objects, they
change the grip force with the object movement. Circular
movement patterns were tested within three planes at two
different rates (1.0, 1.5 Hz) and two diameters (20, 40 cm).
Subjects performed the task reasonably well, matching
frequencies and dynamic ranges of accelerations within
expectations. A mathematical model was designed to pre-
dict the applied normal forces from kinematic data. The
model is based on two hypotheses: (a) the grip force
changes during movements along complex trajectories can
be represented as the sum of effects of two basic com-
mands associated with the parallel and orthogonal
manipulation, respectively; (b) different central commands
are sent to the thumb and virtual finger (Vf—four fingers
combined). The model predicted the actual normal forces
with a total variance accounted for of better than 98%. The
effects of the two components of acceleration—along the
normal axis and the resultant acceleration within the shear
plane—on the digit normal forces are additive.
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Introduction

In a static case of holding an object equilibrium dictates the
net forces to be equal to zero. In particular, to hold a
vertically oriented object with the prismatic grasp—thumb
opposes the four fingers like in holding a bottle of water—
the normal forces (Fn) of the thumb (Th) and the virtual
finger (Vf—an imagined digit with the mechanical action
equal to that of the four fingers combined, Arbib et al.
1985) must cancel out each other, i.e., these forces should
be equal in magnitude.

The above-mentioned two equal and opposite normal
forces of the Th and Vf are collectively referred to as the
grip force. In static tasks of holding an object, the notion of
grip force is intuitively simple; everybody understands how
to grasp the object stronger or weaker. However, during
object manipulation, for instance, during horizontal object
transport, the normal forces of the Th and Vf are not equal
anymore. They do not cancel out each other, and the notion
of the grip force is becoming less evident. It should be
defined in strict mechanical terms.

Mechanically, the forces applied by the digits on a
handheld object can be described in terms of two force sets
(Kerr and Roth 1986; Yoshikawa and Nagai 1991), the
manipulation forces and the internal forces. The manipu-
lation force is the resultant force that may cause the
movement of the object. The internal force is the set of
forces applied by the digits that does not affect the equi-
librium state of the object (Murray et al. 1994). The
components of the internal force sets cancel out each other.
In the present paper, the grip force is understood as an
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internal force, the set of the Th and Vf normal forces that
cancel out each other (for a more detailed discussion see
Gao et al. 2005; Zatsiorsky and Latash 2008). The grip
force magnitude equals the minimal of the Th and Vf
normal forces. For instance, if one of the forces equals
—15 N and the other force is 10 N, the grip force (mag-
nitude) is 10 N and the manipulation force (the resultant
force) is —5 N. The goal of this study is to investigate and
describe (model) the dependence of the grip force on
movement kinematics during object manipulation.

The internal and manipulation forces are mathematically
independent and can be controlled separately. Such a
decoupled control is realized in robotic manipulators (e.g.,
Zuo and Qian 2000). People do not use this option: they
change the internal forces, in particular the grip force,
during object manipulation (reviewed in Zatsiorsky and
Latash 2008). The grip force changes during object
manipulation are influenced by movement mechanics but
not completely necessitated by them; performers can grasp
an object stronger or weaker at any phase of the movement.

Multifinger prehension during object manipulation has
been studied previously in single motion paths of the object
in hand (vertical, horizontal, and diagonal) (Gao et al.
2005; Smith and Soechting 2005). The study by Gao et al.
(2005) tested two movement scenarios of parallel manip-
ulation tasks and orthogonal tasks. The tasks were cate-
gorized based on the alignment of the handle orientation
and movement direction. For a prismatic grasp, where
finger forces can be represented by two components, tan-
gential and normal, the parallel manipulation is a move-
ment in the tangential force direction while the term
orthogonal manipulations designates movement in the
direction of the normal force components.

In the parallel tasks, e.g., when a vertically oriented
handle is being moved vertically, the grasp and manipu-
lation forces are coupled; the normal forces increase in
parallel with the load force [static weight + (mass x
acceleration)] (Johansson and Westling 1984; Zatsiorsky
et al. 2005). This tendency is evident even when forces
already exceed the threshold force; minimum force
required to prevent the object from slipping (Flanagan and
Wing 1995). In the orthogonal tasks, e.g., when a vertically
orientated handle is being moved horizontally in the
direction of the normal forces, the magnitude of the normal
force of the thumb changes 180° out of phase with respect
to the VT force changes (Kinoshita et al. 1996; Gao et al.
2005). During such movements, the normal forces of the
Th and Vf are not equal in magnitude anymore and hence,
as explained above, the grip force equals the minimal of
these two values.

Note that during horizontal orthogonal transport of an
object, the grip force coordination is opposite to the object
lifting; during lifting, the maximal grip force is at the point
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of maximal acceleration while the maximal grip force for
horizontal transport is observed at the instant of maximal
velocity and hence the zero object acceleration (Gao et al.
2005; Smith and Soechting 2005). The origin of this effect
is unclear as this could be due to purely passive digit
mechanics and/or active control.

Another approach to describe the applied finger forces is
in terms of force ‘fractions’, i.e., separate mechanical
contributions to the digit-tip forces. In a study by
Zatsiorsky et al. (2005), the subjects oscillated a vertically
oriented handle in the vertical direction (parallel manipu-
lation). The three fractions were described as follows:
static, stato-dynamic, and dynamic. The static fraction
reflects grip force related to holding a load statically. The
stato-dynamic fraction reflects a steady change in the grip
force when the same load is moved cyclically. The
dynamic fraction is due to acceleration-related adjustments
of the grip force during oscillation cycles. These three
fractions reflect the additive property of how the grip force
is achieved as the fractions each reacted differently to
changes in the system (handle mass and movement
frequency).

When humans manipulate handheld objects through 2-D
space (e.g., picking up an object from one spot on a table
and placing it down at another), trajectories tends to follow
curved movement patterns. Such a movement path is a
combination of at least two sub-movements, lifting/low-
ering vertically and transporting horizontally. How this
combination of movements affect the control of prehension
forces has not been fully studied.

Preliminary testing of finger forces applied to an object
when manipulating its position in 3-D space concluded in a
couple of observation. Forces of the digits acting along the
X-axis (parallel to the contact surface and orthogonal to
gravity, see Fig. 1) all tend to be applied in the same
direction as each other and are in phase with the object’s
acceleration along that direction. Forces of the digits acting
along the Y-axis (parallel to the contact surface and gravity)
all tend to be applied in the same direction and are in phase
with the acceleration of the object along that direction.
However, the normal force (Fn) of the digits (Z-axis,
normal with respect to the contact surface) behavior is not
as simple as that in the other two directions. When looking
at the phase shifts between the Th and Vf forces, it was
observed that the Th and Vf forces were not in phase with
each other nor were either of the two normal forces in
phase with any of the accelerations along the Z-axis,
Y-axis, or X-axis (Fig. 2).

The purpose of this study was twofold:

1. To quantify the force patterns of normal forces, in
particular grip forces, during the prehension control of
holding onto an object while performing circular
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Fig. 1 Handle design consists of four Nano-17 sensors for the fingers
and a Nano-25 for the thumb. Not seen in the figure is the sensor
cluster, located on the backside of the handle about the handle center
of mass
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Fig. 2 Normalized accelerations (ay: Normal, Z-axis, ag: Shear, XY
plane) and normal forces (Fnr,, Fnyg) during a counter-clockwise
circular movement in the sagittal plane (YZ plane). A representative
example, frequency 1.5 Hz, circle diameter 20 cm. Note: ag lags ay,
Fnyy lags Fnry,, and no two are in phase

motions. Our interests were in seeing whether and how
the normal forces are coupled with manipulation in
more than one direction at a time. We wanted to test
2-D movement combinations to investigate how each
component of the movement affects the production of
the resultant normal forces.

2. To develop and test a mathematical model for predict-
ing the normal forces, in particular the grip force, from
movement kinematics. The model is based on two
hypotheses: (a) The grasping behavior during move-
ments along complex trajectories can be represented
as the sum of effects of two basic commands associ-
ated with the parallel and orthogonal manipulation,

respectively. (b) The above-mentioned commands are
different for the Th and Vf forces.

Methods
Subjects

Nine male subjects participated in this experiment. The
group data (mean + SD) consisted of the follows: age
28.7 £+ 6.7 years, height 178.6 & 5.8 cm, weight 85.0 +
9.4 kg, hand length from the proximal palmar crease to the
tip of the middle finger 18.5 £ 1.2 cm, and width at the
level of metacarpal heads 8.8 & 3.8 cm. All subjects were
right-handed according to their hand use in writing and
eating. None of them reported to have any neurological or
upper extremity pathology. None of the subjects were
involved in any professional activity, such as professional
violin or piano playing, or professional typing, which may
affect their hand dexterity. Each subject provided informed
consent according to The Pennsylvania State University
Institutional Review Board.

Data collection

The task involved holding onto an instrumented handle
(Fig. 1) that measured applied forces, linear accelerations,
and rotational orientation. The coordinate frames of each
system are also depicted in Fig. 1. Four Nano-17 and one
Nano-25 force/torque transducers (ATI Industrial Auto-
mation, Apex, NC, USA) for the four fingers and the
thumb, respectively, were implemented to record the forces
and moments (6 DoF) of each digit. These sensors were
connected to the individual Net-F/T cards (ATI) that were
connected to a wireless router and transmitted to a laptop
computer. Data from the sensors were sampled at 1,000 Hz
and then processed and calibrated into forces and moments
at the Net-F/T cards. Each sensor was covered with
320-grit sand paper so that the fingertip—surface interface
had a coefficient of static friction of 0.94 4+ 0.11 (Cole and
Johansson 1993; Savescu et al. 2008).

Handle linear acceleration (3 DoF) and orientation
(3 DoF) were recorded from a 3DM-GX2 (Microstrain Inc.,
Williston, VT, USA) sensor cluster (weight 50 g) consist-
ing of tri-axial sensors: linear accelerometer, gyroscope,
and magnetometer. Information from the sensor cluster was
wirelessly broadcasted to a USB base station (Microstrain)
connected to the laptop computer. Data were initially
processed and calibrated in the sensor cluster and were
sampled at the laptop computer at 100 Hz. Both data
streams, ATI and Microstrain, were collected on a
single laptop computer using a custom-written LabVIEW
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program (National Instruments, Austin, TX, USA). The
program handled data stream initializations, synchroniza-
tion, and terminations. Post-processing was handled with
custom-written code in Matlab (Mathworks INC., Natick,
MA, USA).

Protocol

The data collection protocol consisted of three sets of cir-
cular motions. For each of the motion paths, subjects were
given a similar set of base instructions:

1. Hold onto the handle with tips of all five digits on their
respective sensor using normal level of effort.

2. Hold and maintain the handle with an upright
orientation.

3. Perform a circular motion within a plane spanned by
two directional axes (Frontal: XY, Horizontal: XZ,
Sagittal: YZ).

4. Minimize any motion orthogonal to the desired plane
of movement.

5. Follow a metronome for a prescribed tempo of
movement (1.0 or 1.5 Hz).

6. Use distance markers for reference of prescribed
circular diameter (20 or 40 cm).

The tested motion paths were within the (1) frontal, (2)
horizontal, and (3) sagittal planes. For the motion in the
frontal and sagittal planes, subjects performed a vertically
oriented circular motion (up/down), while holding the
handle in their right hand out in front of their bodies with
their palm facing left. The horizontal plane motion con-
sisted of a circle (left/right & forward/backward) per-
formed in front of the subject with their palm facing left.
All motions were performed in counterclockwise direc-
tions: frontal and horizontal planes as seen from the sub-
ject, the sagittal plane as seen from the subject’s right. The
maximal values of diameters were presented to the subjects
by a grid of strings defining the circular width and height.
The subjects moved the handle parallel to the string grid
without making contact. Trial conditions (movement plane,
diameter, and frequency) were presented in block random
order; blocks of movement planes were in random order,
while within each block, the diameter and frequency were
fully randomized. Three successful trials were recorded
from each test condition before progressing to the next
combination of conditions.

Before testing, the subjects were instructed on how to
perform the three motion tasks and on the requirements of a
successful data collection (less than 15° of handle tilt, less
than 0.5 G off-axis acceleration, where G is acceleration
due to gravity). The LabVIEW data collection program
provided real-time feedback with a 2-D plot displaying the
tilt of the handle and a time plot of the acceleration along
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the off-axis. A simplified handle with the 3DM-GX2 sensor
cluster was used to allow for practice sessions until the
subject felt that they were confident in performing the
motion paths. After the practice sessions, the subject was
fitted with a belt and suspender pack system that housed all
the external sensor equipment. A cable bundle ran from the
right shoulder down the arm of the subject to the instru-
mented handle. The cable bundle was secured to the sub-
ject’s upper and forearm with cloth ties. There was
sufficient cable slack from the subject’s forearm to the
handle to allow for the subject to set the handle down on a
pedestal and relax their arm. Initial measurements were
made to record the grip forces applied under static condi-
tions. Each subject performed six baseline trials holding the
handle upright and still while applying normal effort for
three repetitions and also three trials while applying a
minimal effort.

Each test run started with the handle sitting on the
starting pedestal without the subject touching the handle so
that the sensors could be zeroed. Once the data collection
started, the subjects would grip the handle and situate
themselves to start their motion path. Once the subject was
observed to be in tempo and performing the circular
motion, an event marker was triggered and data collection
continued till completion of the data collection period. The
data collection period was set to 30 s, which allowed for
the initial start-up, adjustment period, and actual trial data.
After trimming off the initial segment of data, as well as
one second from the end of the trial, the average trial
yielded 13 s of data (13 cycles at 1 Hz, 19.5 cycles at
1.5 Hz).

All data that were collected and processed were double
checked for accuracy by checking whether Newton’s sec-
ond law of motion was upheld. Specifically, it was checked
that the sum of all digit forces were matched to the
mass X accelerations along each of the X-, Y-, and Z-axis.
The measured deviations of net force from those computed
from acceleration were on average 0.08 + 0.54 N(X),
0.15 = 0.38 N (Y), and 0.12 &+ 0.54 N (2).

Data processing

The data from each 30-second collected file were reduced
in length to within the window marked by the event trigger
signifying where the subject was performing the proper
task movement. Additionally, each file was visually
inspected, and trimmed, for any anomalies that were
marked on the test record sheet or seen during post pro-
cessing. These anomalies include the trials where a subject
stuttered in movement when adjusting their movement
tempo or due to finger slips. These “blips” in the data
stream were well beyond two standard deviations from
their natural fluctuations and only occurred in a limited
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number of cases. Forces and moments (6-DoF) were col-
lected from all five digits. For the purpose of this current
study, the data were reduced to a Thumb-Virtual Finger
(Th-Vf) level of analysis, where the Vf force/moment is
the sum of forces and moments produced by the four fin-
gers (index, middle, ring, little).

Model

The model used for this study was designed to understand
the elements that contribute to the normal forces (Fn)
generated by the Th and Vf. The model—presented below
in Eqs. 1 through 5—computes the forces based on the
recorded movement kinematics and the known mass of the
handle. Note that the model is not purely mechanical; it
does not represent the dynamic equations of motion. The
model includes the coefficients k£ and C that are under
neural control.

Based on the previous studies on the parallel and
orthogonal single axis movements (Gao et al. 2005), we
surmised that the Fn of the Th and Vf reflect additive
effects of:

1. the Fn reaction to movements within the shear plane,
the local XY plane of the force sensor (the parallel
object manipulation)—in Eq. (1); this effect is repre-
sented by the term Fy sp;

2. the Fn changes due to (orthogonal) movements along
the normal (Z) axis of the force sensor—in Eq. 1; this
contribution is represented by the term Fy; sp;

3. the base grasping forces (Fpg) estimated as the
average forces for holding onto the object (Eq. ).
The base grasping force is similar to the sum of the
static and stato-dynamic force fractions as described
by Zatsiorsky et al. (2005). It is a constant term of
Egs. 1-3.

Note the opposite signs of the contributions of Fy;na
(Eq. 1) as it carries over into the formation of Egs. 2 and 3
(Fn of the Th and Vf).

Fn = Fysp & Fymna + Faa (1)
Fnry = (k-m- |ag|) + ((0.5+ C) -m - ax) + Fgg (2)
Fnys = (k-m - |ag|]) — (0.5 = C) -m - ax) + Fac (3)

2 2

as=/(ax +ay) ax=az (4)

ay =a,-sin(w-t)+G az =a,-sin(w-t+mn/2) (5)

Terms used in the above equations: Fn: normal force,
Fy sp: forces due to movement in the local XY plane of the
force sensor (shear), Fiyna: forces due to movement along
the local normal (Z) axis of the force sensor, Fgg: base
grasping force, Th: thumb, Vf: virtual finger, k: coefficient
for the shear element, m: mass of handle, ag: resultant

acceleration within the shear plane, C: coefficient of Th—Vf
effort sharing along normal axis, an: acceleration along
normal axis, (ay ay az): acceleration along the respective
local axis, (a,): amplitude of acceleration, w: frequency, f:
time, and G: gravity. The instant values of the grip force set
(not presented explicitly in the above equations) equal the
minimal absolute magnitude of the Th and Vf normal
forces. Because the Th and Vf forces are in opposite
directions, they in part cancel out each other. The forces
that cancel each other out do not affect the object motion
and hence by definition are the internal forces.

Separation of Eq. 1 into the equations for the Th and Vf
(Egs. 2, 3) is based on the results of previous research on
single-directional movements (Gao et al. 2005), in which
different patterns of grasping force adjustment to the object
movement in dissimilar directions have been reported. For
movements along the local Y-axis, the Fnry, and Fnyy were
observed to adjust in phase with each other (for the review
see Zatsiorsky and Latash 2008). The fluctuations in the Fn
are accountable in terms of adjustments for the friction
forces required to manipulate the object. In the previous
studies, movements along the X-axis were not tested, but
based on the evident mechanical considerations, one may
expect that acceleration in this direction would also add a
normal force component associated with friction forces
similar to the Y-axis. The suggested model accounts for all
friction force requirements by using the resultant in the
shear plane (XY) of the sensor, Fy;sp iS proportional to
m X ag, where ag is the net acceleration in the shear plane,
and is adjusted by the coefficient of proportionality
k (Eq. 4).

For movements along the local Z-axis, the magnitudes
of Fnt, and Fny¢ were reported to be 180° out of phase
(Gao et al. 2005), hence the different signs for the Fny, and
Fnvyy. In this case, the net (manipulation) force of the Th
and Vf is equal to the m x an. The preceding multiplier
(0.5 = C) was applied for adjusting the ratio of Th and Vf
in contribution to the force changes that accompany the
movement along the Z-axis. The value of C can range from
0.5 (for normal force produced only by the Th) to —0.5 (for
normal force produced only by the Vf), where a C value of
zero would signify the equal (and opposite) magnitude
contribution of both the Th and the Vf to the resultant force
along the Z-axis.

The third contributing element to the Fn is a base
grasping force (Fpg) that is assumed to be constant
throughout the cyclic movements. This element is similar
to the summed effects of the static fraction and stato-
dynamic fractions (Zatsiorsky et al. 2005). Unlike the
dynamic fraction (similar to Fy; sp and F;na in this study),
which oscillates with the movement oscillations, the static
and stato-dynamic fractions represent a nearly steady force
that the dynamic fraction oscillates about. The static
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fraction represents the grasping force used to hold onto the
handle and maintain equilibrium. The stato-dynamic frac-
tion is an increase in the grasping force to shift it higher
and allow for the range of force oscillation due to the
dynamic fraction.

When an object is moved along a circular path, the two
components of acceleration are of equal magnitude, equal
frequency, and 90° out of phase (e.g., Eq. 5, YZ plane). In
the example given, there is also the additional factor of
gravity (G) along the global Y-axis. This 9.81 m/s offset is
a contributing factor in determining as.

The values of the parameters of k, C, and Fpg were
estimated by matching the acceleration data to the actual
force data for each collected trial. Validity of the model
was tested by comparison of the actual recorded normal
forces of the Th and Vf and the predicted values from the
model (based on the recorded acceleration). The parameter
used to measure the fit of the model was the variance
accounted for (VAF, Eq. 6).

VAF = (1 — (Z (actual (r) — predicted (t))z/actual (t)2>>
-100%

(6)

Statistics

Measured variables were analyzed with a 3-way repeated
measures ANOVA with factors DIRECTION (frontal,
horizontal, and sagittal), DIAMETER (20, 40 cm), and
FREQUENCY (1.0, 1.5 Hz). Each task was performed
three times. Measures for each trial were averaged across
all cycles in that trial, and then the results of the three
repetitions of each task were averaged together. Subject
data were pooled together and factors were tested with a
‘within subjects’ analysis. All statistics were performed in
Statistica (StatSoft, Tulsa, OK, USA) using an a-level of
0.05. Mauchly’s sphericity tests were performed to verify
the validity of using repeated measures ANOVA. No data
deviation from the sphericity was found.

Results

The results of this study are broken into the three main
parts: (a) the performance of the tasks, (b) the force
changes in the tasks, and (c) the correspondence between
the actual force changes and the changes predicted from the
model (model validation). To characterize the perfor-
mance, i.e., to decide on how well the subjects performed
the tasks, we analyzed the object accelerations. For the
model validation, we were mainly interested in the general
fit of the predicted forces to the actual ones as well as in the
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contribution of the three above-mentioned elements into
the predicted digit forces.

Performance of the task

The prescribed movement frequencies were reproduced by
the subjects reasonably well, with the lower frequency
measuring (mean + SD) 1.090 &+ 0.130 Hz (X), 1.098 £+
0.114 Hz (Y), and 1.094 & 0.121 Hz (Z), respectively,
and the higher frequency measuring 1.482 + 0.150 Hz
(X), 1.498 £ 0.157 Hz (Y), and 1.499 £ 0.171 Hz (2),
respectively.

It is known from classical mechanics that during linear
periodic motions, the maximum value of acceleration is
Amax = ®*xo where o is the frequency of oscillation, and x,
is the amplitude of the oscillation. Hence, we expected an
increase in the dynamic range of the accelerations (average
difference between peaks and valleys of the acceleration
oscillations, which is twice of the acceleration amplitude)
with changes in circle DIAMETER (49.93% increase
between 20 and 40 cm, P < 0.001) and FREQUENCY
(94.07% increase between 1.0 Hz and 1.5 Hz, P < 0.001),
as well as the additive effect of these two factors (as it
should be expected from basic mechanics).

To describe how well a circular motion path was fol-
lowed within the plane of desired movement, the ratios of
the dynamic range of accelerations along the coordinate
axes and their phase angle were used. A ratio of 1.0 with a
phase angle of 90° would signify a perfect circular pattern.
The ratio was calculated using the dynamic range values of
the accelerations of the desired movement (Y-axis and
Z-axis for the sagittal plane movement), dividing the
smaller value by the larger one. The overall acceleration
ratio within the desired plane was 0.971 + 0.154, with an
overall phase angle between the two acceleration profiles
of 93.75 + 19.03°, showing that on average a circular
movement path was followed within 3% error and was not
significantly affected by the different tasks (DIRECTION,
DIAMETER, or FREQUENCY; P > 0.130).

The ratio of off-plane acceleration to that in the desired
plane (calculated as the off-axis dynamics range of accel-
eration divided by the average dynamic range of acceler-
ation along the other two axes; O being the ideal
performance) was on average 0.375 £ 0.174. Off-plane
accelerations were found to be significantly affected by
DIRECTION (F5 16 = 17.46, P < 0.001) as well as by the
interactions DIRECTION x DIAMETER (F;g = 4.54,
P <0.03) and DIRECTION x FREQUENCY (F,g =
22.27, P < 0.001). Off-plane acceleration ratio was the
smallest for the movements in the sagittal plane
(0.207 £ 0.043) versus that of the two other planes
0.467 £ 0.110 (frontal) and 0.452 =+ 0.188 (horizontal). In
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Fig. 3 Grip forces averaged to one cycle for a single subject (#4) in
the sagittal plane movements. DIFI (black): 20 cm 1.0 Hz, DIF2
(gray-dashed): 20 cm 1.5 Hz, D2F1 (gray): 40 cm 1.0 Hz, and D2F2
(black-dashed): 40 cm, 1.5 Hz. The graph is scaled from min.
(center) 14.06 N to max. 32.82 N

terms of angular tilt of the movement outside the pre-
scribed plane, the average observed tilts about the X- and
Y-axes were —1.54 £ 3.22° and —2.08 %+ 1.90°, respec-
tively, and the range of maximum observed tilts averaged
+12.06° about the X-axis and 4-7.90° about the Y-axis (all
forces and accelerations were recorded in the local coor-
dinate system of the handle).

On the whole, we concluded that the subjects performed
required tasks reasonably well. They performed the
movements close to the two prescribed frequencies and
circular diameters along the circular trajectories, as it was
required; however—in some cases—with substantial
deviations from the prescribed plane.

Forces matching the task

When plotted along a time axis, the forces and acceleration
behave in a sine wave fashion (similar to those shown
above in Fig. 2). The radial plots presented below provide
a better visual reference to the force values at different
handle locations along the circular trajectory. In particular,
Fig. 3 illustrates the changes in the grip force at the dif-
ferent frequencies and diameters for the sagittal plane of
movement while example forces (Th, Vf, and Grip) in each
of the planes are presented in Fig. 4. The figures are scaled
according to the smallest and largest value being plotted
setting the range. The stated min. force value for each plot
is the center point of the plot, while the max value is the
outer most ring. This allows for visualization of the shapes
while avoiding the loss of detail due to scaling with large
data magnitudes and small deviation. The effect of the

different polar plot scales can be noticed by the detail in the
grip force (solid line) in Fig. 4, sagittal plane with a
noticeable dent near 140° and points near 90° and 240°,
while the lines in Fig. 3 are also grip forces and appear
rounder in shape.

All maximum and minimum values for the forces and
accelerations were significantly affected by increases in
DIAMETER and FREQUENCY (P < 0.005), as it should
be expected from basic mechanics. In the case of the for-
ces, whose values are always positive, both minimal and
maximal values increased. For the accelerations, all max-
imum values increased, while the minimal values
decreased (for ay and az, this was an increase in negative
acceleration magnitude).

In contrast, the locations (position around circular
movement, degrees) of the minimal and maximal forces
and acceleration were mostly unaffected by the changes in
movement diameter or frequency. However, there was a
significant effect (P < 0.05) of DIAMETER increase on
the location of minimum of Vf (frontal plane, F; g = 7.17)
and ag (horizontal plane, F;g = 14.23), which changed
from 229° to 224° and from 205° to 230°, respectively.
Also, increases in FREQUENCY significantly affected
(P <0.05) the locations of maximum Fny, (overall,
113°-93°, F, g = 6.06), grip force (XZ plane, 117°-97°,
F; 3 = 8.01), and ag (overall, 146°-142°, F; ¢ = 6.51).

The plane of movement has the most noticeable effect
on the force plots (Fig. 4). For the frontal plane, the Th and
VT forces are closer to each other than in other planes. The
horizontal plane is noted for the near mirror image of the
Th and Vf forces. The resultant grip force becomes “pea-
nut” shaped with two local minimums (at the minimums of
the Th and VT forces) and two local maximums at the point
of intersection between the Th and Vf. The sagittal plane of
movement represents a mix of the previous two, between
the near overlap and the 180° mirror. The mean Th and
Vf normal force values both increased significantly
(P < 0.001) with increases in DIAMETER and FRE-
QUENCY (Table 1).

The dynamic ranges of the Th and Vf normal forces
were significantly (P < 0.001) affected by both DIAME-
TER and FREQUENCY, as well as their INTERACTION.
Of interest are the post hoc results of the interactions,
where the task of the smaller diameter at the faster fre-
quency was not statistically different from the task of the
larger diameter at the slower frequency.

The grip force (internal force = min of two forces, Frnry,
and Fnyy) was examined for the mean value across the trial
and the dynamic range of oscillation, as grip force may not
be predicted from basic mechanics. The mean value of grip
force depended significantly on DIAMETER and FRE-
QUENCY (F, g = 83.5 & 52.2, P < 0.001). The increase
in movement diameter or frequency resulted in larger mean
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Forces (N) <« Fig. 4 Normal forces of the Th, Vf, and grip force during one

average cycle. Example shown is for an average value for one

snnall sopaVl cmmGrip complete cycle (360°) for a single subject (#4) for 20 cm, 1.5 Hz task.

For the frontal and sagittal figures, 90° represents the vertical top,

Movement Y D while in the horizontal figure the vertical top represents the point

Plane furthest from the subject. For the forces, the color of the dotted line

represents the source of the force (Th: black-dotted, Vt: gray-dashed),

while the solid portion represents the grip force. Each force plot is

scaled from the min. (center) to max. (outer circle). For instance, for

the movement in the sagittal plane, the center of the graph

corresponds to the value of 19.12 N and the outer ring to 30.34 N.

Note that for a half of a cycle the grip force—which is an internal

normal force—equals the Th normal force and for another half it

equals the Vf normal force. The difference in grip force detail (visible

‘dent” at 140°) when compared to the gray-dashed line of Fig. 3 is
due to the different scales

Frontal

4 : £ grip forces from 16.06 £ 4.95 N to 19.87 & 5.94 N for
200 =me —~ 7300 changes in movement diameter and from 15.42 4 4.67 N
Min: 12.85N >7° Max: 17.83 N to 20.52 & 5.67 N for changes in movement frequency.
The mean grip force did not depend significantly on
DIRECTION (F5,6 = 2.99, P =0.079); however, the
120"} - P-value is near significance. The dynamic range of the grip
& & force was significantly affected by each studied factor

150/ ¢ (DIRECTION F, 16 = 24.8, DIAMETER F, g = 47.0, and

,-"/ X FREQUENCY F;5=39.0; P <0.001) as well as by

{1 _ DIRECTION x DIAMETER (F;g = 6.94, P < 0.01) and

Hoiiziital 1303 { o DIAMETER x FREQUENCY interactions (F;g = 11.98,
(Top View) I 1 P < 0.01).

‘\_ \_‘ : i} The average dynamic ranges of the grip force for dif-

21'&\-\" & \. e S p ferent planes of movement were 5.05 & 1.47 N (frontal),

- _-'.“ | % ",' 3.11 £ 0.98 N (horizontal), and 7.60 £ 0.83 N (sagittal).

24\6"&.,‘_._""---_35”560 Post hoc comparisons demonstrated that the DIRECTION

270 main effects were significant (P < 0.02) for all pairs. For

Min: 1050N  Max: 15.97N increases in DIAMETER and FREQUENCY, there were

grip force dynamic range increases by on average 56.5%
(for all three tested movement planes, from 4.10 to 6.41 N)
and 43.7% (4.31 to 6.20 N), respectively. The post hoc
analysis for the interaction of DIAMETER x FRE-
QUENCY showed that all intra-paired differences—except
the large diameter at the slow-frequency trials versus the
small diameter at the fast-frequency trials—was significant.
The grip force pattern was not always a simple sine
wave like the Fnyy, and Fny were. Looking back at Fig. 4,
the grip force pattern is cyclic but is also irregular in shape.
Looking ahead at Fig. 5, the time domain plot shows that
S Shmn? cusps and corners occur when the Th and Vf forces inter-
24&“’“"7?6*""'/%00 sect. While the object accelerations as well as the Th and
Min: 19.12 N Max: 30.34 N Vf normal forces oscillate in a sine-like manner, the grip

Sagittal

Table 1 Mean normal forces of the thumb and virtual finger (mean + SD)

Diameter/frequency D1 D2 F1 F2
Thumb 166 £ 5.0 N 20.6 £ 6.1 N 159 £ 47N 213 £ 58N
Virtual finger 179 £ 55N 228 £70N 172 £ 53N 236 £ 65N
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Fig. 5 Grip force during the frontal plane (XY) and horizontal plane
(XZ) movements. Tasks were both 20 cm diameter at 1.5 Hz. The grip
force in the frontal plane is changing in a sine-like fashion, while in
the horizontal plane the pattern is different; in particular, the
frequency is doubled

force changes differently. In the frontal plane, the grip
force appears sine-like (Fig. 5, top graph). In the sagittal
plane (Fig. 6), a second dip in the grip force curve appears.
In the horizontal plane (Fig. 5, bottom graph), the second
dip has expanded, giving the appearance of doubling the
task frequency. The pattern of the grip force changes is
more complex and cannot be reduced to harmonic oscil-
lations with one frequency component. The detailed fre-
quency analysis of the grip force variations is not presented
here. We leave it for future research.

Mathematical model: its validation and parameters
Model validation

On the whole, the data predicted by the model matched the
actual Fn data with a VAF of 98.48 £ 0.749%. Such fac-
tors as DIRECTION (F, 6 = 2.11, P = 0.154), DIAME-
TER (F13=0.53, P =0486), and FREQUENCY
(F18 = 143, P = 0.267) did not affect the model’s accu-
racy. For the Fnry,, the VAF was 99.19 £+ 0.415% and for
Fnyg it was 99.29 £ 0.339%, both of which were not
affected by any changes in the test conditions (P > 0.150)
(Fig. 6). Subject and cycle-to-cycle variability was ever
present (as can be seen in the data presented in Fig. 6). This
can be due to non-identical performance of the cycles (e.g.,
different off-plane accelerations, different tilt of the handle,
different patterns of the angular accelerations, and irregular
movement speeds). Such differences, if they exist, do not

Actual & Model Forces: Thumb, Virtual Finger, Grip

r30

(]
th

i

]
=

f

Thumb & Virtual Finger (N)
s o
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z

ActualModet | 15
Grip m—

(N) 32204 duiny

0 05 1.0 15 20 25 30 35 40
Time (seconds)

Fig. 6 Comparison between actual normal forces (Th, Vf, Grip) and
modeled values for a sagittal plane (YZ) movement. Shown example
data set: 10 cm, 1.5 Hz counter-clockwise movement, k& = 0.300,
C = —0.176, Fgg = 19.8 N, VAF = 99.5%. The grip force is
plotted on the same relative scale, but shifted down for viewing
convenience as otherwise it would overlap on the normal force plots

undermine the model performance; the digit forces were
predicted based on the actual movement kinematics
recorded in the individual movement cycles.

Model parameters

The three model parameters had overall averages of
k = 0.443 £ 0.267, C = —0.0144 £ 0.239, and Fpg =
15.42 + 6.58. The coefficient of the shear element (k) was
found to be affected by DIAMETER (F,;g = 14.27,
P < 0.006) and FREQUENCY (F; g = 16.49, P < 0.004).
With the increase in circle diameter, k& increased from
0.408 £ 0.240 to 0.478 £ 0289, while an increase in
movement frequency resulted in a decrease in k from
0.505 £ 0.291 to 0.382 £ 0.226. DIRECTION (£, 16 =
11.44, P <0.001) and DIRECTION x DIAMETER
(F2.16 = 11.65, P < 0.001) interaction also affected the
k parameter. Post hoc analysis of DIRECTION revealed
that movements in the horizontal plane (k = 0.256) had a
significantly lower k value than in the frontal (0.469) and
sagittal (0.605) planes. When the Y-axis, which is along the
direction of gravity, was not involved in the circular
movement, the shear component coefficient was at its
lowest. The interaction of DIRECTION x DIAMETER
was primarily a result of the effect of different directions,
where the movement diameter effect was significant only
within the frontal plane (Table 2).

The coefficient of the Z-axis element (C) accounts for
the difference of involvement of the Th and Vf in pro-
ducing the net manipulation force responsible for the
movement along the Z-axis. This parameter was signifi-
cantly affected only by DIRECTION (F; 6 = 4.73,
P < 0.0243), with post hoc results showing that the
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Table 2 Model parameters k,

D1-F1 D1-F2 D2-F1 D2-F2
C, and Fpg per movement
plane, with respect to changes in k
movement diameter and
frequency (mean + SD) Frontal 0.434 + 0.249 0.343 £ 0.154 0.574 £+ 0.355 0.524 + 0.229
Horizontal 0.322 + 0.172 0.192 £ 0.125 0.308 £ 0.229 0.205 £ 0.091
Sagittal 0.682 + 0.241 0.479 £ 0.186 0.710 £ 0.241 0.548 £+ 0.249
C
Frontal 0.076 + 0.339 0.046 £+ 0.280 0.150 £+ 0.377 0.092 + 0.271
Horizontal —0.154 £ 0.147 —0.101 £ 0.159 —0.182 £ 0.165 —0.112 £ 0.134
Sagittal 0.006 + 0.222 —0.020 £ 0.150 0.016 £+ 0.202 0.010 £ 0.145
Fso
Frontal 10.74 £ 6.10 16.86 £+ 6.64 13.13 £ 7.94 20.12 £+ 6.09
Horizontal 1048 £+ 3.43 16.14 £+ 4.24 13.99 + 3.35 20.39 £ 4.61
Sagittal 1047 £ 4.44 17.07 £+ 5.60 13.84 £+ 6.91 21.75 £+ 6.56
Table 3 Contributions of
model elements to the mean and Puse Paxa Fsa Total
dynamic range of normal forces Th
(N) averaged across all
conditions (mean + SD) Mean 3.986 £+ 2.312 —0.533 £ 0.5476 1542 + 6.58 18.569 + 5.898
Dynamic range 4.423 + 3.876 4.484 + 3.227 5.409 + 2.994
Vf
Mean 3.986 £ 2.312 0.573 £+ 0.629 1542 + 6.58 20.389 £ 6.694
Dynamic range 4.423 £+ 3.876 5.128 £ 3.719 7.364 £ 3.678
coefficient for the horizontal plane (C = —0.137) was less both Fy;sp and Fyna (they are typically not in phase with

than for the frontal plane (C = 0.091).

The base grasping force, Fgg, was found to be signifi-
cantly affected by both DIAMETER (F;g = 62.81,
P < 0.001) and FREQUENCY (F; g = 76.26, P < 0.001).
In both cases, Fpg increased by 26.2% from 13.63 £+
5.84 N to 17.20 £ 6.85 N, when the circle diameter
increased by 54.6% from 12.11 £ 559 N to 18.72 £
5.83 N, and when the movement frequency increased.

Model elements

The model’s three elements (Fyisp, Fmna, Fg) €ach
contribute to the total dynamic range and mean force
generated by the Th and Vf (Table 3). The mean grasp
forces (Fpg being the primarily contributor) were greater
than the values recorded from the static trials, where the
forces under normal efforts were 14.6 + 4.25 N and under
minimal efforts 6.65 &= 1.11 N. This increase in the mean
force levels during object manipulations above the static
trials has been reported previously (under the name of
stato-dynamic fraction, (Zatsiorsky et al. 2005). The total
dynamic range is equivalent to twice the dynamic fraction
(Zatsiorsky et al. 2005) and is the sum of the effects from
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each other).

Discussion

On the whole, the data indicate that the normal force
changes during the circular arm movements depend on and
can be predicted from kinematics. The developed model
was able to describe the patterns of applied forces, i.e., the
two hypotheses on which the model is based (see the
Introduction) are confirmed. The discussion addresses as
follows: (1) the effects of changes in the movement kine-
matics on the digit forces, and (2) the suggested model and
the possible mechanisms of control of the grasping forces
in manipulation tasks.

The effects of movement kinematics on the forces
Changes in digit forces

The increasing of the prescribed circle diameter and move-
ment frequency yielded concomitant increases in the accel-

eration and normal forces, as it should be expected. Effects of
both main factors (DIAMETER and FREQUENCY) were
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significant. The two diameters (10, 20 cm) and two fre-
quencies (1.0, 1.5 Hz) were chosen with the expectation that
their individual effects would be similar and additive. As
seen in Fig. 3, this pattern was present in several measured
parameters.

The three motion path orientations were chosen not
only for simplicity of testing circular motions in orthog-
onal planes but also for their expected effects. Movements
in the frontal plane focused on the shear plane and would
result similar to that of parallel manipulations. The hor-
izontal plane tasks emphasize the effects of the normal
axis movements as the constant 1 G along the Y-axis
would result in a diminished amplitude of oscillation of
the shear plane resultant. Finally, the sagittal plane
movements would show the results of combining of all
the three model elements together and would exhibit the
additive effects of the movements in the shear plane and
along the normal axis. As follows from the results pre-
sented above, see Table 1 and Fig. 4, these expectations
were realized.

The grip force changes

As follows from Figs. 3 and 4, the grip force changes in the
cycles were not symmetric with respect to the coordinate
axes. While for movements in the frontal and sagittal
planes, the asymmetry with respect to the horizontal X-and
Z-axes is explained mainly by the effects of gravity; there
is also a tendency for the loops to be inclined to the right.
This inclination is due to larger values of the thumb normal
forces with respect to the VT force (e.g., Fig. 4: XZ) in the
270-360° quadrant and the larger values of the Vf normal
force in 90-180° quadrant. On the whole, the average
values of the Th forces were slightly larger than the aver-
age values of the Vf forces (see Table 1). Such a force
asymmetry is evidently due to non-equal accelerations in
the rightward vs. leftward and upward vs. downward
directions; we controlled the movement frequency but not
the uniformity of the angular velocity. Additionally, a
handle tilt can vary during a cycle, directing a component
of gravity towards one side of the handle creating an
imbalance in the normal forces of the Th and Vf.

There were evident differences in the grip forces
between the subjects. The large values of the standard
deviations presented above are indicative of that. It was
already mentioned that the increase in diameter or fre-
quency resulted in mean grip force changes from
16.06 £ 4.95 N to 19.87 &+ 5.94 N for the diameter and
15.42 + 4.67 N to 20.52 £+ 5.67 N for frequency, respec-
tively. The magnitudes of the coefficient of variation, i.e.,
the ratio of the standard deviation to the mean, in these
examples, are around 0.3, which is indicative of substantial
differences between the subjects.

The model and its interpretation

As it was mentioned above, the model is based on two
hypotheses: (a) the effects of efferent commands associated
with the three model elements—base grasping force (Fgg),
movements in the shear plane (Fysp), and along the nor-
mal axis (Fyna)— are additive, (b) the commands asso-
ciated with the orthogonal manipulation are different for
the Th and Vf forces. The observed good correspondence
between the model predictions and the actual results sup-
port the hypotheses. While the parameters of the models
(k, C, Fgg) are found through curve fitting, once they are
set, the model predicts the time history of the force changes
quite well. The changes in the parameters are then
dependent on the task conditions.

Effects of the movement kinematics on the model
parameters

The changes in circular diameter or movement frequency
did not affect the C parameter of the model, which modifies
the sharing of the reciprocal control of the grasp, only the
k and Fgg parameters that affect the parallel control of the
grasp were affected. The increase in circular diameter
resulted in increased for both parameters, while the
movement frequency change resulted in opposite trends
between the parameters. It was found that with the increase
in movement frequency, the system adopts a more static
strategy (increase in Fgg) while reducing adaptive oscil-
lations (reduced k from 0.505 4 0.291 to 0.382 4 0.226).

The plane of motion affected the model parameters.
While Fpg was directionally independent, both k and
C were significantly different when motion was in the
horizontal plane, as compared with other planes. At this
horizontal plane, the value of k was at its lowest, while
C was on average slightly, but not significantly, below
Zero.

The additivity problem

One of the advantages of using multi-finger prehension as
an object of motor control research is the opportunity to
broadly vary the task conditions. In several studies, the
researchers explored the effects of simultaneously varying:
the supported load and resisted torque (Zatsiorsky et al.
2002a, b, 2003a); handle geometry, e.g., the handle width,
the thumb position, and the finger spreading(Li et al. 1998;
Shim et al. 2004; Zatsiorsky et al. 2003b, 2006); handle
orientation (Pataky et al. 2004a, b); friction and torque
(Aoki et al. 2007, 2006); and static torque and inertial
forces (Gao et al. 2005, 2006, 2007; Zatsiorsky et al. 2005).

It was found that the combined effect of varying two
factors was essentially the sum of the individual effects.
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For the individual fingers, redistribution of the normal
forces occurred such that the agonist fingers—the fingers
that resist external torque—increased the force in phase
with the acceleration, while the forces of the antagonist
fingers—those that assist the external torque—especially,
the fingers with the large moment arms, the index and little
fingers, stayed unchanged (Gao et al. 2006). The observed
effects agreed with the principle of superposition according
to which some complex actions, e.g., prehension, can be
decomposed into elemental actions controlled indepen-
dently (Zatsiorsky and Latash 2004). It was surmised that
additivity of the command effects, as well as the principle
of superposition, are general phenomena of motor coordi-
nation, which are manifested in many motor tasks.

Ruegg and Bongioanni (1989) reported nearly linear
input—output properties of motoneuronal pools in tasks that
involved a superposition of steady state and ballistic con-
tractions. Studies of neuronal populations in different areas
of the brain have also supported applicability of the prin-
ciple of superposition (Kowalski et al. 1996; Glezer and
Gauzelman 1997). In the area of motor control, the idea of
the principle of superposition has been developed by pro-
ponents of the equilibrium-point (EP) hypothesis (Feldman
1986, 1966). According to the EP hypothesis, voluntary
actions are controlled with variables that define spatial
coordinates of muscle activation thresholds (reviewed in
Feldman and Levin 1995). Feldman suggested that control
of a joint could be described with two variables, a co-
activation command (c) and a reciprocal command (r).
Effects of these two control variables affect activation of
individual muscles according to the principle of superpo-
sition. Experimental support for this principle has been
obtained in studies of fact arm movements (Pigeon et al.
2000; Adamovich and Feldman 1984) and postural control
(Slijper and Latash 2000).

This study further explores the additive effects in
movement coordination using this purpose with the
dynamic manipulation of the handheld handle and the
studied model elements—base force, tangential and
orthogonal object accelerations—as the input factors
(gravity was accounted in the model as the part of the
tangential acceleration effect). The additive properties of
the command effects were again confirmed.

On the control of grasping forces

Object grasping and manipulation rely heavily on the
ability of the nervous system to anticipate the conse-
quences of ongoing movements. In particular, before lifting
a vertically oriented object, an action that is an example of
the parallel manipulation, performers adjust the grasping
force to the expected load, friction, and the speed of lifting
(Flanagan et al. 1993, 1995; Flanagan and Tresilian 1994;

@ Springer

Flanagan and Wing 1993, 1995; Gysin et al. 2003; Jo-
hansson and Westling 1984; Kinoshita et al. 1996). While
it is broadly assumed that such a behavior is explained by
the so-called internal models, we are prone to agree with
the recently made statement that “Whether these compu-
tational principles are actually implemented or just meta-
phors for what the human nervous system does remains
uncertain” (p. 482, Grafton 2010).

An opposite (to the internal model concept) point of
view—the so-called referent configuration hypothesis—
was suggested by Feldman (Feldman and Levin 1995,
2009) and developed recently for grasping (Pilon et al.
2007; Latash et al. 2010). The basic idea is that the central
controller sets a referent body (digit) configuration; muscle
activations and digit movements are driven by the differ-
ence between the actual and referent values of muscle
length. The results of this study with respect to the control
of Fgg and Fy sp can be interpreted within this framework,
which is rooted in physics and physiology (see recent
reviews by Feldman 2010 and Latash 2010). They can be
viewed as consequences of feed-forward adjustments of the
referent digit configuration.

The problem of agreement between the current theories
of grasping control and the suggested model arises at the
level of the normal digit forces associated with the
orthogonal movements, i.e., at the level of Fy;nya model
elements (Eq. 1). The employed approach does not assume
an immediate control of the grasping force. At rest and
during the parallel manipulation, the magnitudes of the Th
and Vf forces are equal (these equal and opposite forces
are the grasping force), while during the orthogonal
manipulation the Th and Vf forces are different in mag-
nitude. The model takes into account this fact and assumes
that the commands associated with the normal force pro-
duction are different for the Th and Vf. The grip force
value in this case (i.e., the minimal of the above forces, an
internal force) is an indirect consequence of several factors,
in particular, the object acceleration in the direction of
normal digit force and passive mechanical properties of the
digits and digit joints.

The force control model used in this study is analogous to
the kinematic model on the control of reaching out for an
object by Smeets and Brenner (2001). Such an action is often
considered to consist of two components: transporting the
hand to the object’s position and scaling the grip to the
object’s size (Jeannerod et al. 1995, sss1998; Jeannerod
1984). The grip scaling in kinematics is analogous to the grip
force scaling in statics. Opposite to this point of view,
according to Smeets and Brenner, grasping consists of con-
trolling individual digits, not the transport and grip compo-
nents. The opening of the hand emerges from the trajectories
of the digits. It is compatible with the separate control of the
Th and Vf normal forces suggested in the present study.
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The portion of the force pattern Fy;na derived from the
movements along the normal axis was modeled to account
for two effects. The model accounted for the 180° out of
phase effect seen in single axis movements as well as for
potential imbalances between the Th and Vf and hence for
the grip force. The model parameter C describes the dif-
ference between the Th and Vf forces in the movement
cycles. The facts presented above (Table 2) suggest that the
C value does not depend on the movement frequency or the
circular diameter.

One thing this study is unable to directly address is
whether or not the element Fy N4 is actively controlled, is
a result of passive joint stiffness, or a combination of the
two. A simple mechanical gripper can create the out of
phase response (Gao et al. 2005). However, the contribu-
tion of the active control is also possible.

To get some preliminary insight on the possible con-
tribution of the active control to the Fyna, We performed a
supplemental experiment. The instrumented handle was
mounted in a vertical, static position by attaching the base
of the handle to the top of a fixed surface (Fig. 1, replacing
the bottom mass with a table). A single subject, separate of
the subjects from the main experiment, provided informed
consent and performed the tasks. The subject was instruc-
ted to grasp the handle and exert a comfortable grip force
(20 N), while visual feedback on the force value was
provided. Then, the subject was asked to perform a pushing
effort with the thumb in the direction of the Vf. Two dif-
ferent task conditions were performed: (A) no instruction
on the grip force with the feedback removed and (B) under
the instruction to keep the grip force constant with the grip
force feedback is provided. The results are presented in
Fig. 7. A similar experiment with matched results was
performed with the Vf pushing in the thumb direction,
where the results were a mirror image of those in Fig. 7.
Note that, in the described experiment, the handle did not
move and, hence, all the observed effects are solely due to
the motor control mechanisms. From the presented data, it
follows that the subject exhibited a “natural tendency” to
decrease the grip force during lateral pushing efforts
(condition A; Fig. 7 top; Vf, gray line decreasing). How-
ever, the subject was also able to keep the force at more or
less the same level when instructed to and informed on the
task performance (condition B, Fig. 7 bottom). The “nat-
ural tendency” to decrease the grip force is indicative of a
relaxation of the digits (either Th or Vf) resisting the
pushing effort. The addition of instruction and feedback
allows for the inhibition of the “natural coordination”, but
required substantial conscious effort. We can then con-
clude, for the continuous, uniform circular movements of
the main study, that motor control mechanisms set a base
grip force (Fgg) and then together with passive mechanical
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Fig. 7 Thumb (black) and Vf (gray) normal forces in static trials of
grasping the handle and then exerting a lateral pushing force towards
the Vf side. The fop graph is for a trial with no additional instruction
or feedback. As the thumb force is increased, the Vf force—and hence
also the grip force—is seen to decrease. The bottom graph includes
the instruction of maintain a set grip force (with feedback) while
increasing the thumb force. In both graphs, the grip force is the
minimum of Th or Vf forces at any point in time

factors account for the fluctuation of the grip force
including its decrease below the Fgg levels.

Limitations of the study and future research

Limitations of this study are evident. Future testing can be
done employing more complex non-circular patterns, e.g.,
ovals, “figure eights”, and 3-D patterns. Additional testing
can be performed on a non-upright handle as well as
accounting for a varying handle orientation. The Fgg
parameter was assumed to be constant through a single
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trial. This may not be the case, as subtle adjustments can be
made during a trail. The analysis for this study was only
performed at the Th-Vf level looking at primarily the Fn.
Future analysis and coming data can also look at the
individual finger level of control as well as that of the
torques generated.

Acknowledgments This project was assisted by the design efforts
of ATI Industrial Automations (Apex, NC, USA), which allowed for
the reduced equipment bulk and wireless capabilities of the force data
system. This work was supported in part by National Institute of
Health grants AG-018751, NS-035032, AR-04856.

References

Adamovich SV, Feldman AG (1984) A model of central regulation of
movement parameters. Biofizika 29(2):306-309

Aoki T, Niu X, Latash ML, Zatsiorsky VM (2006) Effects of friction
at the digit-object interface on the digit forces in multi-finger
prehension. Exp Brain Res 172(4):425-438

Aoki T, Latash ML, Zatsiorsky VM (2007) Adjustments to local
friction in multifinger prehension. J Mot Behav 39(4):276-290

Arbib MA, Iberall T, Lyons D (1985) Coordinated control programs
for movements of the hand. Exp Brain Res Suppl 10:111-129

Cole KJ, Johansson RS (1993) Friction at the digit-object interface
scales the sensorimotor transformation for grip responses to
pulling loads. Exp Brain Res 95(3):523-532

Feldman AG (1966) Functional tuning of nervous system with control
of movement or maintenance of a steady posture. 2. Controllable
parameters of muscles. Biophys-Ussr 11(3):565-578

Feldman AG (1986) Once more on the equilibrium-point hypothesis
(lambda model) for motor control. ] Mot Behav 18(1):17-54

Feldman AG, Levin MF (1995) The origin and use of positional frames
of reference in motor control. Behav Brain Sci 18(4):723-744

Feldman AG, Levin MF (2009) The equilibrium-point hypothesis—
past, present and future. Adv Exp Med Biol 629(7):699-726

Flanagan JR, Tresilian JR (1994) Grip-load force coupling: a general
control strategy for transporting objects. J Exp Psychol Hum
Percept Perform 20(5):944-957

Flanagan JR, Wing AM (1993) Modulation of grip force with load
force during point-to-point arm movements. Exp Brain Res
95(1):131-143

Flanagan JR, Wing AM (1995) The stability of precision grip forces
during cyclic arm movements with a hand-held load. Exp Brain
Res 105(3):455-464

Flanagan JR, Tresilian J, Wing AM (1993) Coupling of grip force and
load force during arm movements with grasped objects. Neurosci
Lett 152(1-2):53-56

Flanagan JR, Wing AM, Allison S, Spenceley A (1995) Effects of
surface texture on weight perception when lifting objects with a
precision grip. Percept Psychophys 57(3):282-290

Gao F, Latash ML, Zatsiorsky VM (2005) Internal forces during
object manipulation. Exp Brain Res 165(1):69-83

Gao F, Latash ML, Zatsiorsky VM (2006) Maintaining rotational
equilibrium during object manipulation: linear behavior of a
highly non-linear system. Exp Brain Res 169(4):519-531

Gao F, Latash ML, Zatsiorsky VM (2007) Similar motion of a hand-
held object may trigger nonsimilar grip force adjustments.
J Hand Ther 20(4):300-307

Glezer VD, Gauzelman VE (1997) Linear and nonlinear properties of
simple cells of the striate cortex of the cat: two types of
nonlinearity. Exp Brain Res 117(2):281-291

@ Springer

Grafton ST (2010) The cognitive neuroscience of prehension: recent
developments. Exp Brain Res 204(4):475-491

Gysin P, Kaminski TR, Gordon AM (2003) Coordination of fingertip
forces in object transport during locomotion. Exp Brain Res
149(3):371-379

Jeannerod M (1984) The timing of natural prehension movements.
J Mot Behav 16(3):235-254

Jeannerod M, Arbib MA, Rizzolatti G, Sakata H (1995) Grasping
objects: the cortical mechanisms of visuomotor transformation.
Trends Neurosci 18(7):314-320

Jeannerod M, Paulignan Y, Weiss P (1998) Grasping an object: one
movement, several components. Novartis Found Symp 218:5-16

Johansson RS, Westling G (1984) Roles of glabrous skin receptors
and sensorimotor memory in automatic-control of precision grip
when lifting rougher or more slippery objects. Exp Brain Res
56(3):550-564

Kerr J, Roth B (1986) Analysis of multifingered hands. Int J Robot
Res 4(4):3-17

Kinoshita H, Kawai S, Ikuta K, Teraoka T (1996) Individual finger
forces acting on a grasped object during shaking actions.
Ergonomics 39(2):243-256

Kowalski N, Depireux DA, Shamma SA (1996) Analysis of dynamic
spectra in ferret primary auditory cortex. II. Prediction of
unit responses to arbitrary dynamic spectra. J Neurophysiol
76(5):3524-3534

Latash ML (2010) Motor synergies and the equilibrium-point
hypothesis. Mot Control 14(3):294-322

Latash ML, Friedman J, Kim SW, Feldman AG, Zatsiorsky VM
(2010) Prehension synergies and control with referent hand
configurations. Exp Brain Res 202(1):213-229

Li ZM, Latash ML, Zatsiorsky VM (1998) Force sharing among
fingers as a model of the redundancy problem. Exp Brain Res
119(3):276-286

Murray RM, Li Z, Sastry S (1994) A mathematical introduction to
robotic manipulation. CRC Press, Boca Raton

Pataky TC, Latash ML, Zatsiorsky VM (2004a) Prehension synergies
during nonvertical grasping, I: experimental observations. Biol
Cybern 91(3):148-158

Pataky TC, Latash ML, Zatsiorsky VM (2004b) Prehension synergies
during nonvertical grasping, II: Modeling and optimization. Biol
Cybern 91(4):231-242

Pigeon P, Yahia LH, Mitnitski AB, Feldman AG (2000) Superposi-
tion of independent units of coordination during pointing
movements involving the trunk with and without visual
feedback. Exp Brain Res 131(3):336-349

Pilon JF, De Serres SJ, Feldman AG (2007) Threshold position
control of arm movement with anticipatory increase in grip
force. Exp Brain Res 181(1):49-67

Ruegg DG, Bongioanni F (1989) Superposition of ballistic on steady
contractions in man. Exp Brain Res 77(2):412—420

Savescu AV, Latash ML, Zatsiorsky VM (2008) A technique to
determine friction at the fingertips. J Appl Biomech 24(1):43-50

Shim JK, Latash ML, Zatsiorsky VM (2004) Finger coordination
during moment production on a mechanically fixed object. Exp
Brain Res 157(4):457-467

Slijper H, Latash M (2000) The effects of instability and additional
hand support on anticipatory postural adjustments in leg, trunk,
and arm muscles during standing. Exp Brain Res 135(1):81-93

Smeets JB, Brenner E (2001) Independent movements of the digits in
grasping. Exp Brain Res 139(1):92-100

Smith MA, Soechting JF (2005) Modulation of grasping forces during
object transport. J Neurophysiol 93(1):137-145

Yoshikawa T, Nagai K (1991) Manipulating and grasping forces in
manipulation by multifingered robot hands. IEEE T Robotic
Autom 7(1):67-77



Exp Brain Res (2011) 213:125-139

139

Zatsiorsky VM, Latash ML (2004) Prehension synergies. Exerc Sport
Sci Rev 32(2):75-80

Zatsiorsky VM, Latash ML (2008) Multifinger prehension: an
overview. J] Mot Behav 40(5):446-476

Zatsiorsky VM, Gregory RW, Latash ML (2002a) Force and torque
production in static multifinger prehension: biomechanics and
control. I. Biomechanics. Biol Cybern 87(1):50-57

Zatsiorsky VM, Gregory RW, Latash ML (2002b) Force and torque
production in static multifinger prehension: biomechanics and
control. II. Control. Biol Cybern 87(1):40-49

Zatsiorsky VM, Gao F, Latash ML (2003a) Finger force vectors in
multi-finger prehension. J Biomech 36(11):1745-1749

Zatsiorsky VM, Gao F, Latash ML (2003b) Prehension synergies:
effects of object geometry and prescribed torques. Exp Brain Res
148(1):77-87

Zatsiorsky VM, Gao F, Latash ML (2005) Motor control goes beyond
physics: differential effects of gravity and inertia on finger forces
during manipulation of hand-held objects. Exp Brain Res
162(3):300-308

Zatsiorsky VM, Gao F, Latash ML (2006) Prehension stability:
experiments with expanding and contracting handle. J Neuro-
physiol 95(4):2513-2529

Zuo BR, Qian WH (2000) A general dynamic force distribution
algorithm for multifingered grasping. IEEE T Syst Man Cy B
30(1):185-192

@ Springer



	Grip forces during object manipulation: experiment, mathematical model, and validation
	Abstract
	Introduction
	Methods
	Subjects
	Data collection
	Protocol
	Data processing
	Model
	Statistics

	Results
	Performance of the task
	Forces matching the task
	Mathematical model: its validation and parameters
	Model validation
	Model parameters
	Model elements


	Discussion
	The effects of movement kinematics on the forces
	Changes in digit forces
	The grip force changes

	The model and its interpretation
	Effects of the movement kinematics on the model parameters
	The additivity problem
	On the control of grasping forces


	Limitations of the study and future research
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


