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The present study was designed to determine whether manipulation learned with a set of digits can be transferred to grips involving a
different number of digits, and possible mechanisms underlying such transfer. The goal of the task was to exert a torque and vertical
forces on a visually symmetrical object at object lift onset to balance the external torque caused by asymmetrical mass distribution.
Subjects learned this manipulation through consecutive practice using one grip type (two or three digits), after which they performed the
same task but with another grip type (e.g., after adding or removing one digit, respectively). Subjects were able to switch grip type without
compromising the behavioral outcome (i.e., the direction, timing, and magnitude of the torque exerted on the object was unchanged),
despite the use of significantly different digit force-position coordination patterns in the two grip types. Our results support the transfer
of learning for anticipatory control of manipulation and indicate that the CNS forms an internal model of the manipulation task inde-
pendent of the effectors that are used to learn it. We propose that sensory information about the new digit placement—resulting from
adding or removing a digit immediately after the switch in grip type—plays an important role in the accurate modulation of new digit
force distributions. We discuss our results in relation to studies of manipulation reporting lack of learning transfer and propose a
theoretical framework that accounts for failure or success of motor learning generalization.

Introduction
Neural control of object manipulation is a topic of considerable
interest. One paradigm that has been found useful for such stud-
ies involves lifting an object whose weight distribution is asym-
metric, thus requiring the digits to exert not only a net vertical
force but also a torque to prevent rolling of the object (Goodwin
et al., 1998; Salimi et al., 2000, 2003; Lukos et al., 2007, 2008).
Presented with this task, subjects learn to modulate digit
forces as a function of digit placement to exert a compensatory
torque in an anticipatory fashion (i.e., before lifting the object)
(Fu et al., 2010).

To further understand the sensorimotor mechanisms under-
lying learning of manipulation, Zhang et al. (2010) examined
subjects’ ability to transfer learned digit force–position relations
following an object rotation. Learning did not transfer readily as
subjects failed to mentally rotate the learned action (i.e., the di-
rection of compensatory torque) in response to the new object
center of mass location. Learning of compensatory torque also

does not transfer from one hand to another (Bursztyn and Flana-
gan, 2008; Jesunathadas et al., 2010). These results suggest that
learning of manipulative actions had occurred in a hand, rather
than an object, frame of reference. However, the factors that
constrain the extent to which learned digit forces and posi-
tions can be transferred are not well understood. The present
study was designed to determine whether manipulation
learned with a set of digits can be transferred to grips involving
a different number of digits.

The ability to perform the same behavioral task using different
sensorimotor elements is a manifestation of “motor equiva-
lence”—a phenomenon remarked upon in the early history of
motor control (Lashley, 1930; Bernstein, 1967)— but studied
only sporadically. The problem of motor equivalence can be de-
fined as follows: are the neural representations of actions specific
to, and constrained by, the effectors (e.g., muscles, limbs) used to
learn a given action, hence performable only with the same effec-
tors, or are they independent from “how” they were learned?
Changing the number of fingers that participate in the lifting task
allows us to address this question. An important characteristic of
our experimental protocol is that transfer of the compensatory
torque across grip types can be implemented through an infinite
number of new relations between the control variables: grip
force, difference in the lift force between the two sides, and ver-
tical distance between contact points on the two sides. We
hypothesized that subjects will be able to transfer the compen-
satory torque on the first trial following a change in the num-
ber of fingers, although the combinations of digit forces and
positions do not remain the same as those learned before the
change in grip type.
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Materials and Methods
Subjects. Ten right-handed volunteers (4 males and 6 females, mean age
and SD: 21.4 ! 2.2 years) participated in this study. Subjects had no
previous history of orthopedic, neurological trauma, or pathology of the
upper limbs and were naive to the purpose of the study. Subjects gave
their informed consent according to the declaration of Helsinki and the
protocols were approved by the Office of Research Integrity and Assur-
ance at Arizona State University.

Apparatus. We used a custom-made grip device to measure digit forces
and their points of application (Fig. 1 A) (for details, see Fu et al., 2010).
Briefly, two six-component force/torque (F/T) transducers (Nano-17,
ATI Industrial Automation; nominal force resolution: 0.012 N; nominal
torque resolution 0.63 N cm) (Fig. 1 A, d) mounted collinear to each
other on the grip device recorded forces and torques exerted by the
thumb on one side and fingers on the other. The grip surfaces consisted
of two parallel polyvinyl chloride plates (Fig. 1A, b) each mounted ver-
tically on an F/T transducer and were covered with 100 grit sandpaper
(static friction coefficients: 1.4 –1.5). The distance between the two grip
surfaces (grip width) was 6.07 cm.

A Plexiglas box attached underneath the grip apparatus was used to
change the mass distribution to the left or right of the grip device midline
by inserting a mass (400 g) into one of three compartments (Fig. 1 A). The
total mass of the grip device and load was 790 g. When the load was
placed in the left or right compartment (Fig. 1 A, L and R), it introduced
a torque on the frontal plane of "255 and #255 N/mm, respectively.
View of the added mass location was blocked by a lid to prevent visual
identification of the object center of mass (CM).

We recorded hand and object kinematics using an active marker 3D
motion capture system (PhaseSpace; frame rate: 480 Hz; spatial accuracy:
$1 mm; spatial resolution: 0.1 mm) with eight cameras (Fig. 1B, e).
Subjects were outfitted with light-weight visible red emitting diode

(RED) active markers (5 mm in diameter) on the fingernails of thumb,
index, and middle fingers. Markers were also placed on the lateral ex-
tremities of the object and on its top to track its position and orientation
during the lift (Fig. 1 A, a). Before data collection, we verified that place-
ment of the RED markers did not prevent motion of the digits and/or the
wrist by asking subjects to fully flex and extend all digits as well as to grasp
the object before the start of the experiment. Force and torque data were
acquired by 12 bit analog-to-digital converter boards (PCI-6225, Na-
tional Instrument; sampling frequency: 1 kHz). Data acquisition was
performed through LabView (version 8.0, National Instrument).

Experimental procedures. Subjects were asked to sit facing the grip
device (Fig. 1 B) with the elbow flexed at $70 –90° in the parasagittal
plane, to align their right shoulder with the midpoint of the grip device,
and to place their hand (palm facing downward) on a support located 30
cm from the grip device. After a verbal signal from the experimenter,
subjects reached from this start location, grasped the grip surfaces with
the tip of either the thumb and index finger or thumb, index, and middle
fingers of the right hand, lifted the grip device at a natural speed to a
height of $10 cm, held it for $1 s, and replaced it to its start location. We
asked subjects to extend the noninvolved fingers throughout the task to
ensure that only the tip of the thumb and index finger (or thumb, index,
and middle fingers) contacted the grip surfaces. Compliance was visually
verified on each trial by one of the experimenters. At the beginning of
each block of trials, we instructed subjects to minimize object roll during
the lift. The experimenter gave no instructions about where to grasp the
object, thus leaving subjects the choice of digit placement anywhere
along the grip surface (Fig. 1 A, b) to comply with the requirement of
minimizing object roll.

Each subject performed the task under the following two experimental
conditions: (1) two-digit grasping (thumb and index finger; 2d) and (2)
three-digit grasping (thumb, index, and middle fingers; 3d). On the first

Figure 1. Experimental setup and procedures. A, Front and side views of the grip device used to measure forces and centers of pressure on the grasp surfaces for the thumb and finger sides (units
are in millimeters). Object position and orientation were tracked through a motion capture system and active markers (denoted as small spheres, a) were placed on the top and on the extremities
of the bottom box of the grip device. Active markers were also placed on the nails of the thumb, index, and middle fingers. A mass (400 g) was inserted in either the left (L) or right (R) compartment
in the bottom box of the device to change the center of mass of the object (LCM and RCM conditions, respectively). The convention for defining the direction of object roll (negative and positive toward
the thumb or finger side, respectively) is also shown. The configuration of the grip device consisted of a central block (c) and two bars (grip surfaces, b), each mounted on a force/torque sensor (d).
B, Top view of the experimental procedures. Subjects reached to the grip device located at 30 cm from the start position. Infrared cameras (e) were placed around the workspace to track hand and
object kinematics. C, D, Trial sequences associated with switching from two to three digits (2d33d) and vice versa (3d32d), respectively. Subjects were tested on experimental session 2, 2 weeks
after experimental session 1. All subjects started each experimental session with the LCM using each grip type, followed by an equal number of trials with a different grip type and the RCM.
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experimental session, subjects performed 10 2d
trials followed by 10 3d trials (2d3 3d) on the
left CM (LCM) condition (Fig. 1C). The
between-trial interval within a block of 10 tri-
als was $ 10 s. After a short break ($ 20 s),
subjects performed the 2d3 3d experimental
condition on the right CM (RCM) condition.
Each subject was tested again 2 weeks later but
on a trial sequence opposite to that experienced
on his/her first experimental session (i.e., 3d
3 2d on the LCM condition followed by 3d3
2d on the RCM condition) (Fig. 1 D). This de-
sign was motivated by the need to examine
whether learning transfer of the compensatory
torque following a switch from 2d to 3d is
equivalent to switching from 3d to 2d. The
break between the two experimental sessions
was used to minimize potential positive or neg-
ative learning transfer effects from one se-
quence to the next. The effectiveness of the 2
week break in preventing positive or negative
learning transfer was confirmed statistically.

Before the experiment, we asked subjects to
lift the object once with each hand configura-
tion (2d and 3d) with the load placed in the
center compartment (Fig. 1 A, C) to themselves
familiarize with the task, texture, and weight of
the grip device. Thereafter and at the beginning
of each block of trials, we informed subjects
that (1) the load could be placed either in the
left or right compartment of the Plexiglas box
(LCM and RCM, respectively), (2) it would re-
main the same for a block of 10 consecutive
trials, and (3) the number of digits to be used
for the upcoming block of trials. After the sub-
ject performed 10 consecutive trials with a
given grip type for the LCM condition, we told
the subject to perform another block of 10 con-
secutive trials but with a different number of
digits. We emphasized that the goal of the task
remained the same, that is, to minimize object
roll during the lift. After the subject performed a total of 20 trials (10 with
each grip type), subjects were informed that the object CM would be
changed, and that they will be asked to perform two more blocks of 10
trials each for each grip type. Before subjects started the RCM block of
trials, we repeated the same instructions given for the LCM block of trials.
Throughout the experiment, we blocked the view of placement of the
mass in the left or right compartment of the object to prevent subjects
from anticipating the new CM location on the first object lift.

Data processing. Force and position data were temporally aligned off-
line and analyses were performed using MATLAB. We analyzed the fol-
lowing variables (Fig. 2) (for details, see Fu et al., 2010): (1) object lift
onset, the time at which the vertical position of the grip device crossed
and remained above a threshold for 200 ms; (2) object roll, the angle
between the gravitational vector and the vertical axis of the grip device,
and peak roll, the peak of object roll shortly ($150 ms) after object lift
onset; (3) digit forces, force perpendicular [grip force (GF)] and parallel
[load force (LF)] to the grip surface; and (4) digit center of pressure
(CoP), the vertical coordinate of the point of resultant digit force appli-
cation, calculated for each digit using the force and torque output of each
sensor (positive and negative values for CoP denoted higher and lower
CoP values relative to the center of transducer, respectively). Note that
GF, LF, and CoP recorded on the finger side of the grip device are the
resultant net forces and net center of pressure of both index and middle
finger when subjects performed the task using the 3d grip. To quantify
the modulation of individual digit position, we recorded fingertip
marker position, defined as the vertical position of the marker on the nail
of the thumb, index, and middle fingers.

We used digit forces and CoP to compute the following performance
variables: (1) the average of the digit grip force (FGF) values; (2) the
difference between load forces exerted on the thumb and finger side of
the grip device (dLF); and (3) the vertical distance between the CoP on the
thumb and finger side of the grip device (dy). These three variables are
important to produce the compensatory torque (Tcom) for minimizing
object roll (i.e., balancing the external torque caused by the added mass)
(for details, see Fu et al., 2010). To further understand how digit place-
ment changed following a change in grip type, we also computed the
vertical distance between thumb and index finger markers (dtip). Note
that all of these performance variables were computed at object lift onset.

Learning and learning transfer of compensatory torque. Our previous
work has shown that subjects learn to generate Tcom in an anticipatory
fashion (i.e., at object lift onset) within the first three consecutive object
lifts (Fu et al., 2010; Zhang et al., 2010). Here we quantified again the
trial-to-trial learning of Tcom with a given grip type, 2d or 3d, as an
intermediate step to test subjects’ ability to generate the same Tcom after
changing grip type to 3d or 2d, respectively. For learning transfer to be
defined as positive, Tcom generated before the grip type switch had to be
statistically indistinguishable from Tcom generated on the first trial (trial
11) following the switch. For our study, a positive learning transfer of
Tcom would be evidence for motor equivalence, as the same global vari-
able is generated in an effector-independent fashion (e.g., regardless of
the number of digits used to lift the object). Conversely, statistically
significant differences in Tcom preswitch versus postswitch in grip type
would suggest a failure of learning transfer, which could result from the
following three different phenomena: (1) same Tcom on trial 1 and 11,
indicating a “reset” of subjects’ learned behavior to the same state asso-

Figure 2. Experimental variables. The experimental variables analyzed in our study are shown from digit contact to object hold
for one representative subject and three trials for the 2d33d condition: trials 1 and 10, two-digit grip, left center of mass; trial 11,
three-digit grip, left center of mass. From top to bottom, traces are compensatory torque and object roll (dashed and solid lines,
respectively), object vertical position, GF, LF, CoP, and vertical position of the marker on the tip of the thumb, index, and middle
fingers. The arrows (top row) indicate the target torque that subjects should exert at object lift onset to counteract the external
torque and peak object roll occurring during object lift. Vertical solid and dashed lines denote object lift onset and the change in grip
type, respectively. The vertical coordinate of digit CoP is defined as positive or negative when it is above or below, respectively, the
center ( y % 0) of the force/torque sensor. Note that digit CoP, GF, and LF on the finger side of the grip device are generated by the
index finger on trials 1 and 10, and by the index and middle fingers on trial 11. The time course of the vertical marker position of
thumb and index fingertip are shown for trials 1–10, whereas trajectories of thumb, index, and middle fingertip markers are shown
for trial 11.
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ciated with the very first trial with the same object CM (no transfer); and
significantly, (2) larger or (3) smaller Tcom on trial 11 than on trial 10,
indicating an anterograde effect of the learned Tcom with a given grip type
on Tcom with a different grip type. A larger than necessary Tcom may
result in an overcompensation of the external torque, hence generating a
roll in the opposite direction to that caused by the added mass, whereas a
smaller than necessary Tcom would be insufficient to prevent object roll
to the same extent attained up to the switch to a different grip type. Both
of these instances can be defined as partial transfer, as they maintain
some features of the learned behavior that, at the same time, are func-
tionally better than the initial state associated with trial 1.

Although on a trial-to-trial basis subjects could theoretically use dif-
ferent relations among dy, dLF, and FGF to generate a given Tcom, after the
first few lifts each subject tends to use the same relation consistently when
performing consecutive object lifts (Fu et al., 2010). Here we address the
question of how subjects transfer the learned relation following a change
in grip type. For example, a positive transfer of Tcom on trial 11 might
occur through the adoption of the same relation between its three com-
ponents used before the grip type switch or, alternatively, by changing the
relation such that, for example, subjects choose to exert different dLF

through different dy. This example shows that, to fully understand learn-
ing transfer of Tcom, it is necessary to examine how the individual Tcom

components were transferred across grip types.
Statistical analysis. To quantify learning through consecutive object

lifts, we performed ANOVA with repeated measures within the preswitch
blocks of 10 trials for each CM location on Tcom using trial (10 levels) as
the within-subject factor. The goal of these analyses was to test whether
learning of Tcom had occurred when using a given grip type on a block of
consecutive trials before switching to a different grip type. Our previous
work (Fu et al., 2010; Zhang et al., 2010) revealed that subjects learn to
generate consistent Tcom after the third trial. We verified this in the
present study by performing ANOVA with repeated measures for each
CM location with within-subject factors of trial (4 through 10 of the trial
block before the switch in grip type) (Fig. 3). Lack of significant main
effect of trial would indicate that subjects generated a stable Tcom

throughout the last seven trials of the preswitch block. Transfer of Tcom

and modulation of its components (FGF, dLF, and dy) was quantified
using ANOVA with repeated measures in the following two ways: (1) as
the immediate transfer and modulation, quantified by comparing the last
trial before the switch in grip type versus the first trial following the
switch; and (2) as long-term transfer and modulation, quantified by the
average difference between preswitch versus postswitch trials. Sphericity
assumptions were tested for all analyses (Greenhouse–Geisser analysis),
and the results were corrected when appropriate. All tests were per-
formed at the p ! 0.05 significance level.

Results
We describe the results in the following three sections: (1) learn-
ing and learning transfer of Tcom; (2) immediate modulation of
Tcom components on the trial following the switch in grip type;
and (3) long-term adaptation of Tcom components throughout
consecutive trials following the switch in grip type.

Learning and learning transfer of compensatory torque
Figure 2 shows the time course of Tcom (top row, dashed line) and
its components on the first and last trial performed using a two-
digit grip, and data from the first trial performed with a three-
digit grip by a representative subject. On trial 1, the subject does
not know the CM location (left CM), and therefore no Tcom is
generated at object lift onset (Fig. 2, vertical solid line). As a
result, the object rolls toward the thumb $20° during the lift due
to the external torque caused by the added mass before a correc-
tive response can be initiated. By trial 10, however, this subject
generated Tcom of magnitude and direction appropriate to min-
imize object roll during the lift. The appropriate Tcom was gener-
ated through a concurrent modulation of digit load forces and
center of pressure. Specifically, at object lift onset this subject

positioned the thumb higher than the index finger (positive dy),
exerted a larger thumb load force (positive dLF), and a slightly
larger grip force (FGF) relative to trial 1. Consistent with previous
observations (Fu et al., 2010; Zhang et al., 2010), Tcom averaged
across all subjects changed significantly as a function of consec-
utive practice in the preswitch block (significant main effect of
trial; 2d, LCM: F(1,9) % 17.31; 2d, RCM: F(1,9) % 26.85; 3d, LCM:
F(1,9) % 12.04; 3d, RCM: F(1,9) % 25.12; all p & 0.001) (Fig. 3). On
average, all subjects learned to anticipate the Tcom necessary to
minimize object roll within the first three trials regardless of grip
type and CM location (trials 1–3, Fig. 3), after which Tcom did not
change any further on subsequent trials (all tests on trials 4 –10:
p ' 0.05).

Remarkably, following a change in grip type (trial 11), the
subject in Figure 2 maintained the ability to generate a similar
Tcom to that generated on trial 10, hence equally appropriate in
minimizing object roll. However, on trial 11 this subject used
a different relation among dy, dLF, and FGF from that used on
trial 10. Specifically, forcing a subject to add the middle finger
resulted in the application of a slightly larger grip force, less
asymmetrical sharing of load forces, and positioning of the
index finger to a higher position. Furthermore, the index fin-
ger was positioned lower than the thumb in trial 10 but higher
than the thumb in trial 11, and the middle finger was posi-
tioned lower than the thumb. The major normal force contri-
bution on the finger side is shifted from the index finger to the
middle finger as indicated by the lowering of net center pres-
sure closer to the middle finger position. Note that these

Figure 3. Learning curves of compensatory torque: pregrip and postgrip type switch. A, B,
Tcom for two-digit grip trials followed by three-digit grip trials for left and right CM conditions (A,
LCM; and B, RCM). C, D, Tcom data from grip type presented in the reverse order (three-digit grip
followed by two-digit grip) for LCM (C) and RCM (D). Trials within the dashed box (11–20)
indicate the grip type subjects switched to after learning Tcom during consecutive object lifts
(trials 1–10) with a different grip type. Data are the averages of all subjects (vertical bars denote
SEs).
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changes all occur since early contact,
suggesting anticipatory planning for
new grip type.

We performed ANOVA for each CM
location with within-subject factor of grip
type (two levels; 2d and 3d) to examine the
immediate effect of changing grip type on
Tcom. When subjects changed grip type,
on the very first trial (trial 11, Fig. 3) they
were able to generate Tcom whose magni-
tude was statistically indistinguishable
from that generated on the preswitch trial
(Fig. 3, trial 10) for all but one experimen-
tal condition (3d 3 2d, LCM; Table 1).
However, no significant differences were
found when comparing peak object roll
on trial 10 versus trial 11 on any of the
four experimental conditions. This indi-
cates that the statistically significant dif-
ference for the 3d3 2d LCM condition did
not have significant behavioral conse-
quences on the manipulation, thus sug-
gesting that anticipatory control of Tcom

in the preswitch and postswitch trials was
equally appropriate to attain the task goal.

To further quantify the extent to which
Tcom was transferred from one grip type to another, we examined
average differences between seven trials preswitch versus post-
switch in grip type by ANOVA with repeated measures for each
CM location with within-subject factors of trial (seven levels;
seven preswitch and seven postswitch) and grip type (two levels,
preswitch and postswitch). We found no significant main effect
of trial, grip type, or interaction (p ' 0.05 for each experimental
condition). This suggests that no further learning of Tcom oc-
curred before and after the switch in grip type, the average Tcom

being statistically similar for the two grip types. As expected from
the results on Tcom, we found no significant main effect of trial,
grip type, or interaction on peak object roll (p ' 0.05 for each
experimental condition). Therefore, the significant difference
in Tcom preswitch versus postswitch trial in 3d3 2d LCM condi-
tion could have been caused by CM-specific and hand posture-
specific control strategies. With regard to digit position
modulation, two-digit grip with the left CM may challenge the
modulation of dy, hence Tcom, differently than a three-digit grip.
For the left CM condition, subjects can adopt a larger dy when
grasping the object with three rather than two digits because, in
the former case, the middle finger can be positioned lower than
index finger, thus further shifting the net CoP on the finger side of
the object. However, for the right CM condition two-digit grip
allows subjects to use a larger dy than three-digit grip because the
net CoP on the finger side will always be higher when force is

exerted only with the index finger than when force is exerted by
both index and middle fingers. With regard to force modulation,
index and middle fingers share the load in three-digit grip while
index has to sustain by itself most of the load on finger side in
two-digit grip. Because of the above differences in digit position
and force modulation, two-digit grip for left CM requires sub-
jects to use only the index finger to sustain a relatively larger load
than three-digit grip. This might have caused the significant
change in Tcom for the 3d3 2d LCM condition. Nevertheless, and
most importantly, the overall task performance (minimizing ob-
ject roll) was not degraded by switching grip type.

Immediate adaptation of compensatory torque components
following a change in grip type
The above positive learning transfer of Tcom to a different grip
type implies that subjects were able to coordinate, in an anticipa-
tory fashion, the three Tcom components, dy, dLF, and FGF. How-
ever, these three components can be coordinated in an infinite
number of ways. Therefore, to determine the solutions chosen by
subjects to generate the same Tcom after changing grip type, we
analyzed each Tcom component separately. The analyses below
addressed the question of whether subjects chose the same or
different compensatory torque components immediately follow-
ing a change in the number of fingers participating to the grasp
using ANOVA for each CM location with within-subject factor of
grip type (two levels; 2d and 3d).

Figure 4. Learning transfer of digit center of pressure and position from pregrip to postgrip type switch trials (immediate
transfer). Top panels show the thumb, index, and middle fingertip position defined by the vertical marker position. To visualize the
relative position of the fingertips, the thumb marker position (square) is connected by a line to the index and middle finger marker
positions (open and filled circles, respectively). Fingertip marker positions are plotted relative to thumb marker position. Bottom
panels show the vertical distance between thumb and finger side center of pressure (dy). A–D, “Pre” and “post” denote data from
the trial before and after the switch in grip type, respectively (A and C: switch from two to three digits; B and D: switch from three
to two digits). Asterisks denote a statistically significant difference (p & 0.05) between preswitch and postswitch trials. Data are
the averages of all subjects (!SE).

Table 1. Statistical results on immediate transfer of action and adaptation of compensatory torque components (trial 10 vs 11)

2d3 3d LCM 2d3 3d RCM 3d3 2d LCM 3d3 2d RCM

Tcom n.s. n.s. F % 6.15, p % 0.035 n.s.
Peak roll n.s. n.s. n.s. n.s.
dy F % 8.13, p % 0.019 F % 20.05, p % 0.002 F % 7.45, p % 0.023 n.s.
dLF F % 14.9, p % 0.004 n.s. n.s. n.s.
FGF n.s. n.s. n.s. n.s.
dtip F % 16.30, p % 0.003 F % 15.40, p % 0.004 F % 7.96, p % 0.02 F % 41.17, p % 0.001

Each row shows statistical results of simple effects of switching grip type in two CM conditions (LCM and RCM ) on a single variable, compared between trial 10 (preswitch trial) and trial 11 (postswitch trial). The degrees of freedom for all
comparisons are (1,9). n.s., Nonsignificant.
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Digit center of pressure
Subjects used significantly different vertical separations between
digit center of pressure (dy) after switching grip type on all but
one experimental condition (3d3 2d, RCM) (Fig. 4D; Table 1).
For the left CM location, subjects significantly increased dy when
adding the middle finger to the grip (Fig. 4C) and decreased dy

when removing one finger from the grip (Fig. 4D), whereas an
opposite pattern was found for the right CM location. However,
the change in the net center of pressure on the finger side when
adding or removing a finger could have been due to (1) a change
in force distribution while keeping the original distance between
thumb and index finger the same or (2) to a change in the index
finger position relative to thumb position and force distribution.
To distinguish between these two possibilities, we tracked the
thumb, index, and middle fingertip position through a motion
capture system. We found that the dtip was significantly modu-
lated such that the index finger was positioned higher (Fig. 4A)
when adding the middle finger and lower when removing the
middle finger (Fig. 4B). Therefore, subjects used significantly
different digit placement distribution when changing grip type
(Table 1).

Digit grip force
We found no significant main effect of grip type (p ' 0.05 for
each experimental condition), indicating that subjects exerted
similar net grip forces regardless of the number of digits used for
the grasp (Table 1). However, while grip force is provided by
index finger only in 2d grip on finger side, the middle finger may
contribute the substantially in 3d grip for left CM condition.

Digit load force
Subjects used significantly different load force sharing (thumb
minus finger load force; dLF) after switching grip type on only one
experimental condition (2d3 3d, LCM; Table 1).

In summary, the immediate effects of changing grip type were
mostly found on grasp kinematics, as the overall force coordina-
tion was little affected by adding or removing the middle finger.
This indicates that, since subjects generated similar Tcom on pre-
switch versus postswitch in grip type, significant changes in digit
placement were actively compensated by redistribution of
digit forces. Although we cannot explicitly measure individual
grip forces of the index and middle fingers, the redistribution of
grip force can be inferred from the location of the net CoP and
fingertip positions. The fact that net CoP was located about half-
way between the index and middle fingers indicates an approxi-
mately even sharing of grip forces.

Long-term adaptation of compensatory torque components
following a change in grip type
The above analysis quantified subjects’ immediate ability to gen-
erate the same Tcom on the trial before and after the switch in grip
type. However, a complementary question is whether learning
transfer effects might have gone beyond the very first trial per-
formed with a different grip type. The analyses below were per-
formed to quantify the extent to which Tcom learned with a given
grip type had long-term effects on the trial-to-trial adaptation of
digit forces and positions when performing object lifts using a
different grip type. We performed ANOVA with repeated mea-
sures for each CM location with within-subject factors of trial
(seven levels; seven preswitch and seven postswitch) and grip type
(two levels, preswitch and postswitch).

Digit center of pressure
After the immediate adaptation (i.e., trial 11) following a change
in grip type, there was no further significant modulation of dy

(neither significant trial effect nor trial ( grip interaction, p '
0.05). Specifically, the new digit placement was maintained for all
experimental conditions (significant grip type effect for three
conditions and nonsignificant grip type effect for one condi-
tion, 3d 3 2d, RCM; this significant effect is consistent with the
statistical significance of immediate adaptation) (Fig. 5; Table 2).
With regard to the relative fingertip positions, dtip was signifi-
cantly modulated in a similar fashion to that observed in the
immediate adaptation in all conditions (significant grip type ef-
fect only; Table 2).

Digit load forces
Unlike the above-described immediate adaptation in the digit
load force difference (dLF), three of our experimental condi-
tions showed long-term modulation of dLF throughout the
first postswitch trials in response to the modulation of dy (sig-
nificant grip effect; Table 2). dLF remained unchanged only in
3d 3 2d, RCM condition (Table 2) in which dy also was not
modulated significantly. However, there was neither a signif-
icant trial effect nor trial ( grip type interaction (Fig. 5) on
dLF. In general, subjects tend to use larger load force difference
in 2d grip than 3d grip.

Digit grip force
In the trials following the switch in grip type, subjects exerted
similar grip forces to those exerted before the switch (Fig. 5E,F),
as indicated by the lack of significant main effects of grip type,

Figure 5. Learning curves of digit center of pressure and forces: pregrip and postgrip type
switch (long-term adaptation). From top to bottom, data shown are the dy, the dLF, and the FGF,
respectively. For 3d, the center of pressure and forces exerted on the finger side of the device
result from forces exerted by the index and middle fingers. Data on the left and right column are
from the LCM and RCM, respectively. Each plot shows data from two-digit grip trials followed by
three-digit grip trials (squares) and trials performed in the reverse order (circles). Data are
averages of all subjects (!SE).
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trial, or interaction (p ' 0.05 for each experimental condition;
Table 2).

To summarize, whereas similar Tcom was generated over con-
secutive trials following a switch in grip type, subjects adopted
different strategies in digit kinematics and forces. All three con-
ditions that showed significant change in dy were compensated by
significant change in load force coordination, whereas the 3d3
2d, RCM condition did not show any significant change except
finger tip position. Lack of trial effects indicates that there was no
further adaption beyond the immediate switch trial.

Discussion
After learning to lift an object with asymmetrical mass distribu-
tion using one grip type, subjects were able to immediately trans-
fer the learned compensatory torque despite the addition or
removal of one finger, thus preserving the ability to minimize
object roll. This suggests that the manipulation learned through
consecutive practice resulted in a high-level neural representa-
tion independent from low-level constraints (i.e., the specific ef-
fectors used to learn the manipulation). We discuss our results in
relation to neural representations of manipulation tasks and the
factors that limit their generalization.

Motor equivalence in anticipatory control of manipulation
The ability of the sensorimotor system to perform the same task
using degrees of freedom that had not been engaged while learn-
ing the task has been referred to as motor equivalence (Lashley,
1930; Cole and Abbs, 1986; Rijntjes et al., 1999; Wing, 2000).
Further examples of motor equivalence in anticipatory control of
grasping are provided by across-hand transfer of object weight
information (Chang et al., 2008). The present findings are evi-
dence of within-hand motor equivalence that uses different fin-
gers as different degrees of freedom. Of particular relevance to the
present study are the observations that subjects can change mul-
tidigit force coordination patterns after removing or adding one
finger to the grip during object hold with no disruption to the
task or its mechanical requirements (Santello and Soechting,
2000; Budgeon et al., 2008). These studies showed that motor
output can be reorganized within hand while performing the task
with online sensing of the desired manipulation goal. The present
findings extend these observations to anticipatory learning trans-
fer. It appears that learned sensorimotor representation of a ma-
nipulation task can be used as a reference to which incoming
sensory inputs can be compared for generating behaviorally
equivalent outputs through different degrees of freedom (e.g.,
using of different fingers). This is an important finding as it pro-
vides novel insight into high-level action representation of ma-
nipulation and the flexibility with which it can be executed.

Control mechanisms
We had proposed a control mechanism that integrates online
feedback of digit placement with sensorimotor memories of the

manipulation task for compensating the variance in digit place-
ment through digit force modulation to achieve stable behavioral
performance (Fu et al., 2010). This compensation is imple-
mented according to a high-level representation of the learned
manipulation task before object lift onset. However, in that study
force compensation for trial-to-trial variability of digit placement
was implemented on the digits that had already experienced the
manipulation task (e.g., same degrees of freedom). It is remark-
able that this compensation could occur even when adding or
removing a digit significantly changes the sensory feedback (e.g.,
activation of cutaneous receptors, proprioceptors) relative to that
associated with the manipulation learned before the switch in
grip type. Within this framework, the force compensation for
trial-to-trial variability in digit placement described by Fu et al.
(2010) appears to be a special case of the general phenomenon
revealed by the present study. The proposed concept of decom-
posing high-level representation into different degrees of free-
dom (digit positions and forces) is similar to the virtual finger
hypothesis (Iberall et al., 1986; Baud-Bovy and Soechting, 2001),
which argues that prehension is planned first using virtual fingers
in opposition space, and then mapped into individual fingers.
However, if the position of the virtual finger were to be identified
with the location of the CoP, our results do not support an in-
variant virtual finger in different grips. The manipulation task
could have been directly mapped into individual digits without
necessarily involving virtual fingers.

Cortical networks required for within-hand transfer of
learning in manipulation
Within-hand transfer of dexterous manipulation requires the fol-
lowing three neural processes: (1) generation of high-level repre-
sentation (i.e., net force/torque applied on the object) derived
from the integration of feedback sensed through arbitrary sen-
sory elements (i.e., digit contact distribution and forces); (2) stor-
age, update, and retrieval of the high-level representation of the
task; and (3) effective decomposition into arbitrary degrees of
freedom.

Posterior parietal cortex (PPC) receives sensory signals from
different sensory modalities as well as efferent copies from motor
cortex (Andersen et al., 1997). Brain imaging studies indicate that
PPC is involved in the coordination of fingertip forces (Ehrsson
et al., 2003; Jenmalm et al., 2006) and sensorimotor transforma-
tions (Jeannerod et al., 1995; Avillac et al., 2005). In our task,
building a given high-level representation of manipulation
means integrating sensory feedback of digit forces and positions
from an arbitrary set of digits. We propose that this area is in-
volved in transforming digit-specific force vectors and relative
positions into a neural representation of the net torque exerted
on the object.

Neural representation of the net force/torque necessary for
manipulation (in our task, the compensatory torque to prevent
object roll during the lift) needs to be accurately stored and retrieved.

Table 2. Statistical results on long-term transfer of action and adaptation of compensatory torque components (trials 4 –10 vs 11–17)

2d3 3d LCM 2d3 3d RCM 3d3 2d LCM 3d3 2d RCM

Tcom n.s. n.s. n.s. n.s.
Peak roll n.s. n.s. n.s. n.s.
dy F % 41.84, p & 0.001 F % 9.33, p % 0.014 F % 20.98, p % 0.001 n.s.
dLF F % 22.07, p%0.001 F % 5.72, p % 0.041 F % 10.03, p % 0.011 n.s.
FGF n.s. n.s. n.s. n.s.
dtip F % 15.43, p%0.003 F % 17.36, p % 0.002 F % 81.66, p & 0.001 F % 75.74, p & 0.001

Each row shows statistical results of simple effects of switching grip type in two CM conditions (LCM and RCM ) on a single variable, compared between trials 4 –10 (preswitch trials) and trials 11–17 (postswitch trials). The degrees of freedom
for all comparisons are (1,9). n.s., Nonsignificant.
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Rijntjes et al. (1999) showed that end-effector-independent func-
tional representations of signing movements performed with fingers
and toes appear to be stored in, and retrieved from, the same cor-
tical network involving secondary sensorimotor cortices (i.e., the
anterior part of ventral premotor and dorsal cortices, supplemen-
tary motor area, middle and ventral intraparietal areas in the
intraparietal sulcus, thalamus, and cerebellar hemispheres).
Therefore, this network could be involved in storing a neural
representation of the “goal” of the task (i.e., compensatory
torque), as opposed to effector-specific areas (e.g., primary sen-
sorimotor cortex) that are selectively involved when using mus-
cles involved with different grip types.

We propose that the decomposition of the high-level repre-
sentation into neural commands to degrees of freedom (e.g.,
muscles of the thumb, index, and middle finger) occurs at the
planning stage and is further refined through somatosensory
feedback from contact to object lift onset. Before contact, plan-
ning of digit forces and positions engages a frontal–parietal cir-
cuit comprised of anterior intraparietal sulcus and ventral
premotor cortex (Davare et al., 2007; Olivier et al., 2007). After
contact, we speculate that the same cortical networks are involved
for digit position sensing and are used to modulate forces if un-
expected deviations from desired contact positions are detected
(Fu et al., 2010). Jenmalm et al. (2006) have shown that supra-
marginal gyrus may monitor the mismatch between predicted
and actual sensory input and update sensorimotor memories in a
lifting task, whereas corrections to erroneously programmed lift-
ing force involved supplementary motor area and cerebellum. It
is likely that monitoring the compensatory torque in our task
may engage the same neural circuitry, but further studies are
needed to test this model.

The proposed circuitry underlying the learning of object ma-
nipulation (Fu et al., 2010) and the above-described neural net-
works underlying motor equivalence are likely to significantly
overlap. Such overlap is mostly determined by the fact that both
learning and learning transfer require the ability to generate and
retrieve a high-level representation of the task that is not con-
strained by a specific digit contact distribution. Therefore, learning
manipulation using the same digits may become indistinguishable
from transferring learned manipulation involving a variable number
of digits, the main differences being how accurate the stored prior
high-level representation is and the extent to which it needs to be
updated.

Are learned manipulations always transferable?
The seamless learning transfer of our manipulation task across
grip types raises the following question: is the ability of transfer-
ring learned manipulations a fundamental ability of the CNS or,
conversely, is it highly dependent on the conditions of the task
subjects transfer the learned manipulation to? Several lines of
evidence support the latter scenario. Specifically, subjects are un-
able to fully transfer manipulative forces following an object ro-
tation that changes the learned mapping between digit forces and
object properties, for example, texture (Edin et al., 1992; Quaney
and Cole, 2004) or mass distribution (Salimi et al., 2000, 2003;
Bursztyn and Flanagan, 2008; Albert et al., 2009; Ingram et al.,
2010; Zhang et al., 2010).

The above studies suggest that the CNS might store multiple
neural representations of manipulation tasks (Ingram et al.,
2010). Yet, the present findings suggest the existence of a high-
level, effector-independent representation of learned manipula-
tions that can be easily transferred. However, the studies that
have described the failure of learning transfer all required subjects

to successfully dissociate the frame of reference of the learned
manipulation from a hand-centered frame of reference, whereas
the present study did not. Therefore, we speculate that anticipa-
tory control of the compensatory torque did not degrade despite
changing grasp configuration because the frame of reference of
the manipulation task remained invariant relative to the hand
frame of reference.

Interestingly, however, there are instances where the congru-
ence between manipulation task and hand frame of reference can
be broken by changing the hand position relative to the object
without interfering with transfer of learned manipulation (Quaney and
Cole, 2004; Bursztyn and Flanagan, 2008). These two studies, to-
gether with the above-cited work, suggest that the interference
to learning transfer is not caused by the lack of congruence
between hand and manipulation frames of reference per se,
but rather by the inability of the CNS to mentally rotate the
action as a function of the object’s new orientation relative to
the hand.
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