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Abstract The primary objective of this study was to
establish the coordinate frame for force control by observ-
ing how parameters of force that are not explicitly speci-
fied by a motor task vary across the workspace. We asked
subjects to apply a force of a specific magnitude with their
hand. Subjects could complete the task by applying forces
in any direction of their choice in the transverse plane.
They were tested with the arm in seven different configu-
rations. To estimate whether contact forces are represented
in extrinsic or intrinsic coordinates, we applied the parallel
transport method of differential geometry to the net joint
torques applied during the task. This approach allowed us
to compare the force variability observed at different arm
configurations with the force variability that would be
expected if the control system were applying an invariant
pattern of joint torques at the tested configurations. The
results indicate that for the majority of the subjects, the
predominant pattern was consistent with an invariant rep-
resentation in joint coordinates. However, two out of eleven
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subjects also demonstrated a preference for extrinsic rep-
resentation. These findings suggest that the central nerv-
ous system can represent contact forces in both coordinate
frames, with a prevalence toward intrinsic representations.

Keywords Contact forces - Coordinate system - Motor
control - Force control

Introduction

The central nervous system (CNS) can represent forces in
an extrinsic or an intrinsic coordinate frame. An extrinsic
coordinate frame is relative to global variables such as a
point in space or an object in the environment and remains
fixed as the configuration of the body changes. In contrast,
an intrinsic coordinate frame is relative to local variables
such as joint torques or muscle forces and moves in space
with the configuration of the body. If we consider the role
of contact forces in object manipulation, an extrinsic coor-
dinate frame is a plausible candidate for the central repre-
sentation of forces. For example, to effectively manipulate
objects with our hands, we must apply forces that are large
enough to prevent slips, but small enough to avoid mechan-
ical damage to the object (Westling and Johansson 1984).
The force magnitudes and directions must also match the
shape, the loading conditions, and the dynamic proper-
ties of the object (Cadoret and Smith 1996; Flanagan et al.
1995; Goodwin et al. 1998; Jenmalm et al. 2000). In this
setting, it seems reasonable for the CNS to plan forces in
an extrinsic coordinate frame based on the position of an
object in space. However, the forces applied by the hand
also depend on the force—length characteristic of muscles
(Gordon et al. 1966; Rack and Westbury 1969; Rassier
et al. 1999) and their corresponding moment arms. The
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duration and magnitude of muscle force are key factors in
determining metabolic energy costs (Hogan et al. 1998;
Roberts et al. 1998). To generate endpoint forces with the
least amount of muscle force, the CNS must consider the
musculoskeletal geometry of the arm. It is therefore plau-
sible that the best framework for planning contact forces is
an intrinsic frame of reference based on the musculoskel-
etal geometry of the arm. Numerous studies have examined
the frame of reference associated with movement planning
(Abend et al. 1982; Evarts 1968; Georgopoulos et al. 1982;
Humphrey 1972). In contrast, the central representation of
contact forces has received relative little attention and has
yet to be established. The primary objective of this study is
to begin filling this gap by identifying the coordinate frame
associated with the neural control of contact forces in static
conditions.

To determine how movements are centrally represented,
investigators have tried to identify stereotypical features
that generalize across different reaching tasks (Abend
et al. 1982; Flash and Hogan 1985; Morasso 1981; Soec-
hting and Lacquaniti 1981). These reaching tasks were
redundant in that numerous hand trajectories and joint
configurations could be used to arrive at the target. A
redundant parameter can assume different values without
affecting task performance. The underlying concept is that
invariant features of a redundant task are specified by the
central nervous system during planning. One can deduce
the reference frame for motor planning by identifying the
coordinate system associated with these features. Thus,
kinematic regularities observed in the movements of the
hand in space have been used as evidence for an extrinsic
coordinate frame for movement planning (Morasso 1981),
while kinematic regularities in joint movement have been
used to support an intrinsic coordinate frame (Soecht-
ing and Lacquaniti 1981). Following a similar approach,
we investigated the geometry of force control in static
situations by observing how “unspecified” or redundant
parameters of force vary across the arm’s workspace. We
designed an experimental task involving redundant param-
eters of contact force. The task was to produce a hand
force of a given magnitude with the arm in different con-
figurations. Although the magnitude of the force was con-
strained, its direction remained unspecified. We examined
how the direction of the force varied with the posture of
the arm.

Our approach is based on a classic concept of tensor
geometry known as “parallel displacements” (Brillouin
1964). Consider a force vector, in Cartesian coordinates,
generated by the hand at a certain location of the work-
space. This force vector at that location corresponds to a
unique set of joint torques, i.e., to a unique “intrinsic” joint-
based representation. For example, if the force is parallel to
the line that joins the hand to the shoulder, the torque at
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the shoulder is zero. Now, let us move the hand to a new
position. If the intrinsic representation remains invariant,
then the Cartesian component of the force must change. In
contrast, if the Cartesian representation remains invariant,
the intrinsic representation must change. This is the con-
sequence of the fact that the intrinsic geometry of the arm
is nonlinear and defines a Riemannian manifold. In such a
manifold, displacing a vector with respect to an external
frame of reference will generally result in a change in local
coordinates. For example, consider a vector attached to a
point over the equator of a sphere and oriented toward the
north, i.e., along a local meridian. Parallels and meridians
constitute a local or “intrinsic” coordinate system over the
sphere. Points and vectors on the sphere can also be rep-
resented in the coordinates of an external Cartesian sys-
tem. If we move the application along the equator, while
maintaining the orientation fixed with respect to the exter-
nal Cartesian frame, then we will find the vector in a new
position and no longer aligned with the local meridian. We
take this observation to formulate the assumption that if an
entity plans a vector in external coordinates, then—in the
absence of additional constraints—this entity will tend to
keep the vector unchanged in the external representation as
the point of application moves along a Riemannian mani-
fold. And this external constancy results into a change of
local coordinates.

For this study, we are considering contact forces that
can be planned either in local joint-based coordinates or
in extrinsic Cartesian coordinates. If forces are planned
in a fixed extrinsic coordinate frame, the direction of
the applied force should remain invariant irrespective of
changes in arm posture and force magnitude. Alterna-
tively, if forces are planned in a joint-based coordinate
frame, intrinsic variables such as joint torques should
remain invariant across postures and scale with force
magnitude. These two scenarios describe the ideal case in
which the planned forces match the actual motor outputs.
In reality, noise from firing motor neurons can cause the
force output to be slightly different from what was actu-
ally planned by the CNS. Thus, instead of tracking com-
ponents that remain invariant, a more practical analysis is
to compare the variability between extrinsic and intrin-
sic components. The idea being that the CNS explicitly
plans components with the most amount of regularity,
while other components are assigned to meet the demands
of the task. If forces were encoded in extrinsic space,
we would expect lower variability in the direction of the
force across the different arm postures, compared with
intrinsic variables such as joint torques. Alternatively, if
forces were represented in intrinsic coordinates, we would
expect lower variability in joint torques across different
arm postures compared with the variability in force direc-
tion. However, without the same unit of measure extrinsic
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Fig. 1 a The experimental
setup. Subjects applied forces
on a rigid handle connected to
a force transducer. A cast was
used to immobilize the wrist,
and the arm was supported
against gravity by an overhead
sling. Visual feedback of the
force magnitude was pre-
sented in the form of a circle.
The radius (R) of the sphere
increased with the magnitude
of the force in the transverse
plane (F,, F,). b The position of
the force handle was moved to
seven different locations within
a 0.12 x 0.30 m workspace.
The gray lines represent the arm
configuration of a representative
subject

.
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(force direction) and intrinsic (joint torques) variables are
not directly comparable. To overcome this disparity, we
applied the method of parallel displacement to convert
intrinsic joint torques into extrinsic parameters of force
direction. Specifically, parallel displacement was used to
estimate the direction of the force that would have been
applied by the hand if the joint torques measured at each
posture were applied to a reference posture. The vari-
ability in the directions of the forces determined through
the parallel displacement of joint torques could then be
directly compared to the variability in the direction of
forces applied by each subject across the different arm
postures.

Methods
Subjects

Eleven (eight females) right-handed adults with no known
neurological or motor disorders participated in the experi-
ment. The subjects were between the ages of 23 and
36 years. The local institutional review board approved
the experimental procedures and informed consent was
obtained from each subject prior to their participation in the
study.

Setup

Subjects sat with their trunk and shoulder secured to a
chair with a seat belt and their forearm in a cast to pre-
vent movement at the wrist. The right arm was supported
against gravity by an overhead arm sling that cradled the
arm at the elbow. Subjects were asked to use a power
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grip to grasp a rigid handle mounted to a force transducer
with their right hand and exert static forces in the trans-
verse plane (Fig. 1a). Various arm postures were studied
by displacing the hand to seven different positions in
the planar workspace (Fig. 1b). Subjects viewed a com-
puter monitor that provided them with continuous online
feedback of the forces applied at the handle (see Task
subsection).

Task

The subjects were required to generate a desired force mag-
nitude by applying forces in any direction along the trans-
verse plane. They were asked to maintain the desired force
level (within £1 N) for two seconds before proceeding
on to the next trial. There was a brief rest period between
each trial, during which subjects were instructed to relax
and release the force handle. This reduced muscle fatigue
and ensured that each trial began with approximately zero
force.

Visual feedback was presented in the form of a sphere.
The radius (R) of the sphere was equal to the magnitude of
the force exerted in the transverse plane:

R=\/F}+F}

where F, and F, are the components of the force vector in
the mediolateral and anterior—posterior directions, respec-
tively. The visual feedback did not contain any information
on the direction of the force. The goal was to match a spec-
ified force magnitude. If the magnitude of the applied force
matched the target magnitude within 1 N, the sphere
changed color, which informed subjects that the target had
been achieved.

ey
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Protocol

To gain familiarity with the protocol, a short training set
consisting of four trials was performed prior to the experi-
ment. The goal of the experiment was to match four force
targets (2.5, 5, 7.5, and 10 N) that were presented in ran-
dom order throughout the experiment. At each posture, the
experiment had a total of sixteen trials with four presenta-
tions of each target force.

Analysis
Force and torque calculations

Force measurements were collected at 250 Hz. In each trial,
the average force vector (F,',’J., where n = 1,2,...11 speci-
fies the subject number, p = 1,2,...7 the arm posture and
i = 1,2,...16 the trial number) was determined for the two-
second hold period, during which subjects were required to
maintain the target force level. The direction of the average

force vector in each trial (9;”1-) was then calculated from Eq. 2.

n
1 pr,i

0" =tan~
y2u n
Fxp’i
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where Fx)’;’i and F’ y;‘,i are the mediolateral and anterior—pos-
terior components of the average force vector, respectively,
(ie., F,; = [Fx,; Fy,’;’i]T, with T symbolizing the transpose
of a vector). The torques at the shoulder (‘L’SZJ) and elbow
joints (reg’l.) were calculated based on the average force in
each trial:

o =1 F), 3)

where r;’i is a two dimensional vector r;’l- = [”Z,i rel’;’i]T
and er)l (@) is the Jacobian of a two-joint arm with segments
that match the lengths of the subject’s forearm and upper-
arm. The Jacobian was determined from the shoulder and
elbow joint angles (g) at each posture p. Standard inverse
kinematics was used to calculate the joint angles at each
posture from the measured position of the shoulder joint
relative to the force handle and the arm segment lengths.
For ease of notation t”, F", and 6" will be used to spec-
ify the set of all torques, forces, and force directions at all

seven postures associated with subject n, respectively:

_.n
T = Tp=1..7,i=1..16

n n n
T T2 - Tie
Tn

o= | 21
n n
'L’7’1 ‘[7,16
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Parallel displacement

Parallel displacement provides a framework for comparing
parameters across different coordinate systems. Since joint
torques have different physical units compared to force
direction (N-m vs. degrees), a direct comparison of the
variability between these unspecified parameters is impos-
sible. To address this issue, parallel displacement was used
to convert intrinsic joint torques applied at each posture to
a force output at a reference posture. The variability in the
direction of these forces derived from intrinsic parameters
could then be directly compared to the variability in the
direction of the actual force outputs measured in an extrin-
sic coordinate frame. A step-by-step description of the par-
allel displacement process is given below.

Step 1 Choose a reference posture. A reference posture
represents the configuration of the arm assumed
by the subject at one of the postures tested in the
experiment. For the purposes of this exercise, we
will start with the reference posture at p = 1 and
subsequently cycle through the other postures
tested in the experiment

Step2  Apply t" to the reference posture and cnalculate

the direction of the resultant forces F - Equa-
tion 4 was used to convert the joint torques
applied across all the postures to force outputs at
a single reference posture (in this case, posture 1,
p=1):

n

Fpy=Jpi(@) 7" @

where J,—1(q) is the Jacobian based on the configuration of
thr? arm assumed by subject n at the reference posture p = 1.

F, will be referred to as “intrinsic forces” in contrast to the
actual or the “extrinsic forces” applied during the experiment.
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Step3  Calculate 6 the anguy{ar direction of each of

p=r
the intrinsic forces in Apzl. The angular direc-
tions of each of the intrinsic forces were calcu-
lated using basic trigonometry similar to the pro-
cess described in Eq. 2

Step4  Repeat steps 1-3 using the remaining six experir-l

mental postures as the reference posture, until gp
forp =1, 2,...7 have been calculated. The refer-
ence posture directly affects the angular direction
of the forces derived from parallel displacement.
In fact, the configuration of the arm at the ref-
erence posture determines the value of the Jaco-
bian used in Eq. 4. To account for changes in the
direction of the intrinsic forces due to the config-
uration of the arm at the reference posture, paral-
lel displacement of joint torques was conducted
at each of the postures assumed by the subject
during the experiment

Step5  Compare the standard deviationn between the

direction of the intrinsic forces (5,,:1’2’_“’7) and
the direction of the actual forces measured in
extrinsic coordinate space (6"). If forces are
planned in an extrinsic coordinate frame, we
would expect a signiﬁcantlly lower standard devi-

ation in 6" compared to 6, , 5. Alternatively,
if forces were planned in an intrinsic coordinate
frame, we would expect a significantly lower

standard deviation in 5,,:1’2 ..... 7 compared to 6.

Force planning: intrinsic versus extrinsic variability

Subjects were categorized as extrinsic, intrinsic, or not
significantly different planners based on the variabil-
ity in the direction of the intrinsic and extrinsic forces.
Specifically, for each subject, 95 % confidence intervals
were calculated from the average standard deviation in
5,,21,2’___’7 across all the postures. These confidence inter-
vals were then used to determine whether the standard
deviation in the direction of the intrinsic forces was signif-
icantly different from the standard deviation in the direc-
tion of the extrinsic forces. Subjects who demonstrated
significantly lower variability in extrinsic forces were
classified as extrinsic planners, whereas subjects who
demonstrated significantly lower variability in intrinsic
forces were classified as intrinsic planners. The remain-
ing subjects were categorized as not significantly differ-
ent planners. These planners had either high variability or
comparable variability in both coordinate frames. Those
with high variability were inconsistent with their control
strategy, choosing forces in radically different directions

100 T T :
[ Extrinsic
Il Intrinsic

©
o

80

Intrinsic Extrinsic Not Sig

Standard Deviation Force Direction (deg)

i 2 3 4 5 6 7 8 9 10 11
Subjects

Fig. 2 Intrinsic versus extrinsic variability. The average standard
deviation of extrinsic and intrinsic forces for each subject. The sub-
jects were grouped into “Intrinsic”, “Extrinsic”, and not significantly
different or “Not Sig” planners. The error bars indicate 95 % confi-
dence intervals based on the standard deviation of the intrinsic forces
across different reference postures

to complete the task. Those with comparable variability
chose forces in the same general direction throughout
most of the experiment, however, a change in the coordi-
nate system failed to yield a significantly lower standard
deviation in force direction.

Results

Forces are planned in both intrinsic and extrinsic coordi-
nates. As seen in Fig. 2, the control strategy varied across
the subject pool. Five out of the eleven subjects demon-
strated standard deviations that were on average 41 % lower
in intrinsic space compared with extrinsic space. Two other
subjects demonstrated the opposite trend; on average, the
standard deviation in direction of forces in extrinsic coor-
dinates was 55 % lower than in intrinsic coordinates. The
forces in both coordinate frames for a representative intrin-
sic and extrinsic planner are shown in Fig. 3a, b, respec-
tively, with the intrinsic planner demonstrating a narrower
range in force direction in intrinsic space compared with
extrinsic space, and vice versa for the extrinsic planner. The
remaining four subjects were classified as not significantly
different planners.

Not significant different planners demonstrated a prefer-
ence for intrinsic representation of forces. Two of the not
significantly different planners (Subjects 8 and 9) exhibited
comparable standard deviations irrespective of the coor-
dinate frame (Fig. 3c), with an average difference of 7 %
between the two coordinate systems. Despite this result,
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Fig. 3 Top panels Intrinsic (black) and extrinsic (gray) forces for a
representative a intrinsic planner, b an extrinsic planner ¢ a not signif-
icantly different planner with comparable variability in both reference
frames and d a not significantly different planner with high variability
in both reference frames. Each panel contains all the forces applied
by the subject during the experiment, the only difference between the
panels is the reference posture used to calculate the intrinsic forces.
Thus, for each subject, the extrinsic forces are the same across the
panels, only the intrinsic forces change depending on the reference
posture. A limited set of reference postures (P2, P3, P7) that span

both subjects applied a fairly consistent torque pattern
across all but one of the postures. In fact, at six of the seven
postures, these two subjects relied primarily on net elbow
flexion torques to complete the task. It was only at posture
5 that large shoulder abduction torques also contributed to
the force output (Fig. 4). If forces applied at posture 5 were
removed from the analysis, we would see a significantly
lower standard deviation in force direction in intrinsic
space as compared to extrinsic space (Subject 8—extrinsic:
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the workspace are shown for display purposes. Bottom panels Histo-
grams of the force directions corresponding to the intrinsic and the
extrinsic forces displayed in the top panels. The axes used to calcu-
late the angles of the forces are specified in the center black inset,
with a counterclockwise rotation corresponding to positive values.
The range of angles across the intrinsic and extrinsic forces was
divided into twenty bins. The abscissa of the histograms specifies the
force angles in each bin, while the ordinate specifies the number of
trials that fell within a particular bin. The colors of the bars match the
colors of the intrinsic (black) and extrinsic (gray) forces

18.2° vs. intrinsic [mean & 95 % CI]: 16.1° &+ 0.8°; Sub-
ject 9—extrinsic: 19.6° vs. intrinsic [mean + 95 % CIJ:
15.0° £ 1.7°), suggesting that these two subjects behaved
similarly to intrinsic planners across much of the tested
workspace.

A comparison of the variability between the coordinate
frames of the other two not significantly different planners
(Subjects 10 and 11) indicates that they should be catego-
rized as extrinsic planners. However, further analysis of
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Fig. 4 The mean shoulder and elbow torque at each posture and at each target force level for subjects 8 (left two panels) and Subjects 9 (right

two panels)

the data from Subjects 10 and 11 reveals a control strategy
that utilized forces pointed both towards and away from
the body (Fig. 3d) to complete the task. Nearly all sub-
jects pulled on the handle throughout the experiment and
applied forces directed towards the body. Subjects 6, 10,
and 11 were the exceptions with forces pointed away from
the body in 100, 5, and 38 % of the trials, respectively.
If we were to discount the small 5 % of trials that were
directed away from body in subject 10, we would discover
a highly intrinsic behavior with nearly twice the standard
deviation in force direction in extrinsic space than in intrin-
sic space (extrinsic: 15.8° vs. intrinsic [mean £ 95 % CI]J:
7.8° = 1.6°). In contrast, Subject 11 had an almost equal
distribution of forces both towards and away from the body.
Interestingly enough, the change in force direction was not
random. In fact, subject 11 always applied forces away
from body at the first posture that was presented in the
experiment (posture 1). This pattern was maintained to a
lesser extent for the next two postures (postures 2 and then
4), with forces being applied away from the body on aver-
age in only 83 % of the trials. For the last four postures (in
order of presentation: 7, 3, 5, and 6), subject 11 only applied
forces that were oriented towards the body. In summary,
subject 11 transitioned from exclusively applying forces
directed away from the body (posture 1), to 5 instances
of applying forces directed towards the body (at postures
2 and 4), to exclusively apply forces directed towards the
body (postures 7, 3, 5, and 6). If we were to examine just
the forces that were applied during the first three postures,
we would see that the standard deviations in the direction
of the forces between the two coordinate frames are not

significantly different from each other (extrinsic: 63.6° vs.
intrinsic [mean £ 95 % CI]: 62.4° &+ 2.3°). However, for
the last four postures, subject 11 adopted a highly intrinsic
behavior, with nearly twice the standard deviation in force
direction in extrinsic space than in intrinsic space (extrin-
sic: 13.7° vs. intrinsic [mean £ 95 % CI]: 7.3° + 2.4°).
Whether this change in the control strategy is influenced
by time (i.e., following a period of exploration the subject
settled on an intrinsic pattern of force control) or posture
(the control strategy changed as a function of the work-
space) is unclear. However, it should be noted that subject
11 adopted an intrinsic control strategy for the majority of
the workspace.

In summary, the results indicate that seven subjects (five
intrinsic and two extrinsic) maintained a consistent pattern
of force control across all the postures. The remaining four
not significantly different planners were more variable in
their force control pattern but demonstrated a strong prefer-
ence for intrinsic planning.

Discussion

The importance of force control is underscored by the
fact that successful interactions with the environment are
largely dependent on our ability to apply forces on exter-
nal objects. However, little is known about how forces
are represented in the brain. We proposed that the coor-
dinate system underlying force control can be established
by observing how unspecified parameters of a redundant
force task vary across the workspace. The idea being that
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the CNS plans components with low variability, while the
components with larger variability are specified to meet the
demands of the task.

The force task in this study was ill posed—i.e., it had no
unique solution and subjects could choose to exert forces
in any direction to complete the task of matching a target
force magnitude. The coordinate frame used for planning
was determined by comparing the variability of the forces
represented in intrinsic versus extrinsic coordinates. Our
results indicate that both coordinate frames were employed
when completing this task, with a larger tendency to plan
in intrinsic coordinates. Specifically, five out of eleven sub-
jects demonstrated lower standard deviations in the direc-
tion of forces derived from intrinsic components of joint
torque, while two other subjects showed lower standard
deviation in force directions measured in extrinsic space
(Fig. 2). The remaining four subjects had a greater degree
of variability in their force control pattern but demonstrated
a preference for intrinsic planning for most of the tested
workspace. Taken together these findings suggest that
forces can be planned in both intrinsic and extrinsic coor-
dinate spaces, with a preference toward intrinsic planning.

Given the mixed outcome of the experiment (i.e., two
extrinsic, five intrinsic, and four not significantly different
planners), it is not surprising that a paired 7-test comparing
the difference in the standard deviation between forces rep-
resented in intrinsic and extrinsic coordinates for the entire
population yielded a non-significant result (p = 0.84). This
brings to question whether some feature of the task are
responsible for the range of outcomes. To address this con-
cern, let us examine some task features that can contribute
to experimental variability, including variations in the con-
figuration of the arm at a single posture and the position of
the force handle. To minimize unintentional changes in arm
posture at a single position in the workspace, the wrist was
casted, subjects were asked to fully grasp the force handle
using a power grip, and Velcro straps were used to snugly
restrain the shoulder to the chair. To reach the force han-
dle, the subject had to maintain a specific arm configuration
in each region of the workspace. The position of the force
handle was controlled by a robot with a position resolution
of less than 0.1 mm. Based on these precautions and our
data analysis method, we do not believe that the variable
outcome was a product of the experimental setup.

It may also be that the experimental method (task + data
analysis) is insufficient to probe the coordinate frame for
representing forces. To address this concern, let us first
examine why this task was chosen. The task was based on
previous experiment that has successfully applied a redun-
dant task to determine how movements are centrally repre-
sented. In these target-reaching experiments, subjects could
choose the trajectory of the hand when completing the task.
Kinematic regularities observed in the movements of the

@ Springer

hand such as straight-line trajectories and a bell-shaped
velocity profile were used as evidence for an extrinsic coor-
dinate frame for movement planning (Morasso 1981), while
kinematic regularities in joint movement have been used to
support an intrinsic coordinate frame (Soechting and Lac-
quaniti 1981). Similarly, our task was based on observing
how a redundant parameter of force varied across the arm’s
workspace. Our results indicate that the CNS is capable of
planning forces in both intrinsic and coordinate frames.
This finding is in line with a recent theory proposed by
Berniker and Kording (2008), which suggests that the CNS
does not have a fixed representation for planning. Instead,
generalization of a motor control strategy depends on
whether the central nervous system attributes performance
error to the human motor system or to the external environ-
ment. Recent work by Brayanov et al. (2012) also suggests
that adaptation to a visuomotor rotation does not transfer
in a single coordinate frame, instead arm movements are
representation in both intrinsic and extrinsic coordinate
frames.

One of the major shortcomings in our data analysis is
its sensitivity to inconsistent control strategies. As we saw
in the case of subject 8-10, a small percentage of trials
with a different control strategy can shift a subject from
being categorized as a highly intrinsic planner to a not sig-
nificantly different planner. Subject 11 also demonstrated
that the control strategy could change with different pos-
tures and over time. This suggests that a comparison of the
overall standard deviation in force direction between the
two coordinate frames is insufficient to adequately assess
the preferred control strategy for each subject. As we have
discovered from the data of our not significantly differ-
ent planners, further analysis based how the frequency of
alternate control strategies is also necessary. Once different
strategies (e.g., forces that are directed away vs. those that
are directed toward the body) have been identified, the pro-
posed method based on parallel displacement can be used
to determine if force distributions within a single strategy
support an intrinsic or extrinsic planning scheme.

Another drawback of this study is that the analysis of
intrinsic coordinates was limited to a joint-based system.
Force patterns can also be represented in the brain as a set
of muscle forces rather than a set of joint torques. Optimi-
zation may offer a computational framework for extracting
the specifics of the intrinsic coordinate system used by the
brain. The technique is highly dependent on the choice of a
cost function, which quantifies the consequences of choos-
ing one solution over another. Support for a particular cost
function is typically based on how well it can predict the
resulting motor behavior in a redundant task. In future
studies, it would be interesting to compare two cost func-
tions, one based on overall joint torque and another based
on overall muscle force. Although both control policies
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are associated with intrinsic variables, the minimization of
joint torques would suggest a joint-based coordinate sys-
tem, while the minimization of muscle force would suggest
a muscle-based coordinate system.

By immobilizing the wrist using a cast, the current
experiment only allowed torque contributions from the
elbow and shoulder joint. However, involvement of addi-
tional joints, such as the wrist, may result in a different
control strategy. Muscles in the wrist are typically smaller
and produce less maximal force than elbow and shoulder
muscles. Hamilton et al. (2004) found that stronger mus-
cles with greater number of motor units produce lower
fluctuations in force output during isometric contractions
than smaller muscles with less motor units. Fluctuations
in the motor output may affect the control strategy used
to complete the redundant task. In fact, a study by Harris
and Wolpert (1998) showed that in the presence of motor
noise, the CNS selects the strategy that minimizes variabil-
ity in the motor output. If this is the case, the CNS may be
more likely to plan in intrinsic coordinates of muscle space
and select an activation pattern that limits forces applied
by wrist muscles to ensure low motor variability in force
output.

Although it is difficult to account for the role that grip
stability played on the direction of the applied forces, two
observations suggest that it was not a determining factor. In
the beginning of each experiment, subjects were instructed
to use a power grip such that all their fingers were wrapped
around the force handle. They also donned a cast that
restricted wrist rotation and ensured that the palm of the
hand was in line with the forearm. If grip stability was a
predominant factor, we would have expected subjects to
apply forces with their palm rather than with their fingers.
A force against the fingers would have spread them apart
compromising the subjects’ grasp on the handle. Since the
wrist was maintained in a neutral position (i.e., without
flexion or extension) during the experiment, a force applied
by the palm would have pointed perpendicular to the fore-
arm. However, the results indicated that in most instances,
the forces were directed toward the shoulder and were not
perpendicular to the palm. The predominant pulling behav-
ior required subjects to apply forces with their fingers
rather than with their palm, whereas the pushing out behav-
ior relied on applying forces with the thumb. Moreover, if
grip stability played a large role, we would have expected
the force direction to change systematically with arm pos-
ture since stability of the grip is a function of hand configu-
ration. This was clearly not the case for extrinsic planners;
instead, these subjects applied forces in fairly consistent
directions with little variability across the postures (Subject
6: 8.3° and Subject 7: 6.1°).

We used a static force task to examine the nature of the
coordinate system underlying force control; whether the

findings are still valid in dynamic situations have yet to be
established. A study by Chib et al. (2009) suggests that the
brain independently controls for forces and motion. If this
is the case, the coordinate system associated static situa-
tions may also be applied in dynamic situations.

It is also unclear whether the coordinate system applied
by each subject generalizes to an object manipulation task.
Successful interactions with objects often require forces
that are related to the shape and dynamic properties of the
object (Santello and Soechting 2000). As such, it is reason-
able to assume that the CNS will adopt an extrinsic coor-
dinate system when required to manipulate objects. How-
ever, it is important to recognize that planning forces in an
intrinsic coordinate space does not limit a subject’s abil-
ity to apply forces based on extrinsic task constraints. For
example, the way in which we grasp and apply forces on a
cube shaped object will obviously be different than the way
in which we grasp and apply forces on a spherical object.
However, both force patterns can be represented in the
brain as a set of joint torques rather than a set of force vec-
tors that is centered on the object. Nevertheless, it would
be interesting to repeat the same experiment using force
handles with different shapes. A result in which the direc-
tion of the force changes with the shape of the force handle
when the arm is at a particular posture would support the
concept of an extrinsic coordinate scheme, whereas a find-
ing in which the direction of forces remain invariant would
support an intrinsic coordinate scheme.

It should be noted that for this experimental task, some
subjects preferred an extrinsic strategy while others pre-
ferred an intrinsic one. This does not necessarily mean that
those subjects that are categorized as extrinsic planners
are incapable of representing forces in an intrinsic refer-
ence frame and vice versa. Humans likely choose a control
strategy based on the task. What this study does shows is
that the motor control system is not limited to a particu-
lar coordinate frame for force representation and in fact is
capable of planning in both coordinate frames. For future
studies, it would also be interesting to examine whether the
original strategy adopted by subjects to complete the task
is retained following exposure to alternative strategies. A
recent theory in motor control known as the use depend-
ent mechanism suggests that in the absence of performance
error, the CNS attempts to repeat the control strategy
applied in the previous trial (Diedrichsen et al. 2010). If
use dependent mechanism plays a significant role in force
control, exposure to different strategies could bias the sub-
sequent control strategy (Ganesh et al. 2010). Alternatively,
subjects may adhere to their original control strategy when
completing the redundant task.

Although rooted in engineering, the concept of a coordi-
nate frame may have neurological significance. For exam-
ple, physiological studies suggest that a significant number
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of directionally tuned neurons in the ventral premotor cor-
tex follow an extrinsic coordinate pattern of activity and
respond maximally to movements of the limb in space
rather than changes in muscle activation (Shen and Alexan-
der 1997). On the other hand, data from Kakei et al. (1999)
suggest that neurons in the primary motor cortex operate
both in an extrinsic and in intrinsic coordinates. There is
also a practical motivation for determining the coordinate
system underlying motor planning. In recent years, there
has been considerable research aimed at controlling pros-
thetic devices through biological signals derived from the
user (Donoghue et al. 2007; Miller et al. 2008; Muller-Putz
et al. 2005; Taylor et al. 2002). Understanding the nature of
the control function and how it is mapped in the brain will
enable investigators to design signal-processing algorithms
that can effectively extract information about the motor
command from physiological signals. Moreover, under-
standing the coordinate basis of control functions is impor-
tant for developing better feedback systems that can relay
information about the state of a prosthesis and the desired
motor outcome.
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