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Abstract The problem at the heart of motor control is
how the myriad units of the neuromotor system are coor-
dinated to perform goal-directed movements. Although for
long these numerous degrees of freedom (DOFs) were
considered redundant, recent views emphasize more that
the DOFs should be considered abundant, allowing flexible
performance. We studied how variability in arm joints was
employed to stabilize the displaced end-effector in tool use
to examine how the neuromotor system flexibly exploits
DOFs in the upper extremity. Participants made pointing
movements with the index finger and with the index finger
extended by rods of 10, 20, and 30 cm. Using the uncon-
trolled manifold (UCM) method, the total joint angle var-
iance was decomposed into two parts, the joint angle
variance that did not affect the position of the end-effector
(Vuem) and the variance that results in a deviation of the
position of the end-effector from its mean (Vogrt). Analyses
showed that some angles depended on length of the rod in
use. For all rod lengths, Vycn was larger than Vogr, and
this did not differ over rod lengths, demonstrating that the
arm was organized into a synergy. Finally, the variation in
the joint angles in the arm as well as the degree of co-
variation between these angles did not differ for the rod’s
tip and the hand. We concluded that synergies are formed
in the arm during reaching with an extended end-effector
and those synergies stabilize different parts of the arm+rod
system equally.
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Introduction

The ease with which we perform goal-directed movements
in our daily life hides the complexity inherent to the
underlying processes. This complexity originates from the
fact that there are more elements, or degrees of freedom
(DOFs), involved in the goal-directed movement than there
are dimensions of the space in which the movement is
performed. To be able to perform goal-directed move-
ments, these redundant DOFs in the neuromotor system
need to be coordinated, which is supposed to be a problem
for the control of movements. Recently, Latash and col-
leagues (Gelfand and Latash 1998; Latash et al. 2007; cf.
Latash 2008) proposed an alternative way of thinking about
the numerous DOFs. In their view, the numerous DOFs are
not a problem but, instead, allow for a flexible performance
in a wide range of tasks. The numerous DOFs permit the
central nervous system (CNS) to select the appropriate
values of the involved DOFs to ensure stable but also
flexible task performance. Therefore, in Latash’s view, the
DOFs are rather abundant instead of redundant. The current
study examines whether and how the abundant DOFs are
flexibly exploited to use a tool in a task where reaching
movements are made with a rod.

Abundance and redundance of DOFs in the neuromotor
system is strongly related to the notion of synergies. The
most influential notion of synergies comes from Bernstein
(1967) according to whom the DOFs in the neuromotor
system are so numerous that it is too complex to control
each individual DOF. To solve this problem, Bernstein
characterized synergies as functional systems in which
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DOFs are temporarily linked (see also Turvey 2007).
Latash and colleagues (Latash et al. 2007; Latash 2008)
introduced a different notion of synergies that starts from
the idea that the DOFs in the neuromotor system are
abundant instead of redundant. In this view, synergies are
neural organizations that stabilize (i.e., reduce variability
in) a certain performance variable, such as end-effector
position, through co-varying elemental variables, such as
joint angles. The framework of the uncontrolled manifold
(UCM) method (Scholz and Schoner 1999; see also
Schoner 1995) was proposed to study this feature of
stability through variability (Latash et al. 2007; Latash
2008; cf. Scholz et al. 2000). To explain this method,
imagine a regular goal-directed reaching movement with
the index finger. Repetitions of a goal-directed reaching
movement show trial-to-trial variability in the joint
angles. At each instance of the movement, this variance
can be divided into two parts: there is joint angle vari-
ability that does not affect the index fingers’ position (i.e.,
co-variation) and there is joint angle variability that
results in a shift of the index finger away from its mean
position. Basically, the UCM method decomposes the
variability in the joint angles into one of these two types
of variability. For this purpose, the state space of the
system is defined as the elements (e.g. joint angles) rel-
evant for the task. In this state space, there is a subspace
(i.e., a manifold) corresponding to the mean position of
the index finger at each instant over the movement tra-
jectory. This manifold is called the UCM for the mean
position of the index finger at that particular instant. The
UCM method allows determining whether joint angles
vary more within the UCM (i.e., keeping the index finger
at its mean position) than orthogonal to the UCM (i.e.,
causing the index finger to deviate from this mean posi-
tion). Would the joint angles in the arm vary more within
the UCM than orthogonal to it, then this would mean that
the arm is coordinated in a synergy to control the index
fingers’ position. Of course, the UCM method is not
confined to a reaching task, depending on the situation,
different elemental variables can be used to define the
systems’ state space and it can be analyzed whether these
elemental variables co-vary to keep a given performance
variable stable.

In the current study, we apply the UCM method to a
reaching with a rod task. The general scheme of the UCM
analysis is as follows: (1) selection of the appropriate
elemental variables, (2) the selection of a performance
variable, (3) the creation of a linear model of the system,
and (4) at each instant, partitioning variance of elemental
variables into variance that keeps the performance variable
on its mean position (Vycm) and variance as a result of
which the performance variable deviates from its mean
position (Vort) (Latash et al. 2007; Scholz and Schéner
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1999). In the linear model of the system, the relations
between small changes in elemental variables and its effect
on the performance variable are computed through the
Jacobian matrix. For different performance variables,
Vuem and Vopr are compared. If Vycy is higher than
Vorrs it is concluded that the performance variable is
stabilized through co-variation in the elemental variables.
Thus, the UCM method identifies how the elements in the
neuromotor system are exploited to keep a performance
variable stable, which gives information about the involved
synergy.

The UCM method has successfully been applied to a
wide range of tasks (Domkin et al. 2002, 2005; Jacquier-
Bret et al. 2008, 2009; Scholz and Schoner 1999; Scholz
et al. 2000; Tseng et al. 2002, 2003). For instance, Scholz
et al. (2000) applied the UCM method to a pistol-shooting
task and found that variability of the joint configuration
that affected the performance variable (i.e., the line of
shooting) was much more reduced compared to variabil-
ity that did not affect this variable. Tseng et al. (2002,
2003) instructed participants to move a pointer in one
continuous motion to the center of a designated target at a
fast, but comfortable speed while being as accurate as
possible. One study investigated the role of visual infor-
mation and the other study investigated how the CNS
organized the abundant DOFs in relation to a low or high
index of difficulty. Both studies showed that during all
conditions (with or without visual information, and high
or low index of difficulty), the functionally important
performance variables appeared to be stabilized through a
flexible but task-specific synergy. Domkin et al. (2005)
applied the UCM method to a 3D bimanual pointing task.
They examined the coordination of joints within each arm
and between arms during a two-hand pointing task
involving a pointer in one hand and a target in the other
hand. Results demonstrated that at each instant over a
movement, the CNS stabilized the relative position of one
endpoint with respect to the other more than it stabilized
the position of each of the endpoints in the external space.
Together, these studies suggest that the UCM method
allows a quantitative assessment of the degree of stabil-
ization of the selected performance variable through co-
variation and provides information on changes in the
structure of a multi-joint synergy. Overall, the above-
described studies showed that during regular pointing, the
abundant DOFs are organized into synergies to ensure an
appropriate performance of the functionally important
performance variable.

The present study is directed at the formation of syn-
ergies during tool use. In our experimental task, healthy
people made reaching movements with a rod to a target. A
hand-held tool extends the body and affects the forces in
the muscles and the torques in the joints. These changes
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demand flexibility in the coordination of the DOFs relevant
for controlling the tool in a goal-directed way. The inter-
esting thing about tools is that they allow keeping the task
invariant while varying properties of the tool+body sys-
tem. Therefore, tools make it possible to study how DOFs
in the neuromotor system are flexibly coordinated to per-
form the same task while the properties of the system vary.
A key goal of the current paper is to determine whether the
synergies underlying the use of a tool are similar to the
synergies employed when performing the same task with-
out a tool.

To achieve this goal, it has to be determined whether
during the use of the rod, the synergy in the arm keeps the
hand or the tip of the rod stable. Stated otherwise, it has
to be determined which performance variable is most
stabilized. We expected that the synergy employed in rod
reaching primarily stabilizes the rod’s tip; Heuer and
Siilzenbriick (2009) demonstrated that when operating a
sliding first-order lever, the trajectory of the tip of the
lever was straighter than that of the hand controlling it.
Jacobs et al. (2009) showed that apraxic patients impaired
for tool use showed less accuracy in end-effector position
in a rod pointing task, while brain-damaged control
patients had comparable levels of accuracy over all tool
and non-tool conditions. Moreover, there is evidence that
a tool in use extends the body schema (Arbib et al. 2009;
Cardinali et al. 2009; for an overview see Maravita and
Iriki 2004), which is in line with the idea that the tool’s
tip is the most stabilized end-effector. The current paper
advances these findings in that (a) we examined how a
synergy was build to handle a tool and (b) we examined
whether it was the hand or the rod’s tip that was kept
most stable. Therefore, we did not focus on just the end-
effector movement but, instead, we took into account
variability in all the joint angles in the arm and how these
joint angles co-varied to keep the hand and the rod’s tip
stable.

To do this, we manipulated a very basic aspect of the
end-effector during tool use, that is, we modified the
length of the last segment in the joint chain. Therefore,
we attached a rod to the index finger that could have a
length of 10, 20, or 30 cm. We choose this range of rod
lengths because most tools in daily life fall into this
range. Participants performed a reaching task with and
without the rod attached. To ensure that variability in
end-effector movement and joint angles was not affected
by the fact that a tool was used or not, we adjusted the
distance between the participant and the targets to the
length of the rod. In this way, the different conditions
could be performed with practically the same postural
configuration of the arm, and thus, any differences in joint
angles over rod conditions reflect coordinative processes.
Therefore, the first question we addressed was whether

the joint angles in the arm depended on rod length.
Second, we asked whether the synergies underlying the
use of the rod depended on the length of the rod. The
third question addressed whether the rod’s tip or the hand
was the most stabilized performance variable. We
expected that the synergies in the arm were formed to
stabilize the displaced end-effector, which is the tool’s

tip.

Materials and methods
Participants

Ten male university students (mean age 21.1 &+ 1.1 years)
volunteered to participate in the study. All participants
were right-handed, had no neurological diseases, recent
injuries or musculoskeletal problems in the neck, shoulder,
arm or hand regions, and had normal or corrected to normal
visual sight. The participants received verbal and written
descriptions of all procedures and signed an informed
consent before the experiment started.

Apparatus

Movements of the upper extremity were recorded with the
Optotrak 3020 system (Northern Digital, Waterloo
Ontario). Five triangular rigid bodies were fixed to the
right side of the participant’s body in order to measure the
movements of the right arm. Following van Andel et al.
(2008), the rigid bodies were fixed in the following
manner: one rigid body was fixed on the thorax attached
to the sternum, the second on the flat part of the acro-
mion, the third laterally on the upper arm just below the
insertion of the deltoid, the fourth laterally on the lower
arm just proximal to the ulnar and radial styloids, and the
fifth rigid body was placed on the dorsal surface of the
hand. The rigid bodies were made of hard PVC. Two of
the triangles, those on the hand and the acromion, had a
leg length of 4 cm, while the other triangles had a leg
length of 6 cm. In each of the three corners of the tri-
angle, an Optotrak LED was placed. Another set of three
LED’s was placed at a rigid body on the holder attached
to the index finger.

The rods used during this experiment were made of
aluminum, had a length of 10, 20, or 30 cm and a diameter
of 1 cm. Their mass was 8, 16, and 24 g, respectively. The
rods were attached to the index finger with an aluminum
holder, with a mass of 50 g.

In order to keep the start position of the upper extremity
as stable as possible over trials, an elbow placer was
positioned on the right side of the participant. The olec-
ranon of the right arm had to be placed on a marked
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location at the elbow placer that was placed at the same
height as the experimental table.

Experimental procedure

Participants sat in a chair of which the back was extended
in height with a board. They were with their trunk tightly
strapped against this board to prevent movements of the
torso and the clavicular joints, but allowing free move-
ments of the shoulder and elbow joints. Furthermore, the
index finger was fixed to prevent movement of the inter-
phalangeal joints but allowing free motion of the meta-
carpophalangeal joint.

Before data acquisition started, the position of the chair
and placer for the start position of the elbow in relation to
the table was determined for each participant. The partic-
ipant’s distance to the target table was changed as a
function of rod length, implying the participants could, in
principle, use the same control of the hand motion and be
still accurate, independent of rod length. For example:
during the trials with a rod of 10 cm, the table was posi-
tioned 10 cm further away from the participant than during
the trials with the index finger acting as end-effector etc.

In the initial posture of each trial, the upper arm hung
comfortably next to the body and the elbow rested on the
placer. The index finger or the tip of the rod was placed at
the start point with the wrist in a comfortable position. A
beep presented after a random time interval of 0.5-2.5 s
functioned as start signal. After the beep, the participants
reached as quickly and accurately as possible to the target.
The trial ended with holding the pointer steady on the
target for a short period. After all trials were performed,
bony landmarks were digitized with a pointer (see later).
Session duration was approximately 1 h.

Design

Participants had to perform reaching movements over
30 cm, either in forward or in lateral direction. The holder
for the rods was always attached to the index finger.
Depending on the condition, the reaching task was per-
formed with the index finger or with a rod attached to the
holder. This resulted in eight experimental conditions,
based on two movement directions and four different
lengths of end-effector. Every condition consisted of 20
trials; therefore, the participants performed 160 trials in
total. These blocks of 20 trials were presented in random
order.

Computation of joint angles

The joint configuration was based on the following rota-
tions of the right arm: shoulder plane of elevation, shoulder
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elevation, shoulder inward—outward rotation, elbow flex-
ion—extension, forearm pronation—supination, wrist flex-
ion—extension, wrist abduction—-adduction, index finger
flexion—extension, and index finger abduction—adduction.
Elbow abduction—adduction, hand pronation—supination,
and rotation of the index finger were excluded from the
analysis because they are not anatomically available in the
human body. The joint rotations were calculated following
the orientations as proposed in the ISB standardization
proposal for the upper extremity by Wu et al. (2005).
Following the procedure in Wu et al. (2005), global and
relative orientations of segment coordinate systems were
calculated based on the combination of local coordinate
systems constructed from bony landmarks and the dis-
placements of the markers at the rigid bodies. To link the
positions of the markers to the local anatomical coordinate
system, 17 bony landmarks were digitized using a standard
pointer device (cf. van Andel et al. 2008). The analysis was
based on the open source package for 3D kinematics,
BodyMech (http://www.bodymech.nl).

Computation of joint variance

In order to determine the distribution of the variance in
joint space, a 3D forward kinematics model was created.
To compute the UCM variables with the rod’s tip as per-
formance variable, this model was based on the nine joint
rotations. For the analyses with the hand as performance
variable, seven joint angles were used; index finger flex-
ion—extension and index finger abduction—adduction were
excluded. The computational methods were based on those
of Domkin et al. (2005).

The distribution of variance in joint space was computed
from 20 reaching movements [N] for every condition. The
data were time-normalized with a cubic spline interpolation
to allow alignment of trials. The normalized movement
time was divided into 100 equidistant time bins. The mean
joint configuration across trials [M(f)] was computed for
each time bin. The joint configuration of each particular
trial [A;(r)] was subtracted from M(¢) for each time bin
using Ak(r) = M(t) — Ai(t). Here, Ak represents the
deviation of the joint configuration of the kth trial from the
mean joint configuration at each time bin (7).

This deviation of the joint configuration consisted of two
components: AkUCM, which lies in the UCM and AkORT,
the component orthogonal to the UCM. The UCM was
defined as the null space of a Jacobian matrix. The ele-
ments of this Jacobian matrix were the partial derivatives
of the coordinates of the performance variable with respect
to the joint angles in the mean joint configuration. The null
space of the Jacobian matrix represented the changes of
joint configurations that kept the performance variable on
the mean position.
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To see how changes of joint configuration affected the
performance variable, namely the end-effector of the right
arm, the variance per DOF was computed for the two
components of Ak. The variance that affects the perfor-
mance variable (Vort) and corresponds to the variance per
DOF of the orthogonal component was defined as:

N

VorT = ;(AkORT)Z /(DV % N).

Here, DV is the dimension of the task variable, in our case
DV was 3.

The variance that does not affect the performance var-
iable (Vycwm) and corresponds to the variance per DOF,
which lies within the UCM, was defined as:

N
Vuem = Z(AkUCM)Z/((DF —DV) «N).

k=1
Here, DF is the number of involved DOFs. When the hand
was the performance variable, DF was 7, whereas when the
rod’s tip was the performance variable, DF was 9.

Data analysis

The data were processed using MATLAB (The Mathworks
Inc, MA, USA version 2008a). In addition to descriptive
statistics, several repeated measures ANOVA’s were
applied for comparisons between the different conditions.
If the assumption of sphericity was violated, the Green-
house—Geisser correction was applied. To interpret the
significant effects of the ANOVA’s, the generalized eta-
squared for effect size was used (Bakeman 2005; Olejnik
and Algina 2003). The effect sizes were interpreted
according to Cohen’s (Cohen 1988) recommendation of
0.02 for a small effect, .13 for a medium effect, and .26 for
a large effect (see Bakeman 2005). The analyses were
performed with SPSS version 16.

Results

Casual perusal of the data showed that participants were, in
general, very consistent in their behavior; the range of the
angles in the arm over repetitions of trials was rather small,
even over the different conditions (Fig. 1). However,
between participants, behavior varied. Most participants
mainly changed the plane of elevation and inward rotation
in the shoulder, the elbow most often changed from a
flexion to an extension angle, and wrist was regularly in
abduction. However, some participants used very little
supination in the elbow but more adduction in the finger,
while others used relatively a lot of supination in the elbow
together with flexion in the finger. Also the absolute

magnitude of the angles varied between participants. In the
following paragraphs, we first present the analyses on the
angles before we turn to the UCM analyses.

Joint angles

To analyze the changes in angles over time, we selected
five instances, namely at 1, 25, 50, 75, and 100% of the
movement time. Each of the nine joint angles was analyzed
by means of a three-way repeated measures ANOVA with
end-effector length (index finger, rod of 10 cm, rod of
20 cm and rod of 30 cm), movement direction (forward
and lateral), and instance (1, 25, 50, 75, and 100% of the
movement time) as within-subject variables. Given the
number of analyses, we wanted to reduce the chance on
making a Type I error; therefore, we used Bonferroni
correction and used an alpha level of 0.05/9 = 0.006. The
analyses over the nine joint angles revealed 12 significant
main effects, presented in Table 1, and seven significant
interaction effects, discussed below. The large part of the
effects was, as expected, related to the effects of movement
direction and instance.

The effects presented in Table 1 showed that the plane
of elevation of the shoulder increased and shoulder angle
changed from inward rotation to outward rotation when the
movements evolved. This effect moderately interacted with
movement direction (Fys7.14.13 = 25.67, P < 0.001,
n* = 0.14). During the movements in forward direction,
the humerus showed a larger angle of plane of elevation as
the movement evolved, compared to the lateral direction.
The elevation angle of the shoulder stayed more or less the
same during movements in lateral direction. On the con-
trary, for movement in forward direction, the humerus
was more elevated over the movement, as indicated by a
small interaction effect between movement direction
and instance (Fyg7.962 = 24.49, P = 0.001, 172 = 0.08).
The inward—outward rotation in the shoulder was also
weakly affected by movement direction and instance
(Fy50.13.50 = 5.76, P = 0.004, ;72 = 0.05). Movements in
both directions started with outward rotation in the shoul-
der; during the movements, this angle changed to inward
rotation. For movements in the forward direction, this
change was larger than for movements in the lateral
direction.

The elbow angle was flexed for movements in lateral
direction, while for movements in forward direction, on
average, the elbow was extended. During the movements,
the elbow angle changed from flexion to an extension
angle. The forearm also got less pronated over the move-
ment, but this disappeared at the end of the movement.
Furthermore, the elbow flexed a little less with a longer
end-effector. For the flexion—extension angle in the elbow,
movement direction and instance strongly interacted
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Fig. 1 Joint angles (average Forward
and standard deviation) of one > 100 _
participant’s reaching 2 Shoulder
. w 50
movements in forward (left o 0
column) and lateral direction %
(right column) for two o -50

conditions: The black lines
reflect the movements with the
index finger, and the gray lines
reflect the movements with a
rod of 30 cm

Elevation

In-Out Rot

Pron-Sup  Flex-Ext

Lateral
—Shoulder

Flex-Ext

Abd-Add

Flex-Ext

Abd-Add

(Fi.15:1034 = 312,17, P < 0.001, #* = 0.43). The flexion
in the elbow decreased over time for both movement
directions, but this decrease was larger for movements in
forward direction. For movements in forward direction, the
elbow flexion—extension angle became even smaller than
90° that indicates an extension angle.

The wrist had somewhat more abduction with a longer
end-effector. Remarkably, there was no effect of wrist
flexion.

The finger was flexed during movements in forward
direction and extended during movements in lateral
direction. As the movement evolved, the finger changed
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from extension to flexion, while the adduction of the finger
declined. Finger flexion—extension showed a moderate
interaction between end-effector length and direction
(F327 = 34.51, P <0.001, 172 = 0.19). In the forward
movement condition, the finger was most extended when
no rod was used and this extension decreased for larger
lengths of the end-effector, so that in the 30-cm rod con-
dition, the finger was even slightly flexed. For moving
laterally, the finger was always flexed and this flexion was
smaller with larger lengths of the end-effector. Also the
effects of movement direction and instance interacted
strongly (Fj.o4:17.45 = 695.58, P < 0.001, n* = 0.50). In
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Table 1 Mean, SD averaged over participants, F, P, and #° for the significant effects
Dependent variable Within-/between subject factor Mean SD F df P 0
Shoulder angles
Plane of elevation (°) Instance 1% —2.86 28.07 140.04 1.29;11.64 <0.001 0.39
25% 13.75  28.65
50% 43.54  27.50
75% 61.31 24.06
100% 65.89 2349
Elevation (°) Movement direction Forward 27.50 9.74 4726 1,9 <0.001 0.15
Lateral 20.63 6.88
Inward—outward rotation (°) Movement direction Forward —7.45 32.09 14.44 1;9 <0.005 0.02
Lateral —18.33  40.68
Instance 1% 1891  31.51 89.09 1.33;11.93 <0.001 0.54
25% 458 3094
50% —18.33  29.79
75% —32.69 29.22
100% —36.67 29.22
Elbow angles
Flexion—extension (°) Movement direction Forward 86.52  18.33 3942 1;9 <0.001 0.24
Lateral 95.11 8.02
Instance 1% 103.13 8.59 436.64 1.32;11.87 <0.001 0.66
25% 100.84 7.45
50% 91.10 9.17
75% 80.79  12.61
100% 7792  13.75
End-effector length Index finger 89.38  15.47 524 3;27 =0.006 0.02
10 cm 91.10 14.33
20 cm 91.10 14.33
30 cm 9225 14.90
Pronation—supination (°) Instance 1% 165.10 10.89 20.57 1.35;12.15 <0.001 0.02
25% 162.81  10.89
50% 162.81 11.46
75% 165.68 11.46
100% 166.82  12.03
Wrist angle
Abduction—adduction (°) End-effector length Index finger —28.65 14.32 7.09 3527 =0.001  0.06
10 cm -32.66 17.19
20 cm -33.80 17.76
30 cm —34.38 1891
Finger angles
Flexion—extension (°) Movement direction Forward —-5.16  10.89 49.87 1,9 <0.001 0.53
Lateral 1031  12.03
Instance 1% —2.29 6.89 107.10 1.29;11.59 <0.001  0.15
25% —0.57 7.45
50% 458 13.18
75% 573  17.76
100% 4.58 1891

@ Springer



418

Exp Brain Res (2011) 208:411-422

Table 1 continued

Dependent variable Within-/between subject factor Mean SD F daf P n2
Abduction—adduction (°) Instance 1% 1432 13.18 58.71 1.45;13.04  <0.001 0.04
25% 16.04 13.75
50% 13.75 1432
75% 10.31  14.90
100% 8.02 1547

the forward movement condition, the finger further exten-
ded while the movement continued. This is in contrast with
movements in lateral direction; while these movements
continued, the finger was flexed more. A small three-way
interaction effect of end-effector length, movement direc-
tion, and instance (F; 103 = 53.52, P < 0.001, 112 = 0.05)
indicated that the latter interaction effect of movement and
instance was affected by end-effector length. The extension
and flexion of the finger was less when the participants
moved with a longer end-effector.

Taken together, the analyses of the joint angles showed
that most joint angles changed over instance, indicating
that all arm angles, except both wrist angles, were used to
move the end-effector. Particularly, the angle of plane of
elevation and inward—outward rotation angle of the
shoulder and the flexion—extension angle of the elbow
changed when the participants performed the movements.
As expected, the joint angles differed between the move-
ments in lateral and forward direction. Importantly, the
length of the end-effector affected significantly the flexion—
extension angle of the elbow and the abduction—adduction
angle of the wrist. In addition, for the flexion—extension
angle of the finger, the end-effector length interacted with
movement direction and instance.

Are there synergies underlying rod reaching?

To determine whether synergistic coordination with which
the task was performed depended on rod length, we ana-
lyzed Vyem and Vort. Vuewm is the part of the total vari-
ance at each instant that does not affect the mean position
of the end-effector, and Vorr is the part that shifts the end-
effector away from its mean position. To facilitate the
statistical analyses, the variance components were divided
into four equal phases and then averaged over these phases,
resulting in the mean Vycy and Vort over four phases of
the movement (1-25, 26-50, 51-75, and 76-100%). We
performed a five-way repeated measures ANOVA on var-
iance with type of variance (Vycym and Vogrr), performance
variable (hand and rod tip), end-effector length (index
finger, rod of 10 cm, rod of 20 cm, and rod of 30 cm),
movement direction (forward and lateral), and phase (1-25,
26-50, 51-75, 76-100% of the data) as within-subject
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variables. The analysis showed four weakly and one
moderately significant effect. The mean distribution of
Vuem and Vorr with 95% confidence intervals over the
within-subject factors are presented in Fig. 2.

As can be clearly seen in all the subplots of Fig. 2, Vycm
(0.004 (0.003) radians squared; mean (standard deviation))
was larger than Vogpr (0.002 (0.002) radians squared),
indicated by a moderate significant effect of variance
(F19 = 33.33, P <0.001, r]2 = 0.16). We also found a
weak effect of phase (Fi¢s1488 =3.92, P =0.05,
n? =0.04) (1-25% = 0.003 (0.002), 26-50% = 0.004
(0.003), 51-75% = 0.003 (0.003), 76-100% = 0.002
(0.002)). The interaction between these two main effects was
weakly significant (F3,7; = 5.50, P < 0.005, 112 = 0.03).
With Bonferroni correction, all pair wise comparisons
between Vogrr and Ve at the four phases of the movement
were significant (all P’s < .01) (Fig. 2).

Furthermore, overall variance was larger for movements
in the forward direction (0.003 (0.004) radians squared)
than in the lateral direction (0.002 (0.002) radians squared)
leading to a weak effect of movement direction
(F10=9.31,P <0.05, 172 = 0.08). This effect of direction
interacted weakly with the effect of end-effector length
(F37 = 3.56, P < 0.05, * = 0.04) indicating that in the
lateral direction, the variance was rather independent of the
length of the end-effector, whereas in the forward direction,
the variance was larger for longer end-effector lengths.

Figure 2 shows that Vycym and Vogrr differ for the per-
formance variable and for the length of the end-effector,
respectively. However, these differences were not sys-
tematic and did not result in significant effects.

In summary, the analyses showed that during the entire
movement, the involved amount of Vycy was larger than
that of Vg, indicating that the joint angles co-varied in a
synergy. Importantly, the difference between Vycym and
Vort did not differ over the two performance variables
indicating that the co-variation in the joint angles in the
arm was the same for these two of the arm+rod system.
Note that we did not find a main effect of end-effector
length suggesting that the stabilizing of the rod by means of
the joint angles was independent of rod length. With longer
rods, the total variance increased a bit for movements in the
forward direction, showing that overall joint variability
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increased in these conditions but this could not be attrib-
uted to an increase in specifically Vycym or Vorr-

Overall, we found very few significant effects. To make
sure that we did not miss any differences between Vycm
and Vorr over conditions, we computed Viuio (Vuem/
VorT) and analyzed this variable. We performed a four-
way repeated measures ANOVA with V., as dependent
variable and performance variable (rod tip and hand), end-
effector length (index finger, rod of 10 cm, rod of 20 cm,
and rod of 30 cm), movement direction (forward and lat-
eral), and phase (1-25, 26-50, 51-75, 76-100% of the
data) as within-subject variables. Only the main effect of
performance variable was significant but its effect size was
too small to report. This analysis suggested that joint
angles functioned as a synergy that kept the end-effector
stable and that this synergy did not significantly differ over
performance variable, end-effector length, movement
direction, and movement phase (see also Fig. 2).

Discussion

The purpose of this study was to scrutinize control during a
reaching task with and without a rod attached to the index

End-effector Length

finger. In order to do this, we applied the UCM method.
This method proposes that trial-to-trial variability in motor
performance reflects neuromotor control processes stabi-
lizing the performance variable in a flexible manner, that
is, through a synergy that keeps the end-effector trajectory
stable through co-variation in joint angles. We found that
three joint angles (i.e., elbow flexion—extension, wrist
abduction—adduction, and finger flexion—extension) did
change over rod conditions. Note that these differences
reflected coordinative processes because in our experi-
mental setup, participants could, in principle, use the same
postures over the different rod lengths and still be accurate.
Moreover, we found that Vycym was larger than Vogr,
demonstrating that variability of the joint angles was used
to keep the movement of the end-effector stable. Impor-
tantly, we found no differences in variability over the
different end-effector lengths indicating no differences in
control between the tip of the index finger in the no rod
condition and the tip of the rod in the rod conditions.
Moreover, analyses showed no differences between the rod
tip and the hand in the co-variation in the joints that kept
those performance variables stable.

Our findings showed that the reaching movement
depended on rod length; the elbow was less flexed, the
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wrist more abducted, and the finger flexion—extension
angle depended on end-effector length. So, each rod length
was controlled with a different posture, which is interesting
given that the difference between participant and target is
adjusted to rod length ensuring that practically the same
joint angles could be used for all the rods while accuracy
was not affected. This indicates that motor coordination
processes may vary with end-effector length, which makes
it relevant to examine the synergistic organization under-
lying movements without and with rods of different
lengths. The results of the UCM analyses suggested that the
degree of co-variation in the joints was independent of the
length of the end-effector, that is, we did not find an
increase in Vycp with longer rods. It might be the case that
the adjustments in the distance between participant and
target made that the movements were too similar for the
different rod lengths to find differences in Vycy. However,
at this point, we can only speculate whether this is the case.
Future experiments will address whether this conclusion
also holds when the distance between the targets and the
participants is not adjusted to the length of the rod.

Other studies have reported an increase in Vycy with a
higher uncertainty of target position (de Freitas et al. 2007)
and with higher obstacles that needed to be avoided (Jac-
quier-Bret et al. 2009). Such an increase in Vycy increases
the flexibility so that more coordinative solutions can be
explored. Interestingly, the neuromotor system does not
need more flexibility (i.e., larger Vycm) when the finger is
extended by a rod of a length that falls into the range of
daily utensils. Note that participants were never explicitly
instructed to keep the end-effector stable during the
movement. Only at the end of the movement, where the
end-effector reaches the target, stabilization of its tip is
necessary to successfully complete the task. Our results
showed that Vycym was larger than Vgt in all portions of
the movement; this is remarkably because it seems to
suggest that the end-effector was stabilized throughout the
whole movement trajectory and not just at the endpoint.
This could be seen as an argument in favor of trajectory
control models of motor control. Moreover, the difference
between Vycm and Vorr was relatively larger in the mid-
portion of the movement. This indicates that in the middle
phase of the movement, joint angles were more variable
compared to the beginning and the end, while in the mean
time, the angles co-varied to keep the end-effector stable. It
might be that at the end of the movement, the arm posture
is relatively close to the limit of the range of motion for
some of the joints. Therefore, there is not that much room
left for variability in the joints, which might have resulted
in a smaller Vo at the end of the movement.

An important issue in the current study was which
performance variable was most stabilized by the synergy in
the arm; was it the hand or the tip of the tool? One of the
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ideas behind this study was that increasing the length of the
finger through attaching rods to it would cause the finger to
be used more as an additional segment of the arm. Note
that in regular pointing, the wrist, the hand, and the
pointing finger are generally considered to function as a
rather rigid structure. Increasing the length of the finger
might change this; would the finger function as an extra
segment of the arm, then we would expect that variation in
the wrist and finger angles co-varied with the variation in
the other joints to keep the rod’s tip stable. Manipulating
rod length allows examining how co-variation in the joints
in the arm keeps different parts of the arm stable, some-
thing that has not been studied in reaching tasks with the
UCM method, as far as we know. In both our analyses on
measures of the UCM, we found no differences in the
amount of co-variation in the joints between the hand and
the rod’s tip indicating that the degree of stabilization does
not differ for those two variables.

This finding challenges the literature which indicates
that control of a tool would be displaced to the new end-
effector (cf. Arbib et al. 2009; cf. Cardinali et al. 2009;
Heuer and Siilzenbriick 2009; Jacobs et al. 2009; cf.
Maravita and Iriki 2004). Before we discuss this finding in
a broader perspective, we first examine two possible
explanations of it. First, it could be that the amount of co-
variation in the arm joints was similar for the rod’s tip and
the hand because the hand and rod formed a rigid structure.
This would imply that the finger joint is not actually used
and, thus, the co-variation in the arm angles to compensate
for variation in hand movements equally compensate for
variability in movement of the rod’s tip. However, our
findings clearly showed that hand and rod were not rigidly
connected; the angles of the finger depended on how far the
movement was evolved, the movement direction and the
rod length. Hence, this explanation was not supported by
the data. Second, it might be that small corrections of the
rod, for instance to end up in the target, are made with just
the finger, and therefore, that such corrections are not
compensated for by co-variation of joint angles in the arm.
In this way, it is the tip of the rod that is actually stabilized
because the corrections bring the tip in the target. However,
since such corrections are not accompanied by co-variation
in the joints in the arm, they would decrease the Vycm of
the rod’s tip, which also would lower V... However, there
is no indication for this to happen since Vycpm and Vo at
the end of the movement do not differ for the hand and for
the rod’s tip. Hence, these findings do not support the idea
that small correction movements with the rod at the end of
the movement cause equal stabilization of the hand and the
rod’s tip. In sum, we are left with the conclusion that a
synergy is formed in the arm that co-varies joint angles to
stabilize movement of the rod’s tip equally well to that of
the hand. It has been shown that the neuromotor system is
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able to stabilize two variables at the same time in pre-
hension tasks (Zhang et al. 2008, 2009) and in a postural
control task (Klous et al. 2010). Our own finding is
interesting because it shows that the synergy in the arm
during a reaching task does not stabilize one specific
variable, but the variation in joints in the arm co-varies
so that more parts of the moving arm + tool are kept
stable. How these stabilizing mechanisms also bring the
rod’s tip in the target is a question that requires further
research. The current data are not up to the task to
establish this.

How do these conclusions relate to other studies? The
studies of Heuer and Siilzenbriick (2009) and that of Jacobs
et al. (2009) come closest to the current study. The main
difference between these studies and ours is that none of
these studies took into account the angles in the arm and
how these angles were organized to use the new end-
effector, as we did. Jacobs et al. had apraxic patients
impaired for tool use and left-brain-damaged non-apraxic
patients make pointing movements with and without rods.
Their main focus was on the endpoint accuracy and on
smoothness of the movement trajectory. Apraxic patients
were much more inaccurate and had less smooth move-
ments than the control patients. Moreover, the differences
between the tool and the non-tool conditions were much
larger for the apraxic than the non-apraxic patients, which
led Jacobs et al. to conclude that the control of patients’
end-effector was displaced to the rod, whereas this was not
the case for the apraxic patients. Importantly, the study of
Jacobs et al. did not take into account the joint angles and
how they co-vary to keep the tool’s tip stable, as is done in
the UCM method. Hence, Jacobs et al. take a different view
on motor control processes than we do; theirs focuses only
on the end-effector while we take the whole arm into
account.

Heuer and Siilzenbriick (2009) had healthy participants
make pointing movements with a first-order sliding lever
and compared movement of the hand and the tip of the
lever. They found that movements of the lever’s tip were
straighter than movements of the hand implying that the
new end-effector was controlled. Different from Jacobs
et al. (2009), the study of Heuer and Siilzenbriick did not
just look at the tool tip but also at the hand. Heuer and
Siilzenbriick examined the shape of the trajectories of the
hand and the lever’s tip. They did not examine how vari-
ability in the hand, or in the arm, was related to variability
of the lever’s tip. So, also the study of Heuer and Siil-
zenbriick takes a different approach to motor control than
the UCM method we used. In that respect, it would be
interesting to measure the joint angles of participants
making goal-directed reaches with a first-order sliding
lever to be able to apply the UCM method. Such an
experiment would allow relating the straightness of the

trajectories of hand and lever’s tip with the trial-to-trial
variability and co-variation in the joint angles of the arm.
This would further our understanding of the motor control
processes underlying the use of extensions of the body.

Tseng et al. (2003) studied the effect of accuracy on the
structure of joint variability. Participants had to move a
pointer tip in one continuous motion to the center of a
target. The width of the target was changed, which led to
targets with a different index of difficulty (ID). A higher ID
(i.e., smaller target) asks for more accuracy at the end-
effector. Tseng and colleagues (Tseng et al. 2003) found
that increasing the ID led to an overall reduction in joint
variability, particularly of Vycwm. Nevertheless, higher
Vuewm than Vort was present regardless of the ID. These
findings relate to our study since there seems to be an
implicit relation between ID and length of the end-effector.
When reaching with a longer rod, rotation at a more
proximal joint results in larger effects on the tip of the rod
(cf. Bongers et al. 2004). Thus, to keep the tip of a longer
rod as stable as the tip of a shorter rod, more stabilization
(i.e., more co-variation in the joints) is necessary. There-
fore, for the control system, reaching with a longer rod
compared to a shorter rod seems analogue to reaching to a
target with a high ID compared to a target with a small ID.
For instance, Baird et al. (2002) found in a task where
participants reached to targets of different ID with rods of
different length that movement time increased with both
targets with higher ID and with longer rods. Therefore,
effects of rod length could have effects congruent with the
effects of target size known from the literature. However,
we did not find a reduction in joint variability as result of a
longer end-effector, as was found with a higher ID. The
results did show that the end-effector was stabilized by
means of the joint angles independent of its length. Thus,
most of the variability in the joint angles had no effect on
the end-effector. Apparently, for the CNS, changing the
complexity of the task, due to a longer end-effector, is not
the same as changing the complexity of the task, due to a
smaller target.

The current study indicated that synergies are formed
during reaching with an extended end-effector. The main
conclusion was that synergies in the arm are formed during
tool use and that the tool is included in this synergy. The
second contribution of this study was that more parts of the
arm-+tool system were kept stable during the movement;
both the variation in the joint angles in the arm and the co-
variation between them did not differ for the hand and the
rod’s tip. These two findings demonstrated the flexibility of
the neuromotor system. These findings might have impli-
cations for rehabilitation. It opens routes to understand how
the CNS copes with changes in the neuromotor system
after people get injured or have to get a prosthesis after an
amputation.
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