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Abstract An unexpected property of unskilled overarm
throws is that wrist Xexion velocity at ball release does not
increase in throws of increasing speed. We investigated the
nature of the interaction torques and wrist mechanical prop-
erties that have been proposed to produce this property.
Twelve recreational throwers made seated 2-D throws,
which were used as a model for unskilled throwing. Joint
motions were computed from recordings made with search
coils; joint torques were calculated from inverse dynamics.
Wrist Xexion velocity at ball release was actually smaller in
fast throws than in slow throws. This was associated in fast
throws with the decrease in a large wrist Xexor muscle
torque (i.e., a calculated residual torque) in the last 40 ms
before ball release, and its reversal to an extensor torque.
Consequently, wrist Xexor muscle torque was unable to
oppose a small maintained wrist extensor interaction torque
that arose from continuing elbow extension acceleration.
The decrease in wrist Xexor muscle torque was not associ-
ated with a decrease in wrist Xexor EMG activity, nor with
an increase in wrist extensor EMG activity. These Wndings
support the hypothesis that the smaller wrist Xexion veloc-
ity at ball release in fast 2-D throws results from a wrist
extensor interaction torque and from a large wrist extensor
viscoelastic torque. We propose that in fast 3-D throws

skilled subjects decelerate elbow extension before ball
release to help overcome these wrist extensor torques.

Keywords Throwing · Interaction torque · Viscoelastic · 
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Introduction

The objective of the present study was to investigate a
property of wrist Xexion velocity in unskilled throws that
involves control of interaction torques at the wrist. The
property is that in many unskilled throwing situations (2-D
throws, 3-D seated throws, 3-D standing throws with the
nondominant arm), wrist Xexion velocity at ball release
does not increase in throws of increasing speed, i.e., slow
and fast throws have similar wrist Xexion velocities
(Hirashima et al. 2003a; Debicki et al. 2004; Gray et al.
2006). The current explanation for this property comes
from the pioneering work of Hirashima et al. (2003a, b).
They found in three-joint 2-D throws (vertical overarm
throws, constrained to the parasaggital plane) that there was
a wrist Xexor muscle torque that increased with throwing
speed, but that it was counteracted (opposed) by a wrist
extensor interaction torque that also increased with throw-
ing speed. In a computer simulation, Hirashima et al.
(2003b) concluded that, in addition to the extensor interac-
tion torque at the wrist, the counteractive relation was also
due to other mechanical properties of the wrist, i.e., to a
short hand length and a considerable viscoelastic torque.
They suggested that these mechanical properties would
keep the wrist stable in multijoint movements, e.g., this sta-
bility would prevent excessive motion at the wrist that
might cause injury and would provide a stable base for con-
trol of Wnger force. For throwing, they argued that the
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mechanical properties of the wrist made the wrist joint
unsuitable for receiving an assistive (i.e., Xexor) interaction
torque that would increase ball speed.

However, it has since been shown that wrist Xexion
velocity at ball release in skilled unconstrained (standing)
3-D throws increases in proportion to throwing speed
(Debicki et al. 2004; Gray et al. 2006; Hirashima et al.
2007). Furthermore, contrary to the Wnding in 2-D throws
that the interaction torque did not assist wrist Xexion
(Hirashima et al. 2003a, b), these authors found in skilled
3-D throws that an increase in wrist Xexion velocity
occurred by utilization of a wrist Xexor interaction torque
(Hirashima et al. 2007).

In light of the recent Wndings in skilled 3-D throwing,
the objective of the present experiments was to examine in
greater depth the cause of the failure in 2-D throws to
increase wrist Xexion velocity at ball release in fast throws.
2-D throwing was used as a model of unskilled throwing.
This was because 2-D throwing with the dominant arm has
similarities to 3-D throwing with the unskilled nondomi-
nant arm: in both, there is a decrease in wrist velocity and a
progressive increase in elbow extension velocity before ball
release, neither of which occur in skilled dominant arm 3-D
throwing (Gray et al. 2006). We extended the Wndings of
Hirashima et al. (2003a, b) in two ways. First, we deter-
mined the origin of the wrist interaction torque, which was
achieved by parceling out its components. Second, we
investigated the role of wrist agonist and antagonist con-
tractile activity by recording EMG activity. In their com-
puter simulation, Hirashima et al. (2003b) simpliWed the
model by leaving out antagonist muscles. In the present
study, we determined whether changes in wrist Xexor or
wrist extensor muscle contractile activity could have
caused the decrease in wrist velocity in fast throws.

Methods

Subjects and procedures

The study was approved by the University of Western
Ontario Ethics Review Board, and all subjects gave
informed consent. Twelve male subjects participated whose
age was 21–24 years. All were right-handed skilled recrea-
tional throwers. Subjects made 2-D throws from a sitting
position with the chest constrained from moving forward
by straps pulled tightly over the shoulders. This minimized
but did not eliminate forward chest motion. The partici-
pants were instructed to throw accurately using a baseball
(150 g). Two-dimensional throws were made in the follow-
ing order: 20 slow, 20 medium, 20 fast and 20 medium.
Only the Wrst 3 sets of throws were analyzed in detail. For
the medium speeds, subjects were instructed to use a 2-D

overarm motion (keeping the elbow in the vertical plane),
to throw at a comfortable speed, and to throw accurately;
for the slow throws, the instruction was the same, but to
throw more slowly than the medium speeds (which had
been established in practice throws). For the fast throws,
subjects were instructed to throw as fast as possible and
accurately and that they were free if they wished to increase
the amplitude of shoulder motion by increasing the back-
swing (shoulder Xexion). Subjects were allowed practice
throws until they were comfortable at all instruction speeds.
Subjects were instructed to keep the arm in a parasagittal
(vertical) plane. An experimenter standing behind the sub-
ject reported if the elbow came out of the plane and these
throws were excluded. Planarity was also veriWed by oV-
line analysis of each throw. Throws were also excluded if
their speed or accuracy for a particular condition was mark-
edly diVerent from the mean for that subject, i.e., were out-
side the range for 95% of throws, which is given by
SD £ 3.92. On average, 2 slow, 2 medium and 4 fast
throws/subject were deleted. Throws were made on com-
mand about every 30 s at a vertical grid of 6 £ 6 cm num-
bered squares (9 squares across and 27 high). The target
was a square of 6 £ 6 cm at about eye level and 3.1 m from
the chest. Each throw was scored for accuracy by the par-
ticipant calling out the number on the square that was
struck.

The timing of ball release from the tip of the middle pha-
lanx was measured with a pressure-sensitive microswitch
that was attached to the distal phalange of the middle
Wnger. The participants were instructed to grip the ball so
that it rolled over the distal switch. The timing accuracy of
the distal microswitch was veriWed by comparing it with the
time of onset of Wnger Xexion after Wnger extension, which
is a moment that coincides with release of the ball from the
Wngertip (e.g., Hore et al. 1999, 2001). Ball speed was mea-
sured with a radar gun (Stalker Professional Sports Radar,
sampling rate 100 Hz), which was located about 4 m behind
the target curtain (i.e., about 7 m from the participants).

Recording angular positions of arm segments

Angular positions of Wve arm segments and the trunk were
measured using the magnetic-Weld search-coil technique as
described previously (Hore et al. 1999). Search coils were
securely taped to the back of the distal phalanx, the back of
the hand, the back of the forearm proximal to the wrist, the
lateral aspect of the upper arm, the acromion process of the
scapula and the sternum. The participants sat in 3 orthogo-
nal alternating magnetic Welds of frequency 62.5, 100 and
125 kHz generated by 3 £ 3 £ 4 m Helmholtz coils. Coil
voltages, sampled at 1,000 Hz, were used to calculate the
simultaneous angular positions of each arm segment and
the trunk in three-dimensional space (Tweed et al. 1990).
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Arm motions were described in terms of joint rotations by
computing angular positions of arm segments with respect
to the adjacent proximal segment. In this case, the axes
were embedded in the proximal segment and rotated with
it. Joint angular velocities and accelerations were obtained
by diVerentiation. Shoulder, elbow and wrist joint kinemat-
ics were low-pass Wltered using a second-order Butterworth
Wlter at 20, 30 and 45 Hz respectively using Matlab (The
Mathworks). At the start of each experiment, a calibration
was performed in which the upper arm was rotated 90° to
the front and the forearm pronated such that the forearm,
hand and Wngers were in a vertical line with the palm facing
forward. This position was used as the reference position in
the kinematic Wgure (Fig. 1). For the equations of motion,
we used the convention described by Hirashima et al.
(2003a).

Joint dynamics

Shoulder, elbow and wrist torques were computed using
inverse-dynamics equations of motion for a 2-D (vertical
plane) 3-joint planar link-segment model of the human arm
as described by Hirashima et al. (2003a). Shoulder joint
angles were deWned relative to the vertical axis passing
through the shoulder joint, elbow joint angles were deWned
relative to the long axis of the upper arm, and wrist joint
angles were deWned relative to the long axis of the forearm.
Positive joint angles were in the counter-clockwise
(upwards) direction (shoulder Xexion, elbow Xexion and
wrist extension). The arm model included translations of
the origin in a parasagittal plane in vertical (Y) and horizon-
tal (X) directions. Translational movements of the origin
were recorded using Optotrak at 500 Hz. Translations were
linearly interpolated and resampled at 1,000 Hz oV-line and
were temporally aligned with the angular search coil data
using an analog step signal that was sampled from a chan-
nel common to both motion acquisition systems. Transla-
tion positions were subsequently low-pass Wltered at 15 Hz
and diVerentiated to obtain linear velocities and accelera-
tions of the origin. Anthropometric variables were com-
puted for each individual subject based on constants
deWned by Winter (2005). The mass of the ball was incor-
porated into the model. The equations of motion were used
to compute the net torque (NET), the muscle torque (MUS),
the interaction torque (INT) and the torque due to gravity
(GRA) for each of the shoulder, elbow and wrist joint.
Torque variables were deWned according to previous stud-
ies (e.g., Hollerbach and Flash 1982; Gribble and Ostry
1999; Bastian et al. 1996, 2000; Cooper et al. 2000;
Hirashima et al. 2003a; Debicki and Gribble 2004) where
the NET torque is deWned as the sum of the other
components (NET = MUS + INT + GRA) and where the
MUS torque parameter is computed as a residual value

Fig. 1 a, b, c Average angular kinematics of joint rotations from 2-D
throws made at a slow (S), medium (M) and fast (F) speed by represen-
tative subject Pr. Each trace is the average of about 20 throws aligned on
the time of ball release. Vertical arrows indicate direction of rotation for
each joint. Dashed line indicates 25 ms before ball release. d, e Means
and SDs across subjects for magnitude of wrist Xexion velocity for slow
(S), medium (M) and fast (F) throws. Open bars at 25 ms before ball re-
lease (BR), Gray bars at ball release. * P < 0.05 (post hoc Tukey test)
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(MUS = NET – INT ¡ GRA). Thus, the MUS torque is a
generalized muscle torque that includes both torque gener-
ated from muscle activation and torque generated from the
passive properties of the muscle and other joint tissues. To
quantify the computed joint dynamics, net, muscle, interac-
tion and gravity torques were obtained at certain times for
each individual throw then averaged across throwing
speeds and across subjects.

EMG activity

EMG activity was recorded at 1,000 Hz with surface elec-
trodes from Xexor carpi radialis, Xexor carpi ulnaris, exten-
sor carpi radialis and extensor carpi ulnaris. Electrodes
were placed over the muscle bellies of the wrist Xexors and
extensors based on anatomical landmarks. EMG activity
was recorded during isometric (resisted) wrist Xexions and
extensions, and during Wnger movements, to verify elec-
trode placement functionally and to ensure that there was
no cross talk. These signals were ampliWed, Wltered (30–
200 Hz) and full-wave rectiWed. The magnitude of EMG
activity was established as follows. At the start of each
experiment, subjects were asked to activate maximally the
wrist Xexors, then the wrist extensors, and to make some
fast practice 2-D throws. The gains of the ampliWers were
adjusted to achieve the same levels of maximal EMG activ-
ity in all muscles.

Statistics

Unless otherwise speciWed, statistical analysis was com-
pleted with two-way repeated-measures ANOVA. Post hoc
analysis was performed with the Tukey test where appro-
priate, with statistical signiWcance set at P < 0.05, which is
shown by asterisks in the Wgures.

Results

Wrist joint velocity

The Wrst objective was to determine whether, for this popu-
lation of throwers, wrist Xexion velocity was similar at ball
release in throws of slow, medium and fast speeds as found
by Hirashima et al. (2003a). The mean values for ball
speeds were 28.1 km/h (SD 2.7) for slow, 33.8 (1.8) for
medium and 44.6 (4.0) for fast throws. There was a main
eVect of instruction on throwing speed (repeated-measures
ANOVA, P < 0.001). A post hoc Tukey test showed sig-
niWcant diVerences between each throwing speed at the
P < 0.05 level.

Figure 1a, b, c shows kinematic averages aligned on ball
release from 20 slow (thick traces), 20 medium speed

(medium traces) and 20 fast 2-D throws (thin traces), made
by a representative subject. Compared to the slow and
medium throws, the fast throws were associated with a
slightly larger peak shoulder extension velocity before ball
release (Fig. 1a). Elbow extension velocity (Fig. 1b) was
considerably larger in the fast throws and peaked near ball
release. At the wrist, in the slow throws (Fig. 1c), wrist
Xexion velocity increased until ball release. In the medium
speed throws, wrist Xexion velocity plateaued about 25 ms
before ball release and then increased. In contrast, in the
fast throws, about 25 ms before ball release, there was a
rapid decrease in wrist Xexion velocity. In some subjects
(not shown), this decrease was followed by an increase to
ball release. Nevertheless, in the representative subject, and
in 11 of 12 subjects, at ball release, the fast throws had a
smaller wrist Xexion velocity than the slow or medium
throws.

The data across subjects are shown in Fig. 1d, e. Wrist
Xexion velocity is given at two points: at 25 ms before ball
release (¡25 ms) (Fig. 1d, open bars) and at ball release
(BR) (Fig. 1e, gray bars). A two-factor repeated-measures
ANOVA showed that there was a signiWcant interaction
between throwing speed and measurement time on wrist
Xexion velocity [F(1,14) = 37.9; P < 0.001]. There was a
simple eVect of throwing speed on wrist Xexion velocity at
¡25 ms [F(2,22) = 36.6; P < 0.001], i.e., wrist velocity for
fast throws at ¡25 ms (Fig. 1d) was larger than that found
for slow and medium speed throws. At ball release
(Fig. 1e), there was also a signiWcant simple eVect of throw-
ing speed on wrist Xexion velocity [F(1,14) = 7.984;
P = 0.009]. But in this case, fast throws were signiWcantly
smaller than slow throws.

In summary, wrist Xexion velocity continued to increase
to ball release for both slow and medium throws. In con-
trast, for fast throws, it peaked about 25 ms before ball
release then decreased, such that it had a lower value than
slow throws at ball release.

Torques at the wrist

To determine why wrist Xexion velocity decreased before
ball release in the fast throws, torques at the wrist were cal-
culated using equations of motion (see “Methods”).
Figure 2 shows average wrist Xexion velocities for about 20
slow (S), 20 medium (M) and 20 fast (F) throws (the same
as Fig. 1c) together with torques aligned on ball release.
For all speeds, the initial increase in wrist Xexion velocity
(down-going trace in Fig. 2a) was associated with a wrist
net torque in the direction of Xexion (Fig. 2b). The net
torque in the Xexion direction peaked at about the same
time before ball release for all speeds of throw. The time of
peak wrist Xexor net torque for the fast throws (T1, dashed
line, which was at ¡45 ms for this subject), was used as a
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measurement point in subsequent analysis. The peak net
Xexor torque for all speeds was due to a Xexor muscle
torque (Fig. 2c), which was larger for fast throws. It was
not due to an interaction torque (Fig. 2d) because at this
time, the interaction torque was acting in the direction of
wrist extension. The torque due to gravity was relatively

small and was also in the direction of wrist extension until
ball release (Fig. 2e).

After the peak in net Xexor torque (Fig. 2b), the pattern
of its decrease was related to throwing speed. For slow and
medium throws, the net Xexor torque approached zero but
did not become extensor before ball release. For fast
throws, the net torque changed direction and became an
extensor torque before ball release. This change in direction
in fast throws from a Xexor, to an extensor net torque, was
the cause of the decrease in wrist Xexion velocity in fast
throws (Fig. 2a). For all throwing speeds, the decrease in
the magnitude of the wrist Xexor net torque (Fig. 2b) was
associated with a decrease in the magnitude of the wrist
Xexor muscle torque (Fig. 2c). By the time the net torque
for the fast throws reached its extensor peak (Fig. 2b, T2,
dashed line, which was at ¡15 ms for this subject), the
muscle torque for all three speeds of throw was near zero.
One diVerence between throwing speeds was that over this
time period (T1–T2), the interaction torque for fast throws
(Fig. 2d, arrow) was at its largest value and in the extensor
direction, whereas it was small or reversed to the Xexor
direction for medium and slow throws.

A similar pattern was observed across subjects. Figure 3
shows histogram bars that represent the values for the wrist
of net torque, muscle torque, interaction torque and gravity
torque at the time of the Xexor and extensor peaks in net
torque in fast throws for each subject (T1, open bars, and
T2, gray bars) averaged across subjects for slow (S),
medium (M) and fast (F) throws. The time points (peak net
Xexor torque, T1, and peak net extensor torque, T2) were
chosen because they were robust kinetic parameters that
were easily discernible in the fast throws for all subjects.
Furthermore, they were relevant points in the throw
because we were interested in determining the factors asso-
ciated with the decrease in the net wrist Xexor torque (peak
at T1), and for fast throws, the factors associated with its
reversal to an extensor torque (peak at T2). When compar-
ing the diVerent torques at the 3 speeds and 2 time points,
we Wrst performed a two-factor repeated-measures
ANOVA. This showed that there were signiWcant speed–
time interaction eVects for the net torque [F(2,22) = 71.8;
P < 0.001], the muscle torque [F(1,14) = 13.2; P = 0.001]
and for the interaction torque [F(2,22) = 7.7; P = 0.003].
The values of gravity torque at T1 and T2 were small and
will not be considered further. The following results
involve the analysis of simple eVects.

Figure 3a shows that across subjects, net torque in fast
(F) throws reversed from a Xexion direction (T1) to an
extension direction (T2) but not in slow and medium speed
throws. There were two reasons for this. First, muscle
torque for all speeds of throws (Fig. 3b) fell from speed-
related values at T1 to close to zero at T2: slow
[F(1,11) = 27.4; P < 0.001], medium [F(1,11) = 40.4;

Fig. 2 Wrist Xexion velocity and computed torques from representa-
tive subject Pr. Each trace represents the average of about 20 throws
for slow (S), medium speed (M) and fast throws (F) aligned on time of
ball release (solid vertical line, 0 ms). T1 time of average peak net Xe-
xor torque for fast throws; T2 time of average peak net extensor torque
for fast throws
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P < 0.001] and fast [F(1,11) = 60.4; P < 0.001]. Second,
whereas the interaction torque changed signiWcantly from
T1 to T2 (Fig. 3c) for slow [F(1,11) = 49.5; P < 0.001] and
medium [F(1,11) = 22.3; P = 0.001] from values in the
extensor direction at T1 to values in the Xexor direction at

T2, the value for fast throws did not change [F(1,11) = 1.1;
P = 0.324].

In summary, the decrease in wrist Xexion velocity prior
to ball release in fast throws was due to a wrist net torque
that changed from the Xexion direction to the extension
direction. This, in turn, was due to two factors: a decrease
in wrist Xexor muscle torque, which occurred for all speeds
of throw, and the presence of an extensor interaction torque
that was only maintained in fast throws.

Interaction torques parceled out

To determine why the interaction torque in fast throws
remained in the direction of wrist extension at T2, the wrist
interaction torques across subjects measured at T1 and T2
were parceled out (Fig. 4). The total interaction torque at
T1 (Fig. 4a), which was in the extension direction for all
speeds of throw, was primarily due to the component asso-
ciated with the eVects of elbow extension acceleration
(Fig. 4c), which was larger for fast throws than for the slow
and medium throws [F(1,13) = 16.5; P = 0.001]. All other
components at T1 were either small in magnitude (Fig. 4b,
d, e, f) or were acting in the direction of wrist Xexion
(Fig. 4g, h).

Figure 4i shows that at time T2, the total interaction
torques for the slow and medium throws were in the Xexor
direction and that the total interaction torque for the fast
throws was still in the extensor direction. The change in the
direction of the interaction torque for slow and medium
throws was associated with a signiWcant decrease in the
magnitude of the eVect associated with elbow extension
acceleration at T2, compared to T1 (cf. Fig. 4c, k), slow
[F(1,11) = 25.3; P < 0.001] and medium speed
[F(1,11) = 4.9; P = 0.048]. In contrast, for fast throws, the
eVect associated with elbow extension acceleration
increased at T2 compared to T1 [F(1,11) = 7.4; P = 0.020].
This corresponded with a late increase in elbow accelera-
tion associated with shoulder deceleration (Fig. 1a). The
elbow acceleration-dependent increase in the interaction
torque was countered by a shoulder deceleration-dependent
torque in the direction of wrist Xexion (cf. Fig 4b, j), which
was larger at T2 than at T1 for slow [F(1,11) = 10.7;
P = 0.007], medium [F(1,11) = 19.4; P = 0.001] and fast
throws [F(1,11) = 14.6; P = 0.003]. It was also countered
by an elbow centripetal eVect that increased in magnitude
from T1 to T2 for medium [F(1,11) = 8.0; P = 0.016] and
fast [F(1,11) = 31.7; P < 0.001] but not for slow throws
[F(1,11) = 0.0; P = 0.897]. Any changes in the other torque
components between the two time points were either small
or were not signiWcant.

In summary, the decrease in wrist velocity in fast throws
was due to two factors: a decrease in wrist Xexor muscle
torque to zero and a maintained wrist extensor interaction

Fig. 3 Means and SDs of wrist net (a), muscle (b), interaction (c) and
gravity (d) torque across subjects for slow (S), medium (M) and fast
(F) throws measured at T1 (open bars) and T2 (gray bars). * P < 0.05
(post hoc Tukey test)

Net
A

Wrist Torque

B

C

D

Muscle

Inter

Grav

5

5

5

-5

-5

-5

0

0

0

0

-10

-10

Flex

Flex

Flex

Flex

Ext
T1

T2

Ext

Ext

Ext

N  m

N  m

N  m

N  m

S M F

* *

*

**

*

*

123



Exp Brain Res (2011) 208:115–125 121
torque arising from the continuing elbow extension acceler-
ation.

Wrist EMG activity

The remaining question is: why in all subjects did wrist
Xexor muscle torque in fast throws begin to decrease about
40–50 ms before ball release (Fig. 2c, 3b)? One possibility
is that the decrease in muscle torque was due to a change in
wrist Xexor or extensor muscle contractile activity, i.e., to a
decrease in wrist Xexor muscle activity, to a reciprocal

increase in wrist extensor muscle activity or to coactivation.
This was investigated in fast throws by averaging wrist
Xexor and wrist extensor EMG activity with respect to
averaged peak wrist Xexor muscle torque. Figure 5 shows
average EMG activity across all 12 subjects from Xexor
carpi radialis (FCR), Xexor carpi ulnaris (FCU), extensor
carpi radialis (ECR) and extensor carpi ulnaris (ECU). To
allow for the electrical–mechanical coupling time, the
EMG activity in Fig. 5 was shifted 25 ms to the right (cf.
HoVman and Strick 1999). With this shift, records of mus-
cle torque and EMG activity can be directly compared on

Fig. 4 Parceled out wrist inter-
action torque at T1 and T2. A, 
I total interaction torque (from 
Fig. 4). Parceled out torques 
were associated with parameters 
as follows: B, J shoulder accel-
eration, C, K elbow acceleration, 
D, L horizontal translation accel-
eration of origin of arm model, 
E, M vertical translation of the 
origin, F, N centripetal eVects 
from shoulder angular velocity 
G, O centripetal eVects from 
elbow angular velocity, H, 
P Coriolis eVects from elbow 
and wrist angular velocities. 
Arrows indicate direction 
of torque at elbow joint
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the same time scale. Surprisingly, during the period of the
rapid decrease in wrist Xexor muscle torque (Fig. 5a,
between solid vertical lines), there was an increase in EMG
activity in the wrist Xexor muscles FCR (Fig. 5b) and FCU
(Fig. 5c). Considering amplitudes of shifted EMG activity,

at peak Xexor muscle torque (time 0, solid vertical line) and
at the mean time of ball release (+43 ms, solid vertical
line), the values for both FCR and FCU were signiWcantly
larger at mean ball release (2-tailed t-test, FCR P < 0.001;
FCU P < 0.01). Larger diVerences occurred if the EMG
traces were shifted to the right by larger amounts. Thus, the
decrease in wrist Xexor muscle torque was not caused by a
decrease in wrist Xexor muscle contractile activity.

No evidence was found that the decrease in wrist Xexor
muscle torque was associated with an increase in wrist
extensor muscle activity. An inXuence from ECR (Fig. 5d)
is unlikely for two reasons: Wrst, during the period of the
rapid decrease in wrist Xexor muscle torque, the level of
activity of ECR was very small, and second, 6 of 12 sub-
jects did not show any increase in shifted EMG activity
during this period (not shown), yet all showed a decrease in
wrist Xexor muscle torque (Fig. 5a). For ECU, there was
coactivation with FCR and FCU for all speeds of throw.
However, there was no evidence that this coactivation had
any eVect on wrist Xexor-extensor muscle torque. For
example, for the fast throws, Fig. 5e shows that 100 ms
before peak Xexor muscle torque (time 0), there was tonic
ECU EMG activity (baseline at 0), which then increased
before onset of FCR and FCU. The short horizontal line on
all EMG traces represents the point where EMG activity
reached 50% of its peak value (from 0 to peak). If ECU
activity was responsible for the rapid decrease in wrist
Xexor muscle torque, it would be expected that, when its
early tonic activity and early increase were largely unop-
posed (before dashed vertical line in Fig. 5), muscle torque
in the direction of wrist extension would be produced.
However, this did not occur as muscle torque was in the
Xexor direction (Fig. 5a). Furthermore, during the period of
the rapid decrease in wrist Xexor muscle torque, when
activity of FCR and FCU was increasing, activity of ECU
was not increasing but had plateaued. Again, this is not
consistent with a role for ECU in producing the rapid
decrease in wrist Xexor muscle torque.

Discussion

Role of interaction torque

The Wnding that wrist Xexion velocity at ball release did not
increase in fast 2-D throws is consistent with previous stud-
ies of 2-D overarm throwing (Hirashima et al. 2003a). In
the present fast 2-D throws, wrist Xexion velocity was not
held constant compared to slow and medium speed throws,
but showed a rapid decrease in the last 25 ms before ball
release (Fig. 1). We investigated whether the decrease in
wrist Xexion velocity at ball release in fast throws occurred
because subjects could not adequately compensate for a

Fig. 5 Average wrist muscle EMG activity across subjects for fast
throws. EMG traces averaged with respect to time of peak wrist Xexor
muscle torque. To allow for electrical–mechanical coupling time,
EMG traces were shifted 25 ms to right. Short horizontal line on EMG
traces gives 50% of peak EMG activity. Dashed vertical line is at 50%
peak value for ECU. Filled circle and horizontal bar mean § SD time
ball release. FCR Xexor carpi radialis, FCU Xexor carpi ulnaris, ECR
extensor carpi radialis, ECU extensor carpi ulnaris. Units for EMG are
arbitrary
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large wrist extensor interaction torque. In natural speed
reaching movements, wrist musculature compensated for
interaction torques by a predictive feedforward mechanism
such that perturbations in the movement trajectory were
minimized (Koshland et al. 2000). However, in other very
fast arm movements, muscle torque was not large enough
to compensate for the large interaction torque at the wrist
(Virji-Babul and Cooke 1995; Dounskaia et al. 1998). In
this case, the net torque at the wrist was dominated by the
interaction torque. Similarly, in the present case, over the
last 25 ms before ball release muscle (residual), torque was
not large enough to compensate for the interaction torque.
The decrease in muscle (residual) torque in the fast throws
and the maintained extensor interaction torque resulted in
the reversal in direction of the net torque and the decrease
in wrist Xexion velocity prior to ball release.

Why did wrist Xexor muscle torque decrease?

Why did the wrist Xexor muscle torque decrease at such an
early point in the throw? The EMG results (Fig. 5) showed
that the decrease in wrist Xexion muscle torque was not due
to a decrease in activity of FCR or FCU. This Wts with pre-
vious results (Debicki et al. 2004) where EMG activity in
the wrist muscles was close to maximal in fast sitting 3-D
throws. These results suggest that subjects cannot compen-
sate for large wrist extensor torques by increasing wrist
Xexor muscle contractile activity. In the following, we con-
sider four possible explanations for the decrease in wrist
Xexor muscle torque. The Wrst deals with Wnger opening,
the next two deal with coactivation of extensor carpi ulna-
ris, and the last one deals with wrist viscoelastic torques.

The Wrst explanation is that the decrease in wrist Xexor
muscle torque was associated with the activity of Wnger
muscles, which occurs during Wnger opening to release the
ball. Finger Xexor muscles, which are used to grip the ball
during the throw, also cross the wrist joint and can contrib-
ute to wrist Xexor torque. Similarly, the Wnger extensor
muscles, extensor digitorum communis, can also contribute
to wrist extensor torque. Given that for fast 2-D throws
onset of Wnger opening occurs at about the time of the
decrease in wrist Xexor muscle torque, it could be argued
that Wnger opening to release the ball involves a decrease in
Wnger Xexor torque and an increase in Wnger extensor
torque, both of which would decrease wrist Xexor muscle
torque. However, this eVect is highly unlikely because the
Wnger muscles exert only a weak eVect at the wrist, and any
Wnger eVect in the last 43 ms before ball release occurs at a
time when wrist Xexor muscle contractile activity is at a
high level (Fig. 5). Furthermore, Wnger opening does not
involve a large decrease in Wnger Xexor torque. In an over-
arm throw, subjects have an anticipatory progressive
increase in Wnger Xexor force, both during gripping and

during the period when the ball rolls along the Wnger (Hore
et al. 1999, 2001). This Wnger force occurs to oppose the
progressive increase in back force from the ball (because
the ball accelerates until ball release). Compared to the
magnitude of these active Wnger Xexor forces, the change in
Wnger force to extend the Wngers would be extremely small.
Consequently, we believe that changes in wrist torque asso-
ciated with Wnger opening cannot cause the large and rapid
decrease in wrist Xexor muscle torque.

The second explanation for the early decrease in wrist
Xexor muscle torque is that it was associated with the coac-
tivation of extensor carpi ulnaris (ECU), which occurred to
stabilize the wrist after ball release by increasing joint stiV-
ness (cf. De Serres and Milner 1991; Milner et al. 1995;
Milner and Cloutier 1998; Burdet et al. 2001; Milner 2002).
This may be necessary in fast throws to avoid injury from a
sudden wrist Xexion acceleration after ball release caused
by the rapid deceleration of elbow extension (which
occurred at about the time of ball release) and from a sud-
den decrease in the mass of the hand-ball due to ball depar-
ture. However, there are two results that do not Wt with this
scheme. First, extensor carpi radialis (ECR) was not
strongly coactive (Fig. 5). Second, in fast standing 3-D
throws, where it would be expected that greater wrist stiV-
ness would be needed, coactivation occurs for FCR and
FCU with both ECR and ECU, but primarily after ball
release rather than before it, when allowance is made for
the electrical–mechanical coupling time (see Debicki et al.
2004, Fig. 8). Thus, it is unlikely that the observed coacti-
vation of ECU was associated with a strategy of generating
stiVness at the wrist before ball release to prevent wrist
motion occurring after ball release.

The third explanation for the early decrease in wrist
Xexor muscle torque is that it was related to coactivation of
ECU, which was required to orient the hand during the
throw. One diYculty in performing 2-D throws in which
motion is conWned to a parasagittal plane is to have the
palm facing forward while keeping the wrist, elbow and
shoulder joints in vertical alignment. This involves pronat-
ing the forearm, which likely resulted in the requirement,
when Xexing the wrist, to produce an active torque at the
wrist in the direction of ulnar deviation to prevent the hand
from deviating radially. This could potentially have had the
unwanted eVect of ECU acting as a wrist Xexor antagonist.
Insight into wrist muscle function has come from the work
of HoVman and Strick (1999) who found that the preferred
direction of activation of a wrist muscle in a voluntary wrist
movement diVers from its pulling direction produced by
electrical stimulation. This occurs because many movement
directions cannot be produced by the actions of one muscle
alone. Consequently, certain movement directions were
associated with coactivation of wrist muscle pairs that are
usually considered to be antagonist muscles (see also Fagg
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et al. 2002; Haruno and Wolpert 2005). However, in mon-
keys, in the arm pronated position, the pulling direction of
ECU is pure ulnar deviation (Fagg et al. 2002). This is
consistent with the present results in humans (Fig. 5)
where no evidence was found for an eVect of ECU activity
on wrist Xexor-extensor muscle torque. Together, these
Wndings suggest that in the pronated forearm position in
2-D throws, ECU is not a wrist Xexor antagonist whose
activity contributes to wrist extensor muscle torque. In
conclusion, we think it unlikely that coactivation of ECU
was responsible for the rapid decrease in wrist Xexor mus-
cle torque; however, we cannot rule out that it exerted
some eVect.

The last, and likely most important, contributor to the
decrease in wrist Xexor muscle torque is the viscoelastic
properties of the wrist. It is important to emphasize that the
muscle torque which is calculated by inverse dynamics
(e.g., Hirashima et al. 2003a) is a residual torque that repre-
sents the sum of torque generated both by contractile activ-
ity of muscles surrounding the joint and by structural
viscoelastic properties of tissue associated with the joint
(from muscles, tendons, ligaments, articular capsule and
other connective tissue). Hirashima et al. (2003b) demon-
strated in a two-joint simulation that for wrist Xexion veloc-
ities of about 500°/s, viscosity at the wrist produces an
extensor torque that is comparable in size to both the active
wrist Xexor muscle torque (due to muscle contractile activ-
ity) and the wrist extensor interaction torque. In this simu-
lation, the decrease in wrist Xexor muscle torque was due to
an increase in viscous and elastic torques in the wrist exten-
sion direction. Given that viscosity increases with joint
angular velocity, it would be expected that the high wrist
joint velocities of 600–1000°/s in fast throws, that we
observed 40–25 ms before ball release (Fig. 1c, d), would
produce a large viscoelastic torque at the wrist in the exten-
sor direction prior to ball release. In agreement, in natural
fast 3-D throws made by skilled subjects (Hirashima et al.
2007) where wrist Xexion velocity was high, a representa-
tive subject showed the same rapid decrease in wrist Xexor
muscle torque, and reversal to a large wrist extensor muscle
torque, as we (Fig. 2c) and Hirashima et al. (2003b,
Fig. 4d) observed in 2-D throws. The likely interpretation
of this evidence is that the most important factor responsi-
ble for the decrease in wrist Xexor muscle residual torque is
the viscoelastic properties of the wrist.

Conclusion

The inverse dynamics analysis conWrmed the results of
Hirashima et al. (2003a) by showing that two factors con-
tributed to the failure of wrist Xexion velocity to increase in
fast 2-D throws: a rapid decrease in wrist Xexor muscle

residual torque about 40 ms before ball release and its
reversal to a wrist muscle extensor torque, and a wrist
extensor interaction torque that was only maintained in fast
throws. Furthermore, our EMG recordings demonstrated
that the decrease in wrist Xexor muscle residual torque was
not caused by a decrease in wrist Xexor muscle contractile
activity, nor by an increase in wrist extensor contractile
activity. We conclude that the smaller wrist Xexion veloci-
ties at ball release in fast 2-D throws is not an intended
eVect at the wrist (based on EMG patterns of wrist mus-
cles). Rather the present results and those of Hirashima
et al. (2003a, b) suggest that it likely results in fast throws
from an inability of wrist Xexor muscle contractile activity
to counteract two torques: a wrist extensor interaction
torque and a wrist extensor viscoelastic torque. These Wnd-
ings suggest that there are three reasons why 2-D throwers
(and presumably unskilled subjects throwing naturally) are
not successful at increasing wrist Xexion velocity at ball
release in throws of increasing speed. First, wrist Xexor
muscle contractile activity is large and cannot be increased
much further. Second, the throwing pattern of continuing
elbow acceleration to ball release in 2-D throws (cf. Debicki
et al. 2010) results in a maintained wrist extensor interac-
tion torque that slows wrist velocity. The continued elbow
extension acceleration to ball release also occurred in
unskilled 3-D throws (Gray et al. 2006). Third, the faster
the wrist Xexion velocity becomes, the more it will be
opposed (and slowed) by wrist viscoelasticity. We propose
that skilled throwers overcome these inherent mechanical
constraints by changing their interjoint throwing pattern so
that they produce a large elbow extension deceleration
before ball release, which produces an assistive wrist Xexor
interaction torque (Hore et al. 2005a, b; Gray et al. 2006;
Hirashima et al. 2007, 2008).
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