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Abstract The goal of this study was to examine how the
mechanical properties of the human arm are modulated
during isometric force regulation tasks. Specifically, we
examined whether the dynamic stability of the limb
remained nearly invariant across a range of voluntarily
generated endpoint forces and limb postures. Previous
single joint studies have demonstrated that dynamic joint
stability, as quantified via estimates of the joint damping
ratio, is nearly invariant during isometric torque regulation
tasks. However, the relevance of these findings to the
control of multijoint posture has not been investigated
previously. A similar degree of invariance at the multijoint
level could suggest a fundamental property of the motor
system that could be incorporated into the planning and
execution of multijoint tasks. In this work, limb mechanics
were quantified using estimates of dynamic endpoint
stiffness, which characterizes the relationship between
imposed displacements of limb posture and the forces
opposing those displacements. Endpoint stiffness was
estimated using a two-link robot operating in the
horizontal plane at the height of each subject’s glenohumeral joint. The robot was used to apply stochastic
position perturbations to the arm and to measure the
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resulting forces. Endpoint stiffness dynamics were estimated nonparametrically and subsequently summarized
using inertial, viscous and elastic parameters. We found
that in the tasks studied, there was a differential modulation of endpoint elasticity and endpoint viscosity.
Elasticity increased nearly linearly with increases in
voluntary force generation while viscosity increased
nonlinearly. This differential regulation resulted in limb
dynamics that had a remarkably consistent damping ratio
across all subjects and all tested conditions. These results
emphasize the importance of considering the full dynamic
response of a limb when investigating multijoint stability,
and suggest that a minimal degree of limb stability is
maintained over a wide range of force regulation tasks.
Keywords Limb stiffness . Multijoint mechanics .
Impedance . Postural stability . Biomechanics

Introduction
Maintaining stable arm postures during a task requires
both the strength to complete the task and the stability to
reject external disturbances that might be encountered
during task completion. Strength and stability are
regulated via changes in muscle activation. However, cocontraction of antagonistic muscles allows these factors to
be modulated independently; increased co-contraction
decreases the net strength or external forces generated by
the arm while simultaneously increasing whole limb
stability. The purpose of this study was to quantify how
limb stability was regulated during isometric force regulation tasks. These tasks consist of exerting steady state
forces against a rigid interface. Understanding how the
central nervous system regulates strength and stability
during such tasks may elucidate strategies used in the
control of posture and provide a set of baseline data for
investigating how these strategies change during more
complex tasks such as movement or object manipulation.
Limb stability can be quantified using estimates of
dynamic endpoint stiffness, which describes the relation-
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ship between externally imposed displacements of the
hand and the forces generated in response. As such, it
represents a measure of the mechanical interface that the
arm presents to its environment. For small perturbations
about a given posture, dynamic stiffness can be approximated by the inertial, viscous and elastic properties of the
arm (Dolan et al. 1993; Lacquaniti et al. 1993; Tsuji et al.
1995; Perreault et al. 1999; Stroeve 1999). The viscous
and elastic components of limb stiffness can be modified
by changes in muscle activation, providing a mechanism
by which the central nervous system can regulate limb
mechanics and stability. Hogan (1985) first proposed that
the central nervous system could maintain arm stability via
regulation of its endpoint stiffness properties. This has led
to numerous investigations into the control of multijoint
stiffness properties. However, most of these studies have
focused on the elastic components of endpoint stiffness
(Mussa-Ivaldi et al. 1985; McIntyre et al. 1996; Flash and
Gurevich 1997; Perreault et al. 2001). While these
components are essential for maintaining steady state
stability, the inertial and viscous properties also contribute
to the dynamic stability. A few studies have quantified the
viscous and inertial properties of multijoint systems
(Dolan et al. 1993; Lacquaniti et al. 1993; Tsuji et al.
1995; Gomi and Osu 1998), but none has examined the net
influence of these properties on whole limb stability and
the dynamic response to external perturbations of limb
posture. In contrast, several studies have investigated the
dynamic stability of single joint systems (Agarwal and
Gottlieb 1977; Weiss et al. 1988; Sinkjaer and Hayashi
1989). This has been accomplished by computing the
damping ratio of the joint. The damping ratio quantifies
the degree to which a system will oscillate once perturbed.
A remarkable consistency in the damping of individual
joints has been reported during single joint torque
regulation tasks, suggesting an invariant characteristic
during the maintenance of posture.
The goal of this study was to examine how the limb
inertia, viscosity and elasticity are modulated during
isometric force regulation tasks and to quantify how
these components contribute to the net stability of the
limb. Based upon the results of single-joint studies, our
hypothesis was that whole limb stability would remain
nearly invariant over a wide range of arm postures and
voluntarily generated forces. Results are discussed in the
context of how multijoint stability may be regulated
during the normal control of movement and posture.

supports to constrain both lateral and anterior-posterior trunk
movements. Each subject’s arm was attached to the manipulator
endpoint via a custom-fitted fiberglass cast that was free to pivot in
the horizontal plane about the attachment point. Each subject’s cast
rigidly fixed the wrist joint and covered approximately threequarters of the forearm. The manipulator was instrumented to
measure the displacements of the subject’s hand and the forces
applied between the subject and the manipulator.

Subjects and protocol
Five healthy subjects ranging from 22 to 40 years old and with no
history of neurological impairments were used in this study.
Subjects gave informed consent to all procedures and were free to
withdraw from the study at any time. The subject protocols were
approved by the MetroHealth Medical Center Institutional Review
Board (protocol number: 09423-ORTH-94).
To observe how endpoint stiffness varied as a function of
endpoint location, measurements were made at three locations in a
horizontal workspace at the vertical level of the glenohumeral joint.
All positions were approximately 0.3 m anterior to the acromion.
The medial position (M) was in front of the sternum, the central
position (C) in front of the acromion, and the lateral position (L)
approximately 0.2 m to the right of the acromion. Subjects were
secured in the experimental apparatus at the approximate locations
described above; the resulting joint angles and endpoint locations
were then digitized using an Optotrak system [Northern Digital,
Waterloo, Ontario]. Table 1 gives the measured joint angles and
endpoint locations for each subject. All measurements were made on
the right arm, which happened to be the dominant arm of each
subject.
Prior to each experiment, twelve maximum voluntary contractions
(MVCs) were measured for each subject. These corresponded to the
maximum endpoint force generated in four directions (parallel to the
±X- and ±Y-axes shown in Fig. 1) at each of the three endpoint
locations. The minimum of these 12 MVCs was used to scale the
subjects’ voluntary effort in all remaining trials. Table 1 provides the

Methods
Experimental
Apparatus
Endpoint stiffness was estimated using perturbations applied by a
two-joint robotic manipulator described in detail previously (Acosta
et al. 2000) and summarized briefly below. Figure 1 illustrates this
device, which was configured as a position servo for these
experiments. Subjects were strapped into a rigid chair with custom

Fig. 1 A two-joint robotic manipulator was used to apply endpoint
perturbations in these experiments. The manipulator was mounted
on an adjustable structure, allowing its height to be customized for
each subject. During each trial, subjects exerted a constant force on
the manipulator in one of the four directions shown. Force
magnitudes ranged from 0% to 30% MVC
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Table 1 Subject-dependent experimental parameters, showing the
humeral length (Lh) and forearm length (Lf) for each subject, as well
as the joint angles and corresponding endpoint locations for each
Subject Link lengths (m)

Arm orientation (deg, m)
Medial

Lh
1
2
3
4
5

0.33
0.27
0.29
0.30
0.34

Lf
0.32
0.30
0.33
0.32
0.33

tested arm posture. Rightmost column provides the maximum
endpoint force tested for each subject. This was 30% of each
subject’s MVC, as described in the text
Maximum tested load (N)

Central

Lateral

θs

θe

x

y

θs

θe

62.8
46.8
48.0
47.1
57.7

102.4
115.5
112.8
121.9
119.8

−0.16
−0.10
−0.12
−0.11
−0.15

0.37
0.29
0.33
0.28
0.30

41.7
21.4
19.5
23.3
27.2

103.3 −0.02 0.40 14.1 103.8
120.6 0.01 0.28 −2.5 102.5
117.9 0.03 0.32 3.5 99.2
124.6 0.01 0.29 −3.5 111.0
120.5 0.02 0.33 −1.6 111.3

maximum force (30% MVC in the weakest direction) used for each
subject.
During each trial, subjects were instructed to exert a constant
force against the manipulator in one of the four directions shown in
Fig. 1 (±X and ±Y). For each direction, the same four force
magnitudes were tested: 7.5, 15, 22.5, and 30% MVC (of the
weakest direction). In addition, one trial was performed while the
subject was at rest, exerting no voluntary endpoint force on the
manipulator. Subjects were assisted in this task by a visual display of
the endpoint force and the force target.
Figure 2A shows typical endpoint displacements and forces
recorded for a single trial during which the subject exerted a
constant voluntary force in the –Y direction. Each trial lasted for
41 s. Data from the first 2 s (a) were used to record baseline values.
At 2 s, an auditory cue instructed the subject to generate a
predetermined endpoint force. The subject was given 4 s (b) to reach
this specified target, after which the manipulator applied a stochastic
position perturbation to the subject’s hand. The final 30 s of data (c)
was used for dynamic stiffness estimation. The applied displacement
perturbations had peak-to-peak amplitudes of approximately 2 cm in
each direction. The corresponding endpoint force amplitudes varied
from trial to trial depending upon arm stiffness. The endpoint
displacement frequency content was designed to be within the range
of physiologically encountered perturbations (Mann et al. 1989) yet
contain enough information for adequate identification of the
endpoint dynamics. Figure 2B shows the spectra of the endpoint
perturbations used in this study. These perturbations were flat to
3 Hz, above which they decayed at a rate of 40 dB/decade.

Analytical
Nonparametric endpoint stiffness estimation
Endpoint stiffness describes the dynamic relationship between
displacements imposed at the hand and the forces resisting those
displacements. The measurements in these experiments were
restricted to the horizontal plane, so the goal of the analysis
procedures was to estimate the dynamic relationship between
endpoint displacements and endpoint forces in the horizontal plane.
Stiffness dynamics were estimated using a robust and efficient
nonparametric system identification algorithm described previously
(Perreault et al. 1999). The primary assumption of this algorithm is
that the endpoint stiffness dynamics can be approximated by a linear
system for small perturbations of hand posture (Dolan et al. 1993;
Tsuji et al. 1995; Stroeve 1999; Perreault et al. 2001). In general,
any linear multiple-input, multiple-output (MIMO) system can be
decomposed into the linear subsystems relating each input to each
output. The dynamics equations describing the relationship between
endpoint displacements and endpoint forces can be expressed
succinctly in the frequency domain by Eq. 1, where f is frequency,
Fx(f) and Fy(f) are the Fourier transforms of the endpoint forces, X(f)
and Y(f) are the Fourier transforms of the endpoint displacements,
and Hij(f) is the transfer function relating displacements in direction j

x

y

θs

θe

x

y

0.17
0.21
0.22
0.20
0.23

0.36
0.29
0.34
0.29
0.30

60
24
54
45
72

Fig. 2A, B Typical data from a single experimental trial. A shows
typical endpoint displacements and forces. Data from the first 2 s (a)
in each trial were used to record baseline values. After 2 s, an
auditory cue instructed the subject to generate an endpoint force to
match the target force. The subject was given 4 s (b) to reach the
force target, after which the manipulator applied a stochastic
position perturbation to the subject’s hand. The final 30 s of data (c)
were used for dynamic stiffness estimation. B shows the power
spectrum of the applied position perturbations
to forces in direction i. The nonparametric algorithm estimates the
optimal (least squares) linear model for each of these single-input,
single-output (SISO) subsystems.


 


Fx ð f Þ
Hxx ð f Þ Hxy ð f Þ X ð f Þ
¼
Fy ð f Þ
Hyx ð f Þ Hyy ð f Þ Y ð f Þ

(1)

The overall nonparametric fit for each data set was evaluated
using the multiple correlation coefficient, R2, defined in Eq. 2. fi(t)
denotes the measured endpoint forces, _f i ðt Þ denotes those
predicted from the measured endpoint displacements transformed
by the estimated nonparametric transfer functions and E[] is the
expected value operator. As reported previously (Perreault et al.
2001), these nonparametric models fit the data well. The R2 for all
collected trials was 94.6±2.6% when the nonparametric models were
fitted to the 30 s of available data. The cross-validation accuracy of
the nonparametric models was obtained by using a model estimated
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from the first 15 s of data to predict the force response to the
perturbation applied during the last 15 s. Under these circumstances,
the R2 for the cross-validation data was lower than that for the fitted
data by only 1.0±2.4%, indicating that the nonparametric estimates
were robust. As a result, the full 30 s of data was used in the
subsequent analyses.
P
R2  1 

i2½x;y


E

f i ðt Þ  _f i ðt Þ

P
i2½x;y

2 

h
i
E fi ðt Þ2

(2)

Coherence estimates were used to determine frequency ranges
where the linear approximation of the endpoint dynamics fit the data
well. Coherence ranges from 0 to 1, with regions of low coherence
indicating insufficient input power, significant system nonlinearities,
noise, or contributions from unmeasured inputs (Marmarelis and
Marmarelis 1978). The multiple coherence functions for the
dynamic stiffness estimates show the degree to which output forces
along each axis of measurement can be linearly predicted using both
input displacements. They also indicate the frequencies over which a
linear model accurately characterizes the endpoint stiffness dynamics. Partial coherence provides an estimate of the linearity of the
relationship between single inputs and outputs. These estimates are
equivalent to ordinary coherence estimates after the effects of all
other inputs have been removed from both the input and output of
interest (Bendat and Piersol 1986).

Parameterization of transfer functions
Previous experimental studies have shown that, for small perturbations, each of the SISO systems contributing to the net endpoint
stiffness dynamics of the human arm can be approximated by a
system having inertial (I), viscous (B) and elastic (K) parameters
(Dolan et al. 1993; Tsuji et al. 1995), as shown in Eq. 3. This
parametric approximation to the endpoint dynamics was also
adequate for the experimental data obtained here. Inertial, viscous
and elastic parameters were fit to each of the nonparametric transfer
functions using a Nelder-Mead multi-dimensional optimization
algorithm in Matlab (The Mathworks, Natick, MA). During the
fitting process, the squared error between the nonparametric and
parametric transfer functions was weighted across frequencies by the
partial coherence to reduce the influence of poorly estimated
portions of the transfer functions.
We assumed that endpoint inertia was invariant across all trials at
each arm posture. The most reliable inertial estimates are obtained at
rest, where the relative contributions of endpoint viscosity and
elasticity are small. Therefore, endpoint inertia, viscosity and
elasticity were estimated for the passive trials, but inertia was held
constant at this passive estimate when estimating the endpoint
viscosity and elasticity during the active trials. The resulting
parameterized system had the form given by Eq. 4. Iend, Bend, and
Kend correspond to the endpoint inertia, viscosity, and elasticity
matrices, respectively. These components of dynamic stiffness are
directionally dependent, meaning that the resistance they provide to
external perturbations of hand posture depends upon the orientation
of the perturbation. This dependence on direction can be represented
graphically by transforming the inertial, viscous and elastic matrices
into ellipses, as was first demonstrated by Mussa-Ivaldi et al. (1985).
The major axis of the each ellipse denotes the direction along which
that component of the endpoint response provides the most
resistance to displacements of posture.
Hij ðsÞ ¼ Iij s2 þ Bij s þ Kij ; where s ¼ 2f

pﬃﬃﬃﬃﬃﬃﬃ
1

(3)

 
 
   
fx
x€
x_
x
þ ½Bend 
þ ½Kend 
; where
¼
fy
y€
y_
y


Ixx Ixy
½Iend  ¼
;
Iyx Iyy


Bxx Bxy
;
½Bend  ¼
Byx Byy


Kxx Kxy
½Kend  ¼
Kyx Kyy
½Iend 

(4)

The dynamic stiffness of the elbow and shoulder joints and the
coupling stiffnesses acting between these joints provide insight to
the physiological mechanisms underlying the measured endpoint
behavior. These joint-level dynamic stiffness parameters were
computed directly from the estimated endpoint parameters using
the following transforms:
Kjnt ¼ J T  Kend  J þ
Bjnt ¼ J T  Bend  J

@J T
Fend
@

Ijnt ¼ J T  Iend  J

lh sinðs Þ  lf sinðs þ e Þ
J¼
lh cosðs Þ þ lf cosðs þ e Þ

(5)
lf sinðs þ e Þ
lf cosðs þ e Þ



where J is the Jacobian relating differential changes in joint rotation
to differential changes in endpoint displacement, lh and lf are the
lengths of the humerus and forearm, θs and θe are the shoulder and
elbow angles, and Fend is the steady state endpoint force vector. The
additional term in the elastic stiffness transformation is due to the
geometry of the arm and the constant forces exerted voluntarily by
the subject and acting at the endpoint (McIntyre et al. 1996). The
Jacobian can also be used to obtain shoulder and elbow joint torques
(TQ) from the measured endpoint forces as shown in Eq. 6:


TQs
TQe


¼ JT

 
fx
fy

(6)

Parameter error estimation
The estimation errors associated with the nonparametric system
identification algorithm and the subsequent parameter fits were
evaluated using Monte Carlo simulations to replicate the results of
each trial. These techniques are useful when repeated measurements
are not practical (Hamming 1986; Press et al. 1992; Politis 1998;
Ljung 1999). For each trial, the estimated nonparametric transfer
functions were assumed to represent the “true” endpoint stiffness
dynamics. One hundred simulated data sets were generated by
convolving these same four transfer functions with different
endpoint displacements (each independent but with the same
statistical properties as the experimental displacements), creating
simulated endpoint forces. Randomly generated “measurement”
noise, matched to the power spectra and standard deviation of the
experimental measurement noise, was also added to each of the
simulated force responses. The system identification and parameter
fitting algorithms described above were applied to each of the
simulated data sets. Confidence intervals on the parameter estimates
for each trial were then estimated using the standard deviation of
these parameters across all 100 simulated trials. Recent results have
demonstrated that this approach accurately replicates the variability
observed during repeated experimental measurements of endpoint
stiffness (Pierre and Kirsch 2003). For our data, the average
parameter standard deviations for the inertial, viscous and elastic
estimates were 0.033 N·s2/m, 1.12 N·s/m, and 24.0 N/m,
respectively, across all subjects and all endpoint forces. The
maximum magnitudes for these parameters were approximately
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3 N·s2/m, 40 N·s/m, and 1,500 N/m, respectively, across all subjects
and forces.

mi ðtÞ ¼ "i e

i t

(8)

Total dynamic response: endpoint stability
Total dynamic response: fundamental modes
The parameter ellipses introduced above describe components of the
endpoint response to external disturbances. The overall response to
these disturbances depends upon the relative values of all of these
parameters, as well as on the temporal properties of the disturbance.
Therefore, a modal analysis was performed to investigate the net
dynamic behavior of the arm in response to arbitrary endpoint
disturbances.
The fundamental modes of a system are an orthogonal set of
transient responses that span the space of all possible responses. Any
transient response of a linear system is simply a linear combination
of its fundamental modes (D’Azzo and Houpis 1995), hence, the
fundamental modes of a system fully describe its dynamic behavior.
These modes can be computed directly from the eigenvalues and
eigenvectors of the system state matrix. Equation 7 gives the statespace equations representing the linearized endpoint stiffness
dynamics, where A is the state matrix and I is the identity matrix.
This fourth-order model of dynamic endpoint stiffness has four
corresponding modes. When all eigenvalues of the state matrix A
are unique, the ith mode is given by Eq. 8, where εi is the ith
eigenvector of the state matrix and λi is the corresponding
eigenvalue.
x_ ¼ Ax þ Bu
y ¼ Cx þ Du
where


0
I
;
A¼
1
1
Iend
 Kend Iend
 Bend


0
B ¼ 1 ; C ¼ ½ I 0 ; and D ¼ 0
Iend
Fig. 3 Graphical representation
of estimated inertial, viscous
and elastic parameters for all
trials of a single subject (#4).
Inertia was assumed constant for
all experimental trials at a given
arm posture. Hence, only one
inertia ellipse is shown for each
of the three endpoint locations
studied. Separate stiffness and
viscosity ellipses are shown for
each trial. The position of the
ellipse center is proportional to
the mean force exerted during
the trial. The thin straight lines
indicate arm orientation

(7)

The endpoint dynamics are stable when all of the state matrix
eigenvalues have negative real parts. Equation 8 demonstrates that
under these conditions, the fundamental modes of the system decay
exponentially. When the eigenvalues are real the decay is exponential. When the eigenvalues are complex, i.e., have non-zero
imaginary components, this decay is in the form of damped
oscillations. The rate of decay relative to the frequency of the
oscillations is described by the damping ratio, ζ, of the mode, which
is defined in Eq. 9 for a specific eigenvalue, λi. Damping ratios
range from 0.0 to 1.0. A mode with a damping ratio of 0.0 is said to
be undamped, and has oscillations that do not decay over time. A
damping ratio of 1.0 indicates that the mode does not oscillate.
vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
u
1
i ¼ u
2
t
Imði Þ
Reði Þ þ1

(9)

Results
Graphical representation of dynamic endpoint stiffness
The viscoelastic properties of the arm depended on
endpoint location and the level of voluntary activation.
Figure 3 illustrates the endpoint inertial, viscous and
elastic parameters for a typical subject. These ellipses are
positioned at a location proportional to the force
magnitude and in the direction that the subject was
exerting this force against the manipulator. The thin
straight lines indicate arm orientation, with the hand
located at the center of each group of ellipses. Inertia was
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assumed constant for all voluntary forces generated at a
given endpoint location; hence, only one inertia ellipse is
shown for each of the endpoint locations studied. These
estimates were in close agreement to those predicted from
anthropomorphic measurements (Winter 1990); magnitudes differed by an average of 2.3±9.5% and orientations
by 0.4±3.3% across all arm postures and all subjects. This
degree of agreement is well within the accuracy that can be
expected when estimating limb segment inertias via simple
scaling techniques (Hinrichs 1985). Endpoint inertia was
greatest along an axis similar to that of the forearm, as has
been reported previously (Mussa-Ivaldi et al. 1985; Flash
and Mussa-Ivaldi 1990; Dolan et al. 1993; Tsuji et al.
1995). In general, the orientation of the endpoint inertia
was different than that of the endpoint viscosity and
elasticity ellipses. The orientation the elastic and viscous
ellipses also differed for certain endpoint force loads, such
as +Y loads at the central and medial endpoint positions.
This is in contrast to previous findings under no-load and
very low-load conditions (Dolan et al. 1993; Tsuji et al.
1995; Stroeve 1999). These differences in orientation for
the different parameter ellipses indicate that the maximum
arm resistance to external disturbances will be dependent
on the temporal structure of the disturbance in addition to
the well documented directional structure (Mussa-Ivaldi et
al. 1985; Dolan et al. 1993; Tsuji et al. 1995; Gomi and
Osu 1998; Perreault et al. 2001).

fact that some of the experimental forces were not exactly
aligned with the X- and Y-axes, but rather had small offaxis components.
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
þ
F þ 
Bend
ij ¼ 0 þ pﬃﬃﬃ
x
Fx
rﬃﬃﬃﬃﬃﬃﬃﬃﬃ
rﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ﬃ
(10)
qﬃﬃﬃﬃﬃﬃﬃﬃﬃ
 
 ﬃ
 ﬃ
 þ
 
þ


þ pﬃﬃﬃ Fy  þ pﬃﬃﬃ Fx  þ pﬃﬃﬃ Fy 
Fx
Fy
Fy
Changes in joint viscosity with torque
The joint viscosity–joint torque relationship could not be
shown to be independent of arm posture. Recent results
have demonstrated that joint elasticity–joint torque curves
are nearly posture independent during force regulation
tasks, such as those used in this study (Perreault et al.

Changes in endpoint viscosity with force
The relationship between endpoint force and endpoint
viscosity was nonlinear. This is in contrast to the linear
relationship between endpoint force and endpoint elasticity (Perreault et al. 2001), but consistent with single joint
measurements which showed that joint viscosity is
proportional to the square root of the joint torque (Weiss
et al. 1988; Kearney and Hunter 1990; Kirsch and Rymer
1992). Based on these earlier findings, the nonlinear
endpoint viscosity-force relationship was approximated by
Eq. 10, which assumes that viscosity scales with the
square root of endpoint force. Figure 4 shows a typical
endpoint viscosity-force relationship for a single subject at
the central arm posture. Figure 4A shows the relationship
between the endpoint viscosity parameters and endpoint
forces exerted along the X-axis; Fig. 4B shows how these
same parameters vary with Y-axis forces. The solid circles
show the experimental data, and the solid lines show the
model predictions (Eq. 10) for forces that are aligned
exactly with the X- and Y-axes. Standard deviation error
bars for the data points are also plotted, but in many cases
these are smaller than the circles used to represent the data.
The average r2 for this model was 0.79±0.12. The r2
values for a single subject are provided in Fig. 4. Note that
the r2 values reported for each component of the endpoint
viscosity matrix are identical for forces along the X- and Yaxes because Eq. 10 was fit to all data simultaneously. The
discrepancies between the experimental data points and
the model predictions are due to both model errors and the

Fig. 4A, B Variations in endpoint viscosity with endpoint force for
a single subject (#4, central posture). A shows how each component
of the endpoint viscosity matrix scaled with changes in endpoint
force along the X-axis. B shows how these parameters varied with
changes in force along the Y-axis. Error bars indicate ±1 SD. The r2
values in each panel were obtained by fitting the estimated
parameters to Eq. 10. Because all data were fit simultaneously, the
r2 values in A and B are identical
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2001). The postural invariance of joint viscosity regulation
was examined by attempting to model the joint viscosity–
joint torque relationship measured at all endpoint positions
with a single set of parameters. Extending the results of
single joint studies and the relationship between endpoint
force and endpoint viscosity described above, we assumed
that joint viscosities scaled with the square root of joint
torque. Equation 12 shows the model that was fit to the
data. The average r2 for this model was 0.56; elbow joint
viscosity was predicted most accurately (r2=0.77), followed by shoulder joint viscosity (r2=0.56), and the crossjoint viscosities (r2=0.46). In general, the accuracy of
these fits was poor relative to similar fits for joint elasticity
(Perreault et al. 2001). However, based upon the limited
data set, it is not possible to determine if our inability to
describe the joint viscosity-joint torque data with a posture
independent model is due to the existence of a posturedependent relationship or an inappropriate choice of model
structure. Additional data would be required to resolve this
issue.
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

ﬃ

ﬃ
þ
TQþ  þ þ
TQþ 
BJoint
¼

þ

p
ﬃﬃﬃﬃ
p
ﬃﬃﬃﬃ
ﬃ
0
s
e
ij
TQs
TQe
(11)
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ﬃ
ﬃ




TQ  þ 
TQ 
þ 
pﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃ
TQs

s

TQe

e

Endpoint dynamics
Response to perturbations
The response to arbitrary perturbations was examined by
simulating the endpoint trajectory that would be generated
in response to a series of unit force impulses (1 N) applied
at the hand, assuming that the experimentally determined
elastic, viscous, and inertial matrices capture the arm
dynamics. Figure 5A illustrates a sample endpoint
trajectory for one such simulation. This particular
perturbation was approximately perpendicular to the
forearm and the endpoint position oscillated approximately along the direction of the applied perturbation.
Figure 5B and C show a series of such trajectories
representing the endpoint dynamics estimated during two
particular experimental conditions. The arrows in the
center of each series represent the directions along which
the fundamental modes oscillate. Figure 5B shows the
endpoint trajectories for an endpoint force condition where
the inertial, viscous and elastic ellipses were oriented
approximately in the same direction. Under these conditions, external perturbations cause the arm to oscillate
primarily along the minor axes of these ellipses rather than
along the direction of the perturbation. This corresponds to
the small axes of the parameter ellipses, the smallest mode
of the system, and the direction for which the endpoint is
least resistant to perturbations. Figure 5C shows the
trajectories for a condition when the inertial, viscous, and
elastic ellipses are not co-oriented. Under these conditions,
the net response to external perturbations could not be
predicted easily from the parameter ellipses. Rather, the

endpoint response had significant components along both
of the modal axes for perturbations in most directions.
These results demonstrate the need to examine the net
dynamic response of the arm in order to describe the
response to externally applied perturbations.
Endpoint stability
The endpoint dynamics remained stable for all force
regulation tasks examined in all subjects. Stability was
quantified by computing the eigenvalues of the state
matrix, A, described in Eq. 7. We found that the state
matrix for every trial had eigenvalues with negative real
parts. Further, the damping ratios of the minimally damped
modes remained fairly constant (0.26±0.08). Because the
eigenvalues appeared in complex conjugate pairs, the four
system modes had only two distinct damping ratios.
Figure 6 summarizes the damping ratios estimated for all
subjects. Figure 6A shows the histograms for the damping
ratios from all experimental trials. The damping ratios for
the minimally damped modes are shown on the top and
those for the maximally damped modes on the bottom.
The bold dashed lines indicate the median damping ratios
(ζmin=0.25, ζmax=0.47), and the thin dashed lines
encompass 90% of the observed results. It is evident that
there is much less dispersion in the damping ratios for the
minimally damped modes than for the maximally damped
modes. Figure 6B shows the variations in the damping
ratio of the minimally damped mode as a function of both
endpoint location and subject. The median differences
were small at different endpoint positions and for different
subjects. The maximal difference in the inter-subject
medians was Δζ=0.06. Some changes in damping ratio
were observed as a function of endpoint force direction,
but these changes were small relative to the observed
regularity (0.13 maximum difference, not shown).
Figure 6C demonstrates the degree of oscillations that
can be expected from damping ratios in the observed
range. All responses are normalized with respect to both
amplitude and oscillation frequency. The median response
is shown in bold. The lighter traces correspond to damping
ratios that bound 90% of the observed results (ζ=0.14 and
ζ=0.39). Note that the physical effect of even this range is
small.

Discussion
This work investigated how the multijoint stability of the
human arm is regulated across changes in arm posture and
voluntary force generation. Stability was quantified using
estimates of dynamic endpoint stiffness, which describes
the dynamic relationship between externally applied
displacements of the hand and the forces generated in
response. Hence, it characterizes the mechanical interface
that humans use to interact with their environment and is
thought to provide a quantitative measure of postural
stability (Hogan 1985; Dolan et al. 1993; Lacquaniti et al.
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Fig. 5A–C Simulated transient responses for graphically representing endpoint dynamics. A illustrates the simulated endpoint
trajectory in response to an applied force impulse. The left portion
shows the orientation of the force impulse and the right portion
shows the corresponding endpoint trajectory. B and C show a series
of such trajectories simulated using the dynamic stiffness parameters
estimated from a single subject (#4; central posture) during two
different experimental trials in which voluntary forces were
generated at 30% MVC along the +X (B) and −Y axes (C). The
direction of voluntary force generation is indicated by the orientation of the arrow attached to the subject’s arm. Sixteen force
orientations were simulated for each condition; each trajectory
shows the displacements resulting from force impulses directed from
the center of the trajectory towards the center of the ring. The
ellipses to the right of each ring show the estimated endpoint inertia,
viscosity, and elasticity used in the simulation. The arrows in the
center of the rings indicate the orientations of the minimally and
maximally damped system modes, with the larger arrow representing the minimally damped mode. Note that most of the computed
eigenvalues occurred in complex conjugate pairs. Each member of
the pair has the same mode orientation and damping ratio; hence,
only two mode orientations need to be illustrated

Fig. 6A–C Summary of the damping ratio for the modes
characterizing the endpoint stiffness dynamics. A shows the
histograms for the damping ratios estimated from all subjects in
all experimental trials (N=255). The damping ratios for the
minimally damped modes are shown on the top and those for the
maximally damped modes on the bottom. The bold dashed lines
indicate the median damping ratios and the thin dashed lines
encompass 90% of the observed results. B shows the variations in
the damping ratio of the minimally damped mode as a function of
both endpoint location and subject. C demonstrates the degree of
oscillations that can be expected from damping ratios in the
observed range. All responses are normalized with respect to both
amplitude and oscillation frequency. The median response is shown
in bold. The lighter traces correspond to damping ratios that bound
90% of the observed results

1993; Tsuji et al. 1995; Gomi and Osu 1998). A previous
study in our lab investigated how the elastic component of
dynamic endpoint stiffness changes during force regulation tasks (Perreault et al. 2001). The current work extends
those results by characterizing the viscous and inertial
contributions to endpoint stiffness and by investigating
how these components combine to generate the net limb
stability and response to externally applied perturbations.
Regulation of limb viscosity
Endpoint viscosity increased nonlinearly with increasing
endpoint forces. Viscosity increases were approximately
proportional to the square root of the endpoint force
increase. This is in contrast to the linear relationship
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between endpoint elasticity and endpoint force (Gomi and
Osu 1998; Perreault et al. 2001). The nonlinear viscosityforce characteristic is consistent with numerous single
joint studies that demonstrated a similar nonlinear
relationship between joint torque and joint viscosity
(Weiss et al. 1988; Kirsch and Rymer 1992; Zhang and
Rymer 1997). In their multi-joint study, Gomi and Osu
(1998) also observed a nonlinear dependence of joint
viscosity on joint torque but did not collect data over a
large enough range of joint torques to determine the nature
of this relationship.
The results of numerous studies suggest that the
nonlinear relationship between force and viscosity arises
from intrinsic muscle properties rather than through reflex
mediated changes in muscle activation. Similar nonlinearities have been observed during the rise of tension in
individual muscle fibers (Cecchi et al. 1997; Bagni et al.
1998), and during steady contractions of deafferented
whole muscle preparations activated using both electrical
stimulation and natural activation via the crossed-extension reflex (Kirsch et al. 1994). Furthermore, techniques
for separately identifying the intrinsic and reflex contributions to single joint impedance have been used to
demonstrate that the nonlinear joint viscosity-torque
relationship found in humans persists even once the
contributions of stretch sensitive reflexes have been
considered (Kearney et al. 1997; Zhang and Rymer
1997). Although neither direct measurements nor indirect
estimates of the intrinsic muscle properties were made in
this study, it is known that continuous movements can
reduce stretch reflex gain and H-reflex responses (Capaday and Stein 1986; Stein and Kearney 1995). Hence, it is
likely that the random perturbations used to estimate limb
impedance emphasized the contributions of intrinsic
muscle properties to limb impedance and that the
nonlinear force-viscosity relationship was a direct result
of these properties.
The mechanisms underlying the nonlinear viscosityforce relationship are unclear. One possibility is that the
viscous response to stretch increases nonlinearly with
increases in mean firing rate. Increases in voluntary force
generation are mediated via increases in motor unit
recruitment and rate modulation. The resultant forces
from individual motor units and groups of motor units
scale nearly linearly during both isometric (Perreault et al.
2003) and transient (Nichols and Houk 1976) conditions.
However, the forces generated in response to transient
perturbations do not scale linearly with muscle force when
that force is regulated solely by changes in rate modulation
(Nichols and Houk 1976). This is reflected in the fact that
the force velocity properties of isolated muscle also scale
nonlinearly when force is modulated via changes in
stimulation rate (Joyce et al. 1969) and may also explain
activation-dependent changes in maximum shortening
velocity observed during voluntary contractions (Chow
and Darling 1999). An alternative explanation is that the
observed nonlinear force-velocity relationship reflects an
inability of the parallel visco-elastic structure used in this
study to capture specifics of the underlying muscle

mechanics (Perreault et al. 2000), causing unmodeled
structures, such as in-series tendon compliance, to influence how changes in muscle viscosity are transmitted to
the endpoint. Tendon compliance can result in curvature of
the elasticity-force relationship at higher force levels
(Huyghues-Despointes et al. 2003) and may have a similar
effect on the estimation of viscosity-force relationships at
the force levels considered in the work.
The orientation of the maximal endpoint viscosity
depended upon the direction in which voluntary forces
were generated, as reported previously for endpoint
elasticity (Gomi and Osu 1998; Perreault et al. 2001).
However, in contrast to previous findings (Dolan et al.
1993; Tsuji et al. 1995), the elasticity and viscosity
orientations estimated in this study were not always coaligned. Previous studies that reported the orientations of
endpoint elasticity and viscosity focused on passive
conditions or forces less than 2% of the maximum forces
considered in this work. Hence, our results reflect the
behaviour of endpoint elasticity and viscosity over a wider
range of voluntary forces.
These differences in elasticity and viscosity orientation
may result from the nonlinear dependence of endpoint
viscosity on endpoint force or may suggest independent
mechanisms for regulating the orientation of limb elasticity and viscosity. The latter suggestion is in agreement
with the results of Lacquaniti et al. (1993) who provided
evidence for independent elasticity and viscosity control
during the preparatory stages of ball catching. Their results
showed that prior to impact, endpoint viscosity orientation
is rotated to become more in line with the direction of the
expected perturbation even though endpoint elasticity
orientation remains invariant. These results, coupled with
the finding that it is difficult to voluntarily modify elastic
stiffness orientation during force regulation tasks (Perreault et al. 2002), suggest that during the maintenance of
posture, the neural control over endpoint viscosity orientation may be more flexible than that over endpoint
elasticity orientation.
Response to transient perturbations
The inertial, viscous and elastic properties of the arm were
combined using a state-space formulation to investigate
the net endpoint dynamics. This allowed the endpoint
trajectories generated in response to small perturbations of
the arm to be simulated. Simulation results demonstrated
that when the parameter ellipses are co-oriented force
impulses applied to the hand result in endpoint oscillations
predominantly along the minor axis of the parameter
ellipses (Fig. 5B). The orientation of these oscillations was
nearly independent of the endpoint disturbance orientation. When the parameter ellipses were not co-oriented, the
endpoint response became more complex (Fig. 5C);
oscillations displayed more variation with respect to the
endpoint disturbance orientation, and tended not to
oscillate along a single axis. Hence, these trajectories
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could not be predicted solely from the orientations of the
parameter ellipses.
These results imply that the response to postural
perturbations can be understood only if the net dynamics
are considered. This is particularly true when the endpoint
parameter ellipses are not co-oriented. Early studies of
endpoint stiffness were restricted to the static components
of stiffness (Mussa-Ivaldi et al. 1985; Flash and MussaIvaldi 1990; McIntyre et al. 1996), and the later studies
that characterized the full dynamic response did little to
integrate the effects of inertia, viscosity, and elasticity
(Dolan et al. 1993; Lacquaniti et al. 1993; Tsuji et al.
1995; Gomi and Osu 1998). One recent exception is the
modeling study of Stroeve (1999), although this did not
examine the large range of voluntarily generated forces
tested in this work. It is well documented that during
posture, endpoint inertia and elasticity commonly have
different orientations (Mussa-Ivaldi et al. 1985; Flash and
Mussa-Ivaldi 1990; Dolan et al. 1993; Tsuji et al. 1995).
Our results show that that endpoint viscosity and elasticity
may also have different orientations, indicating that in
many postural situations, a full dynamic analysis will be
needed to understand the response to external perturbations and the stability that results from this response.
Endpoint stability
By considering the dynamic response of the arm, we were
able to demonstrate that arm posture remained stable under
all tested experimental conditions. Similar findings have
been reported by McIntyre et al. (1996) and recently by
Franklin et al. (2003), although both of those studies were
restricted to the elastic components of endpoint stiffness.
McIntyre (1996) demonstrated how endpoint forces
directed toward the shoulder and elbow joints decrease
arm stability but that this load-dependent decrease in
stability could be countered by the increase in endpoint
elasticity that occurs with increasing voluntary force
generation. Our results extend those findings to show
that dynamic stability, which characterizes the total
response to external perturbations, is also maintained in
the presence of large endpoint force loads.
The degree of dynamic stability was nearly invariant
across all subjects, arm postures and voluntarily generated
forces tasks, supporting our hypothesis that whole limb
stability would be tightly regulated over a wide range of
operating conditions. Dynamic stability was quantified by
examining the damping ratios of the modes characterizing
the estimated endpoint mechanics. We found that the
minimally damped modes had a damping ratio that was
nearly invariant across all experimental trials; there were
minimal changes in the damping ratio with changes in
force magnitude, force direction, or endpoint location.
These results suggest that, during force regulation tasks,
the maximum number of oscillations due to an external
disturbance is nearly independent of arm posture and
external force. Similar results have been observed in the
study of single joint mechanics (Agarwal and Gottlieb

1977; Weiss et al. 1988; Sinkjaer and Hayashi 1989). Our
results are the first to extend these findings to the case of
multi-joint dynamics.
The consistent regulation of limb stability during force
regulation tasks may arise from the intrinsic properties of
the arm muscles used to generate the target endpoint
forces. At the single joint level, damping will remain
constant if joint viscosity increases in proportion to the
square root of joint elasticity (Kearney and Hunter 1990).
A similar relation between endpoint viscosity and endpoint elasticity was observed in this study and appears to
arise via the intrinsic properties of the muscles generating
the specified endpoint forces (see “Regulation of limb
viscosity”, above). This fundamental relationship between
elasticity and viscosity during isometric force regulation
tasks may provide an intrinsic mechanism for maintaining
limb stability once an appropriate set of muscles is chosen
to generate the necessary endpoint forces.
It is likely that the minimal damping ratios and the
corresponding limb stability observed in this study
represent a lower limit on the multijoint damping that
can be expected during more complex tasks. Force
regulation tasks require subjects to exert steady forces
against a stable, non-compliant manipulator. Hence,
stability is provided predominantly by the manipulator
rather than by the human limb. Limb damping is likely to
increase during tasks in which the arm mechanics are the
dominant factor influencing net stability. Indeed, the
damping constant of individual joints is known to increase
during tasks that result in significant co-contraction
(Milner and Cloutier 1998), increased reflex gain (Sinkjaer
and Hayashi 1989), or movement (Bennett et al. 1992).
Conclusions
This study examined the modulation of limb stiffness
dynamics during force regulation tasks. Our results
demonstrated the importance of considering the dynamic
response of the limb rather than just the response to steady
state perturbations. By assessing the dynamic response of
the limb, we were able to show that limb stability remains
nearly invariant across a range of arm postures and
voluntarily generated forces. This regulation appears to
arise via the intrinsic properties of the muscles contributing to the force regulation task and may represent a lower
bound on the stability of limb mechanics that can be
expected during movement or tasks involving interactions
with an unstable environment.
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