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Abstract. In this study we have examined the ability of
the central nervous system (CNS) to use spinal reflexes
to minimize displacements during postural control while
continuous force perturbations were applied at the hand.
The subjects were instructed to minimize the displace-
ments of the hand from a reference position that resulted
from the force perturbations. The perturbations were
imposed in one direction by means of a hydraulic
manipulator of which the virtual mass and damping
were varied. Resistance to the perturbations came from
intrinsic and reflexive stiffness, and from the virtual
environment. It is hypothesized that reflexive feedback
during posture maintenance is optimally adjusted such
that position deviations are minimal for a given virtual
environment. Frequency response functions were esti-
mated, capturing all mechanical properties of the arm at
the end point (hand) level. Intrinsic and reflexive
parameters were quantified by fitting a linear neuro-
muscular model to the frequency responses. The reflex-
ive length feedback gain increased strongly with
damping and little with the eigenfrequency of the total
combined system (i.e. arm plus environment). The
reflexive velocity feedback gain decreased slightly with
relative damping at the largest eigenfrequency and more
markedly at smaller eigenfrequencies. In the case of
highest reflex gains, the total system remained stable and
sufficiently damped while the responses of only the arm
were severely underdamped and sometimes even unsta-
ble. To further analyse these results, a model optimiza-
tion was performed. Intrinsic and reflexive parameters
were optimized such that two criterion functions were
minimized. The first concerns performance and penal-
ized hand displacements from a reference point. The
second one weights afferent control effort to avoid
inefficient feedback. The simulations showed good
similarities with the estimated values. Length feedback
was adequately predicted by the model for all condi-
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tions. The predicted velocity feedback gains were larger
in all cases, probably indicating a mutual gain limiting
relation between length and velocity afferent signals. The
results suggest that both reflex gains seem to be adjusted
by the CNS, where in particular the length feedback gain
was optimal so as to maximize performance at minimum
control effort.

1 Introduction

Human posture control is basically characterized by
minimization of position deviations from a reference
position. In most cases, these deviations result from
external force perturbations acting upon the body.
Formalizing the body as a system excited by forces
and reacting with corresponding movements, it is
appropriately described as a mechanical admittance
(dynamic relation between an input force and an output
position). Low admittance (large stiffness and damping)
results in high resistance to perturbations. Admittance
reduction during posture maintenance can be realized by
two mechanisms: (1) cocontraction and (2) afferent
feedback. Cocontraction increases intrinsic muscle stiff-
ness and damping at the expense of metabolic energy.
Afferent length and velocity feedback from muscle
spindles can further increase stiffness and damping.
Since reflexive feedback introduces phase lags due to
inherent neural time delays, its effectiveness is limited in
avoiding oscillations.

The ability of the central nervous system (CNS) to
specifically adjust length and velocity reflex gains to
correct for displacements has been demonstrated in
previous studies for the whole arm or segments of
it (Bennett et al. 1993; Doemges and Rack 1992a,b;
Dufresne et al. 1978; Hogan 1985; Lacquaniti and
Soechting 1986).

Adjusting the reflex gains changes the arm admittance
at relatively small metabolic energy cost because
muscles are only activated when stretched. Therefore it
is hypothesized that under conditions where force



perturbations are present or expected, reflex gains are
modulated such that the arm admittance is decreased
and the resulting position deviations are minimized.

In Van der Helm (submitted, 2002) the human arm
was disturbed with stochastic force perturbations having
different frequency content. For small-bandwidth per-
turbations that did not excite the eigenfrequency of the
arm (+3 Hz), the reflex gains were substantial. With
increasing bandwidth of the perturbation the gains de-
creased to avoid oscillations around the eigenfrequency.
This is because oscillations worsen performance. In
nearly all cases, the estimated gains led to boundary
stable solutions of the model indicating that perfor-
mance was always close to optimal.

A model study by De Vlugt et al. (2001) demon-
strated that the experimental feedback gains were nearly
optimal. Schouten et al. (2001) used a two degree-
of-freedom musculoskeletal model with six muscles —
including non-linear actuator and sensor dynamics — to
simulate the experiments. It was demonstrated that
under these particular experimental conditions (small
position deviations), linearization of the neuromuscular
system was appropriate. Again, reflex gains were found
to be substantial and directly determined by the task
requirements and stability constraint, indicating that
control-effort weighting played a minor role under the
experimental conditions.

When the arm is physically attached to an environ-
ment (i.e. a manipulator) the total combined admittance
is the parallel connection of arm admittance Hymy(s) and
admittance of the environment H,(s) (called the envi-
ronmental admittance); see Fig. 1. All system descrip-
tions will be expressed in the frequency domain with
s = A+ j2nf (A = 0 because the initial transient response
is not of interest). The relation between force and posi-
tion is:

D(s) = [Hym (s) + H; ' (s)] X (s) (1)

where D(s) is the force disturbance and X(s) is the
common position of hand and environment, such that

H.(s)

D(s)

HHFIT\ (S)

Xl(s)

Fig. 1. Schematic configuration of parallel coupling of arm admit-
tance Hym(s) and environmental admittance H.(s) (m/N). The
combined admittance is the dynamic relation between the force
disturbance D(s) and end point (common position of hand and
environment) X (s), where X (s) represents the displacements between
the end point and the fixed world
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the combined admittance Hpy (s) with force as the input
(causal form) becomes:

X(S) _ Harm(S)He(S)
D<s> ]—Iarm(s) + He(s)

Hpx(s) = (2)
The performance and stability are now determined by
the mechanical properties of the combined system.
Changing the properties of the environment evidently
changes the effect of the arm admittance on the
combined (total) behaviour. The combined admittance
is dominated by the system having the lowest admittance
(Eq. 2). Milner and Cloutier (1993) demonstrated the
influence of an unstable environment on reflex feedback
from wrist muscles. They attached the wrist to a
manipulator, the damping of which was negatively
increased and caused the relative damping of the
combined system to decrease. It was demonstrated that
reflexive feedback was reduced when external damping
became more negative. These reflex gain adjustments are
in accordance with the role of the CNS as being an
optimal controller: decreasing the relative damping of
the combined system reduces the stability margins such
that reflexive feedback must be tempered to prevent
oscillations.

In the aforementioned studies, stability was always a
constraint to the adjustments of reflexes. When the
admittance of the environment decreases, thereby
increasing the stability margins, the question arises
whether the CNS makes use of these favourable condi-
tions. More specifically, does an increase in damping of
the environment result in higher reflexive feedback?
And, if so, is there still a constraint (when stability is not
one anymore) such as a control-effort weighting to reflex
gain adjustment for these conditions?

The goal of this study is to demonstrate the modu-
lation of reflexes of the arm when external admittance
decreases. For this purpose, experiments were performed
using a number of relative damping ratios and eigen-
frequencies of the combined system in order to investi-
gate the effect on reflex gains. The experimental results
are compared with optimizations of a lumped linear
model including control-effort weighting.

2 Materials and methods
2.1 Subjects

Five normal healthy subjects (three men, two women,
age range 20-26 years) participated voluntarily in this
study. They had no history of musculoskeletal or
neurological disease. The experiments were carried out
with the right arm. All the subjects gave their informed
consent to the experimental procedure.

2.2 Apparatus

A linear, hydraulically driven manipulator was used to
generate force perturbations on the hand in horizontal
directions. A load cell is mounted between the handle
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and the piston of the manipulator to measure the hand
force applied by the subject to the manipulator. This
force is electronically translated into a movement
corresponding to a (virtual) environmental admittance
consisting of a linear second-order mass-damper-spring
combination. Its values can vary in the range 0.6-20 kg
for the mass me, 0.6-400 Ns/m for the damping b, and
0.1-250 N/m for the stiffness k.. The position of the
hand results from the force input and the environmental
admittance. This position is imposed on the subject by
the position control loop of the manipulator. Force
perturbations are imposed by adding an external input
signal to the measured hand force.

2.3 Force perturbation

The force perturbation was the same throughout all the
experiments, containing frequencies in the range 0.05—
20 Hz. The perturbation signal was generated off-line in
the frequency domain, such that within the bandwidth
the power has a constant value, whereas the phase is
chosen as a random value with a uniform distribution
between 0 rad and 2x rad. The result is transformed to
the time domain by inverse Fourier transformation. The
duration of each perturbation was limited to 40 s, a
sufficient observation time without causing significant
fatigue. Figure 2 shows a 5-s sample of the time course
of the force perturbation together with its power
spectrum. As a result of the random distribution of the
phases, the signal was stochastic and unpredictable for
the subjects. The signal was passed through a digital-
to-analogue (D/A) converter with a reconstruction
frequency of 125 Hz and applied as input to the
manipulator. By adjusting the power of the force
perturbation, the hand displacements were kept suffi-
ciently small (&1 cm in amplitude in all cases) to justify
the linear-model approximation.

2.4 Recording

The following signals were measured via A/D conversion
with 12-bit resolution at a 500 Hz sample frequency and
digitally stored: hand position xp(¢), interaction force
Ju(t), external force perturbation d(¢) and four EMG
signals. EMG was measured using differential electrodes,

pre-amplified, high-pass filtered (20 Hz, third-order
Butterworth), amplified, rectified and smoothed at
200 Hz (low-pass, third-order Butterworth).

Surface EMG was used to validate the estimated co-
contraction level. Activation of four relevant muscles
around the shoulder were measured: for the anteflexors,
pectoralis major (pars clavicularis) and deltoideus
anterior; and for the retroflexors, deltoideus posterior
and latissimus dorsi.

Since only stationary behaviour was of interest, initial
transient effects were eliminated by rejecting the first
3616 samples (=7 s) from each time record, leaving
16 384 (= 2'%) samples for further analysis.

2.5 Experimental procedures

The subject was seated in a chair (Fig. 3) and asked to take
a firm grip on the handle in order to minimize movements
of the handle with respect to the hand. The motion of the
hand was constrained by the manipulator to move only in
the anterior—posterior direction (shoulder and elbow
rotations were dependent). The forearm was horizontally
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Fig. 3. Experimental setup showing the subject sitting upright on a
chair with back support, holding the handle mounted on the piston of
a hydraulic actuator. The interaction force generated by the subject on
to the handle was measured by a force transducer located between the
handle and the piston. The actual and reference handle positions were
displayed on a monitor in front of the subject
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aligned with the piston and the elbow was flexed 90° such
that the upper arm was vertically aligned. This is referred
to as the reference position. In order to minimize
movement of the shoulder rotation center, the subjects
were asked not to move their trunk. The task given to the
subjects was to ‘minimize displacements’ resulting from
the applied force perturbation. To prevent drifting, the
actual hand position was presented to the subject on a
display together with the reference position. The subjects
were also motivated by the display, since increased effort
resulted in visibly smaller displacements.

Afferent feedback from muscle spindle activity was
most likely to be inhibited when wide-bandwidth
(0.05-20 Hz) force perturbations were applied in the
case of a high admittant environment, with m, = 0.6 kg,
be = 0.6 Ns/m and k. = 0.1 N/m (F.C.T. Van der Helm,
submitted, 2002). This result can be explained from the
optimal control perspective: high feedback gains result
in severe underdamped responses that would damage
performance. This experimental procedure is repeated in
this study to determine the intrinsic properties of the
subject’s arm (lumped end-point mass, damping and
stiffness) by fitting an intrinsic model to the estimated
arm admittance (Sect. 2.7) using a straightforward least-
squares method in the frequency domain.

Based on the intrinsic properties of the arm, the
damping of the environment (manipulator) was adjusted
such that the relative damping, f, of the combined
intrinsic system, (i.e. intrinsic arm plus environment)
was assigned fixed values of 0.7 (critical), 1.0, 1.3, 1.6,
and 1.9 (all overdamped).

Furthermore, three different values for the external
mass m. were taken: 0.6 kg, 5 kg and 10 kg. These val-
ues were the same for all subjects. The external stiffness
was not changed and remained always at a minimum
(ke = 0.1 N/m). The eigenfrequency of the combined
(intrinsic) system, fo,, then follows from the combined
mass and stiffness.

For each eigenfrequency all values for relative dam-
ping were applied, resulting in fifteen different environ-
mental mass—damping (MB) combinations. Three
additional conditions were employed for each eigenfre-
quency in combination with minimal external damping
(be = 0.6 Ns/m). These conditions represent the lowest
attainable relative damping possible with the present
equipment and will elicit human control behaviour
under highly underdamped conditions. For each subject,
this makes a total of eighteen MB combinations of rel-
ative damping and eigenfrequency applied. The order in
which the combinations were applied to the subjects was
randomly distributed to avoid any anticipation. Each
condition was repeated four times to improve the esti-
mates by time averaging, resulting in a total of 72 trials.
Subjects were free to rest as long as they liked between
trials. The complete experiment lasted approximately
3 hours for each subject.

For each MB combination, reflexive length and
velocity feedback gains were estimated according to a
procedure comparable to that used to obtain the intrinsic
parameters. For this purpose, the intrinsic model was
extended with a length and velocity reflex loop. Together
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with the reflexive parameters, intrinsic stiffness and
damping were estimated by means of one value repre-
senting the amount of cocontraction that scales the
intrinsic stiffness and damping values estimated under the
highest admittance condition (see also Appendix A.1).

2.6 Spectral analyses

The combined system is perturbed by the independent
external force perturbation signal d(¢). The measured
hand reaction force fj,(¢#) and hand position x,(¢) are
dependent signals inside the closed loop. The admittance
of arm and combined system were non-parametrically
estimated in the frequency domain, expressed as fre-
quency response functions (FRFs). The estimator for the
admittance of the combined system is

2, - de(f)
Hox(f) = Saa(f) 2

where Hpy(f) is the estimated admittance of the
combined system (arm plus environment); Sy (/) is the
estimated cross spectral density between force perturba-
tion, d(¢), and hand displacement, x;(¢); and S‘dd( f) the
estimated auto spectral density of d(¢). The spectral
densities were obtained using the fast Fourier transfor-
mation of the corresponding time signals (Van Lunteren
1979).

To verify the validity of linear models, the coherence
function is estimated. This function is a measure for the
amount of linearity of the system in response to the
external force perturbation and is determined according
to

: _ | 8NP
FDX (f> a de(f)gxx(f) (4)

The coherence function I'y.( f) equals one when there is
no noise (linearization or measurement noise), and zero
in the worst case.

As the human controller is embedded in a closed-loop
configuration, the estimate for the arm admittance was
obtained using the closed-loop estimator:

5 _ de(f)
Harm (f) ) (5)

where Flarm( f) is the estimated arm admittance and
Sar(f) is the estimated cross-spectral density between
the external force perturbation, d(¢), and reaction force
Ju(2). In all estimators — (3), (4) and (5) — the estimated
of the auto- and cross-spectral densities were averaged
over eight frequency points to reduce the variance
(Jenkins and Watts 1969).

2.7 Parametric model

The intrinsic model includes arm and hand dynamics.
The derivation of the intrinsic model is given in
Appendix A.l. The intrinsic parameters to be estimated
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are: arm mass, m,; arm damping, b,; arm stiffness, k,;
hand grip viscosity, by; and elasticity, k. Including the
hand dynamics significantly improved the estimation of
the intrinsic arm parameters, especially arm mass; this is
because hand stiffness and viscosity values appeared to
be much larger than those of the arm (Sect. 3), so that
hand dynamics are present in the frequency range (about
10 Hz) where also the arm mass is dominant. In the
following, when referring to the arm dynamics, the
combined arm and hand dynamics are meant.

From the estimated intrinsic values, the MB combi-
nations for each subject were determined as described in
Sect. 2.5. Only for this purpose, hand dynamics were
neglected such that the combined system can be
described as a second-order system that facilitates the
calculation of relative damping and eigenfrequencies.

The second-order dynamics of the intrinsic combined
admittance Hpy (s) follow from (2):

Harm (S)He(s) 1

Hpy = —

26 () = F ) T Hels) () + HLT)
With
Haem(s) 1

§)=——————
arm mas? + bys + k,
1

He(s)

- Mes? + bes + ke
the combined intrinsic system becomes

1
(my 4 me)s? + (by + be)s + (ka + ke)
__ Vhko
Ls2 42541

2
[or W

Hpy,(s) =
(6)

where Mot = ma + Me, biot = by + be and kior = ka + ke;
and with the eigenfrequency, fo, and f the relative
damping according to

1 klot
5= 5\ e (7)
btot
f=s e i
2 kiotmior ( )
Substituting by in (8) and rewriting it gives
be = 2B/ kiotmior — ba (9)

Using the controlled values for f# and the external mass
me, the external damping b, follows from (9).

To estimate the reflex gains and the amount of cocon-
traction, the intrinsic model was extended with a reflex
loop consisting of three elements: (1) reflexive length and
velocity feedback gains, (2) third-order Pade approxi-
mation of neural transportation delay, and (3) first-order
activation dynamics (see Appendix A.2). The parameters
to be estimated were: reflexive length feedback gain, &,
reflexive velocity feedback gain, ky, and cocontraction

level &y (where the hat denotes the values derived from the
estimated FRFs).

For each set of estimated parameters {ky,ky, i} the
variance accounted for (VAF) was calculated indicating
the ‘goodness of fit’ of the estimated combined model
(arm plus environment) to the recorded values:

1 — Z?:l |xh(li) - xh,sim(ti)|2 - 100%
S o)

where xp sim (#;) the forward simulated hand position and
xn(#;) is the measured hand position, where 7 indexes the
time. The hand position, xpgm(%), i obtained by
simulations using the model of the combined system,
Hpx(s) (Appendix A.3, Eq. A9), including the estimated
parameter values and the input force disturbance d(¢)
identical to those used in the experiments.

For each MB combination, the recorded smooth
EMG signals were averaged over four trials. Then, the
root mean square (RMS) values were calculated. To
compare variations between EMG (in millivolts) and the
corresponding estimated cocontraction, #y, the RMS
values were scaled. This scaling was such that the mean
of the RMS values (for each muscle over all MB com-
binations and for each subject) equals the corresponding
mean value of the estimates. The goodness of the esti-
mate was represented as the difference between the
scaled RMS and ug.

VAF =

(10)

2.8 Model optimization

A model optimization was performed to assess the effect
on the adjustments of reflexive feedback of: (1) the task
variable (in this case this is the instruction to ‘minimize
displacements’), (2) the mechanical properties of the
environment, and (3) the force perturbation. The task
instruction was replaced by a performance criterion that
weights displacements of the hand from the reference
point. Another criterion was implemented to minimize
control effort. The goal of the optimization is to
minimize the combined criterion functions. The param-
eters to be optimized were the reflexive length and
velocity feedback gains, k7 and £y, respectively (asterisks
denote optimized values).
The performance criterion is formulated as

S = E{x (0} (11)
where E{-} is the expectation operator. Because the
model is expressed in the frequency domain, J, is
rewritten into its corresponding frequency form (see
Appendix A.4 for the derivation):

fh
o= / o (f)2df (12)
f

where Hpy (f) is the closed-loop transfer function of the
combined system. J, therefore depends on the gain of the
closed-loop dynamics inside the input frequency range
S < f < fn. The mean estimated intrinsic values of all
subjects were averaged for each MB combination and
used in Hpy(s) (see Table 1). Control-effort weighting



was added by a criterion function J, and similar to the
performance criterion is written in its frequency form:

Jn
Ju = E{a(1)} = / Hpa(fdf
fi

where Hp,(s) is the closed-loop transfer function from
force perturbation d(¢) to reflexive activation a(¢)
(Appendix A.3, Eq. All).

From (12) and (13) it is clear that the optimal closed-
loop behaviour is determined by the frequency range of
the input perturbation. Due to the performance criterion
Jy, the reflex gains tend to increase — i.e. reducing the
admittance Hpy(f) — while the control-effort criterion
Ju(f) tends to limit the gains.

The parameters of the postural control model will be
optimized by minimizing the summed cost function:

J:Jx +pJa (14)

In addition to this cost function, the poles of the
combined system Hpy(s) were constrained to be in the
left half of the complex plane to ensure stability.

Evidently, increasing the weighting factor p worsens
performance and reduces control effort. One value for p
was chosen for all conditions such that the optimized
reflex gains were comparable in a qualitative way to the
estimated ones (see Sect. 3).

The optimization is performed in the frequency
domain, where (12) and (13) were numerically integrated
between f] and f;, at each optimization step.

The optimization is also used to calculate the sensi-
tivity of the estimated feedback gains to the differences
between measured EMG (scaled RMS) and estimated
cocontraction levels. Therefore, the model was opti-
mized using the estimated #y plus and minus the stan-
dard deviation of these differences.

The optimization uses a multidimensional con-
strained non-linear minimization method. All calcula-
tions for estimation and optimization are performed
using MATLAB (The MathWorks, Noctick, Mass.).

An overview of the experimental and optimization
procedures performed is shown in Fig. 4 in the form of a
flow chart.

(13)

3 Results
3.1 Experiments

The MB combinations derived from the intrinsic values
for subject H.B. are plotted in Fig. 5 as an example.
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Every open circle in this figure represents a single
condition applied. The mutually shifted square root
curves indicate lines of constant relative damping (f5)
according to (9). Vertical shifted points indicate condi-
tions with the same eigenfrequency (fy,), i.e. where the
mass of the environment is the same. The additional
three conditions are shown on the horizontal axis,
indicating the lowest relative damping applied being
0.50, 0.32 and 0.24 for this subject.

Figure 6 shows the estimated gain and phase of
Hum(f) of four extreme conditions for subject H.B.,
corresponding to the conditions indicated with large
circles in Fig. 5. The corresponding admittances of the
combined system Hpy(f) are given in Fig. 7. Compa-
rable responses were found for all other subjects.

criterion function task instruction

optimization disturbance
(Iir?earmodel) < experiment
(subject)
estimated
intrinsic
parameters . e
identification
(describing
optimized function)
reflexive
parameters
estimated
reflexive
parameters
L—— | comparison

Fig. 4. Flowchart of the procedure followed in this study. The right
path is the experimental execution with the subject taken as an optimal
controller to minimize hand displacements. Its input-output beha-
viour (admittance) is estimated as a describing function from which
lumped intrinsic and reflexive parameters were obtained by model
fitting, as described in the text. The /left path represents the
optimization of the combined arm-environment model so as to
simulate the experimental procedure where the criterion function
mimics the task instruction given to the subject. Optimized reflex
parameters were compared with the estimated ones

Table 1. Estimated intrinsic

arm parameters and Mean (SD) Unit Description
eigenfrequencies of all subjects
(n = 5) and their standard My 1.88 (0.290) ke arm mass .
deviation (SD) b, 37.3 (6.30) Ns/m intrinsic arm dz}mplng
ka 733 (175) N/m intrinsic arm stiffness
by 178 (45.5) Ns/m intrinsic hand damping
kn 14998 (50.5) N/m intrinsic hand stiffness
Jo, 2.77 (0.191) Hz eigenfrequency of the combined
1.69 (0.157) intrinsic system

1.31 (0.129)
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f°i=2.8 f°a=1 7 f0i=1 3
400
350
300}
Fig. 5. Mass—damping (MB) combinations
250 of parameters of the environment admit-
= tance based on intrinsic properties of subject
5 H.B., represented by open circles. Each
Z 2001 combination is an applied experimental
o condition. Square-root (interpolated) curves
o . X .
connect conditions with constant relative
150 damping f (controlled variable) of the
combined intrinsic system. Combinations on
vertical lines have equal eigenfrequencies fo,
100} (controlled variable) of the combined
intrinsic system. Circles on the horizontal
axis denote the three conditions with the
50 lowest external damping, b, = 0.6 Ns/m.
Large circles denote four extreme conditions
: . —P=03 p=02 —, (see text). The large circle at the left on the
% & 3 2 3 . ”5‘ 5 - 3 5 horizontal axis denotes the condition where
m_[kg] no r_eﬂ_exes were present, i.e. whe.re the
e intrinsic parameters were determined
For all conditions, the estimated mean reflex gains f,=2.8 [Hz] f,=1.3 [Hz]
amongst all subjects (mean and standard deviation) are 107 ' 107 '

given in Fig. 8§ where the four conditions are indicated
by vertical arrows.

The left plot of Fig. 6 (dashed curves) shows Hym(s)
in the case of the largest environmental admittance
H,(s). From this condition the intrinsic parameters were
estimated because no reflexes were likely to be present,
as can be seen from Fig. 8 (leftmost arrow). Table 1
gives the average estimated intrinsic values among all

subjects. The mean eigenfrequencies (Eq. 7) were
Jo, ={2.8,1.7,1.3} Hz (see Table 1).
For the highest eigenfrequency, fo, =2.8 Hz

(me = 0.6 kg), the arm admittance showed a significant
oscillation peak when relative damping is largest
(f = 1.9; Fig. 6, left column, solid curves). This can be
explained by an increased length feedback gain of
approximately 500 N/m, which is about 75% of the
intrinsic stiffness. Decreasing the eigenfrequency fy, to
1.3 Hz (m. = 10 kg) results in an even more under-
damped response of the arm admittance. In the case of
the smallest relative damping (f = 0.24), there is already
significant amplification at the eigenfrequency that still
further increases to extremely underdamped behaviour
for the largest relative damping (f = 1.9; Fig. 6, right
column, solid curves). At these combinations of small
eigenfrequencies and large values for relative damping,
the arm sometimes became unstable. Note that arm
instability never led to unstable behaviour of the com-
bined system Hpy (f). The length feedback gains (Fig. 8,
arrows in third column) were high and exceeded the
intrinsic stiffness by a factor of approximately 1.5.
Generally, k;, increases with relative damping and its
characteristics are shifted to larger values with increas-
ing eigenfrequency fo,.

10° 10’ 10

Frequency [Hz]

0 101

Frequency [Hz]

Fig. 6. Estimated transfer functions of the arm, Hym (f), for subject
H.B. (averages of four trials). Top row: gain (m/N); bottom row:
phase (degrees). Left column: largest eigenfrequency fo, = 2.8 Hz
(me = 0.6 kg) and two different values for relative damping: = 0.5
(dashed curves), at which the intrinsic parameters were measured, and
p=1.9 (solid curves) of combined intrinsic system; right column:
fo, = 1.3 Hz (m. = 10 kg) with = 0.24 (dashed curves) and f = 1.9
(solid curves)

The velocity feedback gain &, showed opposite vari-
ations, decreasing moderately with relative damping at
all eigenfrequencies. Typically, the estimates became
negative with increasing relative damping.
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Fig. 7. Estimated transfer functions of combined system (arm plus
environment) Hpy (f) for subject H.B. (averages of four trials). Top
row: gain (m/N); middle row: phase (degrees); bottom row: coherence
function I'py(f). Left column: largest eigenfrequency fy = 2.8 Hz
(me = 0.6 kg) and two different values for relative damping: f = 0.5
(dashed curves) and f = 1.9 (solid curves) of the combined intrinsic
system; right column: fo, = 1.3 Hz (m. =10 kg) with f=0.24
(dashed curves) and ff = 1.9 (solid curves). Short vertical bars on the
horizontal axis indicate the eigenfrequencies (fp,) of the combined
intrinsic system without reflexes. Vertical lines indicate the corre-
sponding eigenfrequencies as the result of increased stiffness due to
reflexes

In contrast to the arm admittance, the combined sys-
tem was almost critically damped for the lowest values of
f and severely overdamped for the highest values (Fig. 7).
Comparison with the arm admittance, Hym (f), immedi-
ately reveals that the low frequency gain of Hpy(f) is
determined by Hym (f), and that the undesired oscillation
peak of Hym(f) is suppressed by the environment. For
the largest values of f the arm compliance showed the
highest oscillation peak, whereas the combined system
was severely overdamped by the environment.

Since reflexive length feedback increases the stiffness
of the arm and consequently that of the combined
system, the eigenfrequencies based on the MB combi-
nations shift to higher frequencies. This is indicated
in Fig. 7 by vertical lines and by short vertical bars
on the horizontal axis at fy. The largest increase in
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eigenfrequency occurs at the largest values for f where
ky, is largest (right arrows in first and third column of
Fig. 8). For these conditions, the eigenfrequencies were
shifted from 2.8 Hz to 3.8 Hz and from 1.3 Hz to
2.1 Hz, respectively. .

In nearly all cases the estimated coherence I'py(f)
was high (> 0.9) for all frequencies, which validates the
linear model approximation and proves that measure-
ment noise was negligible. Comparable values were
found for all other conditions and subjects.

Except for the smallest relative damping f at the
smallest eigenfrequency fo,, high VAF values (> 83%)
were obtained (Fig. 8, bottom row), which can be con-
sidered very good. This means that the linear model
structure with the estimated parameter values k;, &, and
#lp, 1S an accurate approximation of the real system
dynamics (arm plus environment) under these experi-
mental conditions.

Figure 9 shows the difference between the scaled
RMS of the EMG signals and corresponding estimated
cocontraction levels #y. Since the RMS values were
scaled such that their means coincide with the estima-
tions, the mean of the difference is zero. For each mus-
cle, the standard deviations amongst all subjects are
indicated by dotted lines. The EMG of the deltoideus
anterior showed the largest differences (24% SD) while
the discrepancies of the other muscles were smaller
(< 18%). For subjects H.V. and J.V. the differences were
small for deltoideus anterior, meaning that the varia-
tions of the estimated cocontraction levels approximated
those of the EMG recordings very well. The same
accounts for the pectoralis major (subjects H.B. and
H.V.) and deltoideus posterior (subject H.B.). The mean
standard deviation of all muscles and subjects was
~ 20%. The effect of these variations in cocontraction
level on the estimated feedback gains is analysed by
optimizations and described at the end of Sect. 3.2.

3.2 Optimization

Metabolic energy weighting was not incorporated in our
model, so that unrealistic high values of intrinsic
stiffness and damping resulted when the amount of
cocontraction was taken as a free parameter to be
optimized. Therefore, its value (i.e. uy) was fixed to the
corresponding estimated value for each condition.

Figure 10 shows the averaged estimated length and
velocity feedback gains together with the optimized
values for a number of different values of control-effort
weighting factor p. Both optimized reflex gains for
outranged the estimated values (k7 > 8000 N/m,
k> 500 N/m) for p =0 (not shown). The optimized
gains decreased with increasing control-effort weighting.
Negative values for & were also not found for very large
p values. All values of the estimated length feedback
gains are within the range of the optimized values for
different p. The predicted velocity feedback gains were
substantially lower in all cases. This indicates that the
estimated reflexive velocity feedback is suboptimal under
these experimental conditions.
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f,=2.8 [Hz] f,=1.7 [Hz] f,=13[Hz]
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E
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Fig. 8. Estimated mean reflex gains and standard
deviation (error bars) averaged over all subjects
(n=15). Rows from top to bottom: length feedback

gain Igp, velocity feedback gain k,, cocontraction
level 4y and variance accounted for (VAF) values.
Columns: left, fo, = 2.8 Hz; middle, f,, = 1.7; right
Jo, = 1.3 Hz. Vertical arrows indicate the condi-
tions for which the frequency response functions
(FRFs) of the combined system and the arm are
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To show the role of velocity feedback, Fig. 11 dis-
plays the optimized length feedback gains again for the
same p values but without velocity feedback; i.e. ki was
set to zero as an approximation of the estimated values.
The curvatures of k% are similar, except in case of the
lowest relative damping f at the two largest eigenfre-
quencies fo,.

The impact of control-effort weighting on perfor-
mance and afferent feedback is shown in Fig. 12 for
three values of f (0.7, 1.3, and 1.9) at each eigenfre-
quency. As expected, the performance worsens with
control-effort weighting for all conditions, as can be
seen by the increase of the performance -criterion
function J, (Fig. 12, top row). For the highest eigen-
frequency, the performance without control-effort
weighting (p =0) was the worst and therefore the
relative increase of J, was smallest. Control effort
is effectively reduced for small weightings and satu-
rated when weighting was further increased (Fig. 12,
middle row). Slightly weighting J, with p also
improved converging of the parameters significantly.

shown in Figs. 6 and 7 (i.e. the large circles in
p Fig. 5)

The contribution of J; to J is much higher than that of
pJs, as can be seen by comparing J, and J (Fig. 12,
bottom row and top row).

One value for control-effort weighting was chosen for
all conditions, p = 0.5 x 1077, as indicated by the grey
vertical lines in Fig. 12. With this value the control effort
J, was substantially reduced (=60-80%), while perfor-
mance J, decreased to a far lesser extent (< 20%, see
Fig. 12). The corresponding optimized length reflex
gains k7 are shown in Fig. 13 (k set to zero). Apart from
the two largest eigenfrequencies and smallest relative
damping, the gains were predicted quite well and cap-
tured by the standard deviations of the corresponding
estimates.

Figure 14 shows the effect of variations in cocon-
traction level on the reflex gains (p = 0.5 x 10~7). When
estimated cocontraction levels were increased by 20%
(i.e. a proportional increase of muscle stiffness and
damping), both the reflex gains decreased only slightly
(<10%) for all conditions, and vice versa in case of
lower cocontraction.
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Fig. 9. Difference of measured EMG (scaled
..o+ | RMS)and estimated cocontraction #, indicated by
: ) points for all of the MB combinations for each
muscle (rows) and all subjects (white—grey columns)
with standard deviations (horizontal dotted lines).
Each column shows all eighteen MB combinations
per subject
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Fig. 10. Optimized (dashed curves) and estimated
(solid curves) reflex gains, averaged over all
subjects (n = 5). Error bars denote the standard
deviation of the estimated mean values. Each
dotted line corresponds to one value of p in the

4 Discussion

The stability of the combined system was guaranteed for
all conditions. Apart from the smallest relative damping
at each eigenfrequency, the combined system was
sufficiently damped (Fig. 7). This is because the external
dynamics provided substantial damping. Consequently,
the human controller was indemnified from critically
controlling the stability margins of the total system by
being only partly able to change the admittance of the
combined system. The adjustments of reflexive feedback
gains under those current experimental conditions were
therefore particularly determined by performance and

range {0.1—2.0} x 1077. The largest optimized
gains occurred at the lowest values of p

control-effort criteria and not constrained by stability
demands, as was the case in previous studies (De Vlugt
et al. 2001; Schouten et al. 2001).

To clarify the changes in reflex gains, it must be
repeated that performance J, is related to the combined
system of arm plus environment (Eq. 12), and the
only way to improve performance is to modify the arm
admittance. To what extent the performance is
determined by the arm also depended on the mechanical
properties of the environment. Because only the dam-
ping and the mass of the environment were increased,
the stiffness was always determined by the arm only, i.e.
by intrinsic and reflexive feedback. This is the reason
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f,=2.8 [Hz] f,=1.7 [Hz] f,=1.3 [Hz]
2000 : 2000 ‘ 2000 :
1500 1500 7 4s00
> 1000 o 11000 1000 Fig. 11. Optimized (dashed curves) and estimated
:n. (solid curves) length reflex gain; averaged over all
500 500 subjects (n = 5). Velocity feedback is not opti-
mized, and is set to zero. Error bars denote the
0 0 standard deviation of the estimated mean values.
Each dotted line corresponds to one value of p in
0 1 2 0 1 2 0 1 2 the range {0.1—2.0} x 1077, The largest optimized
B p B gains occurred at the lowest values of p
f,=2.8 [Hz] f,=1.7[Hz] f,=1.3[Hz]
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Fig. 12. Criterion functions for different values of
control-effort weighting p. Top row: performance
criterion Jy; middle row: control-effort criterion J,;
bottom row: summed criterion J. Dotted curves:

why increasing arm stiffness by high length feedback
gains was effective in general for nearly all experimental
conditions.

In the case of the highest eigenfrequency f;, and the
smallest relative damping f (minimal mass and dam-
ping of the environment), the combined system was
dominated by the mechanical properties of the arm.
For this condition, both reflex gains were found to be
very small (Fig. 10), as was also found in a comparable
study by Van der Helm (submitted, 2002) and in pre-
vious simulation studies (De Vlugt et al. 2001; Scho-
uten et al. 2001). The absence of reflexes for this
condition can be explained from the effect of k, on J,,
which is twofold. First, as already stated above, it in-
creases stiffness which is beneficial. Second, it directly
decreases relative damping, according to (8) and due to
the neural time delay. Obviously, smaller relative
damping increases the amplification at system’s eigen-
frequency (oscillation) that deteriorates performance.

p = 0.7; Dashed—dotted curves: = 1.3; Solid
curves: p = 1.9. Criterion values at p = 0.5 x 10~/
are indicated by grey vertical lines

Apparently, a negative contribution of an oscillation
peak is larger than a profitable increase of stiffness for
this condition. The absence of feedback also validated
the estimation of the intrinsic parameters which were
estimated in this condition.

When relative damping increases, the influence of an
increased oscillation peak of the arm dynamics has little
effect on the combined system and consequently worsens
performance to a lesser extent. This is simply because the
overall damping is larger. Therefore, k;, can be increased
to improve performance in these cases. Generally, the
higher the total relative damping the larger the efficiency
of length feedback because amplification at the eigen-
frequency of the arm is suppressed by the environment.

The velocity feedback gain k&, was very small,
decreased slightly and even became negative for larger
relative damping. [Note that negative reflex gains were
also found by Van der Helm (submitted, 2002), were
close to optimal under the experimental conditions (De
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f,=2.8 [Hz] f,=1.7 [Hz] f,=1.3[Hz]
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500 500 500 Fig. 13. Optimized (dashed curves) and estimated
(solid curves) length feedback gains, averaged over
0 0 Ob all subjects (n = 5). Velocity feedback is not
optimized, and is set to zero. Control-effort
0 1 2 0 1 2 0 1 2 weighting p = 0.5 x 1077, Error bars denote the
B B B standard deviation of the estimated mean values
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* 50 50 50 Fig. 14. Model optimization (p = 0.5 x 10~7)
T * showing the effect of variations in cocontraction
0 0 0 level on the reflex gains. Solid curves: optimized
_50 _50 _50 gains using the corresponding estimated values for
1 2 1 2 1 2 ug. Dotted curves: ug is increased (below) and
B B B decreased (above) with 20%

Vlugt et al. 2001) and were attributed to autogenic
excitation (A. C. Schouten, submitted, 2002)]. On the
contrary, the simulation results showed & was sub-
stantial and effectively suppressed the resonance peak
in particular for the smallest eigenfrequency and
smallest relative damping. This is shown in Fig. 15
(right upper plot, dashed-dotted curves). The estimated

ky therefore seems suboptimal and leaves the arm and
combined system underdamped, in particular for this
condition (Fig. 15, right upper plot, solid curves).
When velocity feedback gain was fixed to zero, the lack
of damping is evidently predicted but now the
optimized length feedback gains were much smaller
than estimated for these particular conditions, resulting
in an increase of the low-frequency gain of Hpx(f)
(Fig. 15, right upper plot, dotted curves). Apart from
this extreme condition, the length feedback appears to
be close to optimal and the estimated FRFs of the
combined system Hpy(f) were very similar to the
optimized ones.

It is possible that the length and velocity feedback
gains are somehow restricted by a mutual gain-limiting
relation which was not incorporated in our model

(Schaafsma et al. 1991). For instance, if muscle spindle
output was dependent on the amplitude of velocity such
that at large velocities the sensitivity for lengthening was
reduced and vice versa, at low velocities length feedback
would be more dominant. Apparently, if such mecha-
nisms somehow exist, the movements in our experiments
were slow enough to exhibit pronounced length feed-
back in nearly all cases. Omitting the velocity feedback
from the optimization was a means to mimic such a
property. Further research on spindle transfer-function
identification is necessary to explain such input selec-
tivity and to clarify the restricted velocity gains found
under the current experimental conditions.

Summarizing the findings it is stated that (1) length
feedback effectively reduces the admittance of the com-
bined system and (2) the strength of length feedback is
the result of weighting of admittance reduction against
the control effort needed for this reduction.

We have also applied slower time constants (30—
50 ms) for the activation process and found that the
estimated velocity feedback gains increased while length
feedback did not noticeably change (not shown). This is
because activation acts as a low-pass filter (=5 Hz) to
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afferent signals such that higher velocity gains would be
estimated to obtain the same behaviour. This sensitivity
of velocity feedback on activation time constant can
account for the unexpected negative values. However the
same sensitivity also follows from the model optimiza-
tion and so the discrepancy with the estimated velocity
gains still remains.

Mean EMG and estimated cocontraction levels were
almost constant over the conditions. Since increasing
intrinsic stiffness and damping always improves perfor-
mance, cocontraction was apparently at maximum
during all conditions. The difference between recorded
EMG and estimated cocontraction level had a standard
deviation of &~ 20%, accounting for measurements noise
and inaccuracy of the estimation procedure. Higher
cocontraction levels decreased the admittance of the
combined system due to larger intrinsic stiffness and
damping of the arm. Consequently, at the same weighting
of control effort, the effectiveness of additional reflexive
feedback was less and the gains were smaller (Fig. 14).
The opposite effect was shown for smaller cocontraction
levels. However, the effect of fluctuations in cocontrac-
tion did not affect the values of the feedback gains
substantially and therefore do not change the findings of
this study. A 20% variation merely changed the gains by
less than 10%. This indicated the estimation procedure
was accurate enough to quantify intrinsic and reflexive
properties, which was confirmed by high VAF values.

Subjects felt that they had the least control over the
combined system at the lowest eigenfrequencies fo,. In
these cases, both the mass and the damping of the en-
vironment were large. This was reflected by increased
variations in cocontraction (z#y, and EMG) and larger
standard deviations in estimated length reflex gains
(Fig. 8). This varying behaviour is most likely the result

of decreased relative contribution of the arm damping to
the damping of the combined system, so that subjects
possibly varied slightly around their optimal adjust-
ments without affecting performance seriously.

Despite the rather good resemblance of estimated
cocontraction level and measured EMG, it must be
mentioned that EMG is not a direct measure for muscle
force. Since (non-linear) activation dynamics separate
these quantities a direct comparison seems impossible.
However, in a mean sense for almost constant cocon-
traction levels, the activation dynamics can be neglected
such that muscle force can be taken as a scaled version
of the corresponding EMG. Since EMG and u, were
both used as normalized variables in this study, a direct
comparison was justified.

5 Implications

Despite the highly non-linear nature of the neuromus-
cular system, the mechanical behaviour was well
described by a linear model for all experimental
conditions applied. At the muscle level, most relevant
non-linearities are the unidirectional (stretch amplitude
and velocity) sensitivity of the spindles (e.g. Stein and
Kearney 1995), different calcium activation—deactiv-
ation rates, and mechanical properties such as the
force—length and force—velocity characteristics. In mul-
tiple muscle systems these non-linearities apparently
cancel out at the end point level under specific condi-
tions. The linear behaviour demonstrated in the case of
this study can be explained by the following arguments:
(1) the application of small-amplitude disturbances does
not excite non-linearities; (2) unidirectionality in sensor
sensitivity and muscle force generation presumably turns



into Dbi-directional behaviour in the case of muscles
acting as antagonistic pairs; and (3) from a functional
anatomical point of view, different muscles are likely to
act at different lengths and hence distribute their
characteristics over a wider range of motion which
smooths out the non-linearities. Furthermore, non-
linearities from inertial properties (configurational,
centripetal, and Coriolis) can be considered negligible
for the perturbations used because the angular excur-
sions were small.

The application of a linear model is further sup-
ported by a phenomenon found by Kirsch et al. (1994).
They demonstrated that stochastic perturbations tends
to linearize the intrinsic muscle response, probably
because of changed dynamics of the cross-bridge turn
over. In particular, stiffness properties were found to
remain constant and not exhibit a dependence on
displacement amplitude, even for movements which
significantly exceeded the yield length revealed by step
stretches.

The interaction of the human arm with an environ-
ment and the adjustments of intrinsic and reflexive
properties were considered optimal for the specific task.
The experimental conditions represented a variety of
different environmental admittances. The results clearly
demonstrated that reflexes were adapted such that the
task ‘minimize displacements’ during continuous force
perturbation was indeed performed near optimally by
the subjects. The high VAF values indicate that the
model is an adequate description of the mechanical re-
sponse of the arm at the end point level. The modulation
of the reflex gains, in particular that of muscle length,
seemed to follow a precise weighting of stiffness en-
largement against a smaller relative damping. And such
gain modulations obviously took place within seconds.
The short latency of 25 ms suggests that the reflexive
contribution was from monosynaptic pathways. It is
possible that these adaptations are accomplished by
specific controlled presynaptic depolarization of afferent
terminals that reduces feedback sensitivity of the
motoneuron (Rudomin 1999).

The results from this study correspond to those of
Milner and Cloutier (1993), who found experimental
evidence that monosynaptic reflexes are adapted to dif-
ferent external dynamics. Their results are comparable
in the sense that they found the same effects in the
opposite direction, namely that feedback gain decreased
with increasing (positive) velocity feedback of the
manipulator. The results from this study support these
findings in a more specific way, by showing that humans
act like optimal controllers to optimize the combined
dynamics of limb and environment together. Under the
current experimental conditions (i.e. continuous unpre-
dictable force perturbation while maintaining a reference
position) short-latency reflex gain adjustment appear to
be quite effective in performing such optimizations.

These results are in contrast to others suggesting that
any gain adaptation may not be a usual mechanism by
which the stretch reflex is controlled (Crago et al. 1976;
Jaeger et al. 1982; Lee and Tatton 1975). From those
studies the effect of different tasks on reflex action of the
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human elbow muscles was investigated and considerable
changes in the short latency stretch reflex were not
found. However, they neither changed the properties of
the force perturbation nor varied the external dynamics
to assess reflex gain adjustment. Just like the majority of
studies aiming to reveal the function of reflexive feed-
back, these researchers applied transient perturbations
that did not allow sufficient time for the human
controller to adapt to the mechanical environment, let
alone to optimize some sort of a performance measure in
the presence of perturbations (Carter et al. 1993; Houk
1978; Stein and Kearney 1995; Toft et al. 1991). In fact,
those experiments aim to measure the state of the subject
at the time just before onset of the perturbation rather
than the performance of the reaction. In accordance
with Smeets and Erkelens (1991), we believe that tran-
sient-like perturbations are somewhat poor test signals
for eliciting short-latency gain modulation. Because
short latency length reflexes varied substantially during
our experiments, continuous random force perturba-
tions have been proved better suited to investigate reflex
control (Agarwal and Gottlieb 1977b; Dufresne et al.
1978).

Control-effort weighting had a great impact on the
reflex gains. This simply meant that when performance
improvement was small with a modest increase of
feedback gains, control-effort weighting highly sup-
pressed reflexive activation. The results from the model
optimization suggests that humans optimize perfor-
mance with limited afferent control effort. Since zero
weighting would result in the best performance (but
excessively high gains), the weighting factors found were
probably as small as possible. It is unclear which
mechanisms contribute to the weighting or limitation of
afferent control effort, and a single parameter is likely
too simple to describe the underlying mechanism.
However, the predicted length reflex gains showed
strong resemblance with the estimated gains when the
velocity feedback was omitted from the optimization.
These results indicate the presence of some kind of
restricting mechanism between afferent static and
dynamic information.

Agarwal and Gottlieb (1977a) perturbed the ankle
joint with a random 0-50 Hz force perturbation while
the subjects were instructed to counteract various bias
torques such that foot movement was symmetrical with
respect to a reference angle. The mechanical environ-
ment was formed only by the inertia of the footplate,
which was slightly larger than that of the foot. They did
not find a distinct resonance peak, and their corre-
sponding FRF of the ankle admittance was quite similar
with the responses from this study where reflexive
feedback was absent (Fig. 7, left column, dotted curve).
At least the argument of Agarwal and Gottlieb (1997a)
that reflexive feedback were not functional during ran-
dom perturbations per se is strongly contradicted by the
results of this study. Their conclusion is misleading and
can be attributed to the fact that both task instruction
and perturbation were force based. This results in un-
natural adjustments of the limb, i.e. the only way to
maintain a mean force level while the limb is being
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perturbed is to move in the same directions as the force
perturbation, which for random signals is impossible.
Therefore, the limb stiffness had to be kept small so as to
approximate such (unnatural) behaviour. Most likely,
reflexive gain control during force perturbations is not
suited to force tasks but is highly suited to position
tasks.

6 Conclusions

Afferent length and velocity feedback gains were
shown to adapt to different mechanical properties of
the environment. In particular, length feedback gain
increased substantially with relative damping of
the combined system. Increasing the eigenfrequency
by using larger masses of the environment increased
the length feedback gains to a lesser extent. These
modulations of gains served the optimization of a
performance criterion concerning the combined system
of arm plus environment, i.e. the minimization of
displacements of the hand during a continuous force
perturbation. It is likely that the CNS controls the
reflex gains within seconds after the perturbation
was applied. This specialized feedback behaviour
followed directly from optimal control theory. Length
feedback effectively improved performance because
it enlarges stiffness, but only when its negative side
effect of increased resonance is suppressed by the
environment.

Model optimizations show strong similarities with the
estimated length feedback gains indicating that: (1)
the performance criterion is a realistic description of the
task instruction; (2) the control-effort weighting is
somehow apparent in the feedback loop; and (3) because
of the high VAF values, the model is an adequate
description of intrinsic and reflex mechanisms at the end
point level.

The results are valid for the system being perturbed
with continuous random forces while the subject is per-
forming a position task. Because these conditions cor-
respond to real-life posture maintenance, it is believed
that these conditions are necessary to explain neuro-
muscular functioning of human posture control in vivo.

Appendix A: Model development comprising dynamics
of arm, hand and environment

In this study only the end point dynamics are identified,
representing the lumped effect of joint dynamics at hand
level. It consists of four parts: (1) the intrinsic arm mass,
damping and stiffness; (2) the (intrinsic) hand damping
and stiffness; (3) the reflexive length and velocity
feedback including muscle activation; and (4), the
external mass, damping and stiffness of the environment.
Figure Al shows the compound block diagram of all
different parts.

The model is expressed in the frequency domain
where the higher derivatives are given as powers of the
Laplace operator s (= A + j2xf).

A.l Intrinsic part

For small displacements the viscoelastic properties of
muscles can be described well by a linear spring—damper
system. Together with the arm mass the intrinsic
properties are modelled as

Xa () 1

H. = =
I(S) Fint(s) mys? + (bas + ka)”O

(A1)

Any stiffness and viscosity from passive tissues sur-
rounding muscles and joints are also included in the
model. The amount of cocontraction is represented by
and scales intrinsic stiffness and damping, which seems
to be justified (Agarwal and Gottlieb 1977a). In the case
of silent reflexes, i.e. when the intrinsic model is
estimated, ug is set to one as a reference.

The spring-damper system 4, and by acts in series
with the arm dynamics, representing the interaction of
the hand with the handle. The position of the handle
xp in the model is different from the position of
the arm x, (Fig. Al) and represents movement of
the wrist, skin displacement and movement of the
fingers:

Hiu(s) = )ﬁ = bns + kn (A2)
The intrinsic arm model becomes [Fiy(s) = Fy(s)]
olo) _ LHIROIG) _ po1(6) 4 bis) (A3)

Fh (S)

The intrinsic parameters to be estimated are m,, by, ka,
bh and kh (ug = 1).

Hh (S)

Environment He (s) <—(2§
ﬂ g

X0 s e )

F..(s)

H.(s)

» H,.(s)

Fig. Al. Block diagram of the combined arm-hand-environment
model expressed in the frequency domain. Arm dynamics (indicated
below the dashed border line) consist of H;, reflexive length and
velocity feedback; H,y, activation dynamics; H;, intrinsic arm
dynamics; and Hy, hand dynamics. H. represents the dynamics of
the environment (above the dashed line). X,(s) is the position of the
arm, X;,(s) the (measured) position of the hand, F,(s) the (measured)
interaction force applied by the hand, Fi,(s) the intrinsic force, Free(s)
the reflexive force, 4(s) is the reflexive activation, and D(s) is the
applied external force perturbation



A.2 Reflexive part

Spindle dynamics are described by a first-order transfer
function H,(s), relating arm position X, (s) to the afferent
neural signal 4(s) (Fig. Al) according to

A(s)
Xa(s)

H:(s) = = (kys + kp)e 1 (A4)
Linear approximation of the spindle dynamics seems to
be justified during the small stationary periodic pertur-
bations as used in this study (Soechting and Dufresne
1980; Zahalak and Pramod 1985). The reflex gains k;
and k, represent the reflexive position and velocity
feedback gains, respectively. Transmission delay and
processing time in the spinal cord are described by a time
delay Tqg = 25 ms (Smeets and Erkelens 1991).
Activation and deactivation processes of the muscle
are approximated by a first-order system with a time
constant 7, = 30 ms (Winters and Stark 1985):

Eef(s) _ 1
A(s)  tas+1

Hyet(s) = (A5)

Intrinsic arm (without hand dynamics) and reflexive
feedback can now be formulated as
Xa(s) Hi(s)

() =5 T T B o) H ) o (5)

(A6)

which forms the feedback path to the hand dynamics
Hy(s), resulting in the arm dynamics (including the
hand) Hym(s):

_ Xu(s)

Haym(s) = Fs) = Hh*I(S) + Hy(s)

(A7)

A.3 Combined model: arm plus environment

The environment acts in parallel with the arm and hand,
where the sum of the reaction force at the hand and the
external force perturbation forms the input (Fig. Al).
The second-order dynamics of the environment equals

Xh (S) o 1
D(s) — Fo(s)  mes® + bes + ke

He(s) = (AS)

where m. is the mass, b, is the viscosity and k. the
stiffness of the environment. The complete model
including the environment becomes

%))
D(s) 1+ He(s)H, ) (s)

arm

Hpx (s) (A9)

As part of the optimization, Hpy(s) is used for
calculating the cost function J;, and the poles for
assessing the system’s stability.

For calculating the control-effort cost function J,, the
closed-loop function Hpy(s) is used. Therefore, the af-
ferent reflexive signal 4(s) (Fig. A1) is first expressed as

A(s) = Hi(s)Xa(s) (A10)
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Substituting (A6), (A7) and (A9) in (A10) gives
A(s)

D) (A1)

Hpy(s) = = H;(s)Ha ($)Harm () Hpx (5)

A.4 Frequency domain form of Jx

The task instruction ‘minimize the displacements’ is
represented mathematically in the form of a cost
function to be minimized. Having a linear, noise-free
system with stationary stochastic inputs, the cost
function J of the displacement x(¢) is

Jo=E{x*(t)}

where E{-} is the expectation operator. When
E{x(t)} =0, J; is the variance 62 of x(¢). By using the
following relations:

Jy =0, = /OCSxx(f)df—I/ooSm(f)df
e e

and

Su(f) = E{X(f) - X(=/)}
X(f) = Hpx(f) - D(f)

Jy can be rewritten in the frequency domain:
o0

s =2 [ Vetor(1)Psutr)ds
0+

Saa(f) is the power spectrum of the input signal. The
system inputs have rectangular power spectra:

Su(f)=c VAL <t

and zero elsewhere, so that J, can be written as

Ju
A=0/WmmWf (A12)
h

where c is set to one.
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