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Quantifying Proprioceptive Reflexes During Position
Control of the Human Arm

Alfred C. Schouten*, Erwin de Vlugt, J. J. (Bob) van Hilten, and Frans C. T. van der Helm

Abstract—This study aimed to analyse the dynamic properties
of the muscle spindle feedback system of shoulder muscles during
a posture task. External continuous force disturbances were
applied at the hand while subjects had to minimize their hand
displacements. The results were analysed using two frequency
response functions (FRFs) from which the model parameters were
derived, being 1) the mechanical admittance and 2) the reflexive
impedance. These FRFs were analysed by a neuromusculoskeletal
model that implicitly separates the reflexive feedback properties
(position, velocity and acceleration feedback gains) from intrinsic
muscle visco-elasticity. The results show substantial changes in
estimated reflex gains under conditions of variable bandwidth
of the applied force disturbance or variable degrees of external
damping. Position and velocity feedback gains were relatively
larger when the force disturbance contained only low frequen-
cies. With increasing damping of the environment, acceleration
feedback gain decreased, velocity feedback gain remained almost
constant and position feedback gain increased. It is concluded that
under the aforementioned circumstances, the reflex system in-
creases its gains to maximize the mechanical resistance to external
force disturbances while preserving sufficient stability.

Index Terms—Arm admittance, electromyography, identifica-
tion, proprioceptive reflexes, reflexive impedance.

I. INTRODUCTION

TUDIES addressing the role of proprioceptive reflexes in
Sthe regulation of movement and posture have been infor-
mative in understanding the impact of diseases with abnormal
muscle tone including spasticity, dystonia or Parkinson’s dis-
ease [1]-[3]. Studies on the role of proprioceptive reflexes in the
regulation of muscle tone have mainly applied an investigation
based on signal properties, such as EMG amplitude and onset
delays [4]-[7]. From these studies important features of the pro-
prioceptive reflex system emerged showing the influence of po-
sition and force tasks on proprioceptive reflex magnitude. How-
ever these studies have not provided insight into the functional
contribution of proprioceptive reflexes, i.e., to the dynamic rela-
tion between force and position (mechanical admittance), which
is crucial in the understanding of how reflexes contribute to
movement and posture. Few studies have focused on the role

Manuscript received October 25, 2006; revised April 7, 2007. Asterisk indi-
cates corresponding author.

*A. C. Schouten is with the Department of Biomechanical Engineering,
Delft University of Technology, Mekelweg 2, 2628 CD Delft, The Netherlands
(e-mail: a.c.schouten @tudelft.nl).

E.de Vlugtand F. C. T. van der Helm are with the Department of Biomechan-
ical Engineering, Delft University of Technology, 2628 CD Delft, The Nether-
lands.

J.J. van Hilten is with the Department of Neurology, Leiden University Med-
ical Center, Leiden 2333 ZA, The Netherlands.

Digital Object Identifier 10.1109/TBME.2007.899298

of proprioceptive reflexes on the overall mechanical behavior of
joints [8]-[10]. These studies have used quantification methods
that basically rely on specific neuromuscular models and opti-
misation algorithms to minimize the difference between mea-
sured and predicted variables. Hitherto, all studies have used an
indirect approach by estimating reflex gains from the mechan-
ical admittance. In the mechanical response, intrinsic muscle
visco-elasticity and reflexive contributions coexist. Therefore,
assumptions on the reflexive component were necessary to sep-
arate the intrinsic and reflexive contributions. Such assumptions
on reflex behaviour may introduce a bias in the model parame-
ters. Consequently, there is a need for methods that use a more
direct way of reflex quantification.

In a recent study [11], a method was introduced to si-
multaneously estimate the frequency response functions of
the mechanical admittance and the reflexive impedance. The
reflexive impedance describes the dynamic relation between
recorded hand position and muscle activation, as measured
by surface EMG activity. The goal of the present study is to
identify reflex behavior under different loading conditions in
case of a funcional position task using both the mechanical
admittance and the reflexive impedance. Proprioceptive reflexes
in the human arm are quantified under conditions of variable
bandwidth of the applied force disturbance or variable degrees
of external damping. Consistent parameter estimates were
obtained. In general, reflex gains were attenuated when the
bandwidth of the external force disturbance increased towards
the eigenfrequency of the arm. Furthermore increased external
damping enlarged the reflex gains. Functional implications of
these results are discussed. This study showed that detailed
properties of the neuromuscular control system can be quan-
tified by incorporating EMG in the mechanical analysis. This
methodology opens new possibilities to further investigate the
role of proprioceptive reflexes during human motor control, for
instance the modulation of reflex gain while interacting with
different environments.

II. MATERIAL AND METHODS

A. Subjects

Two experiments were carried out. In the main experiment
ten healthy subjects (four women, three left handed) participated
with a mean (SD) age of 25.8 (7.0) years. In a second experi-
ment, to estimate the muscle activation dynamics, five subjects
(two women, two left handed) participated with a mean (SD)
age of 25.4 (3.2) years. All subjects gave informed consent prior
to the experiment. All experiments were conducted on the right
arm.
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Fig. 1. Experimental setup. The subject sits on a chair and holds the handle
with the right hand. The piston can move forwards and backwards. The hand
force, £, (t), applied to the hydraulic manipulator is measured by a force trans-
ducer mounted between the handle and the piston. The manipulator controls the
position of the handle, z, (t) and is based on the sum of the hand force, external
force disturbance, d(t), and the simulated virtual dynamics (environment).

B. Apparatus

Force disturbances were applied to the hand by means of a
linear manipulator, see Fig. 1. The manipulator is described in
detail previously [10], [12]. The subject was able to move the
handle of the manipulator for- and backwards, resulting in ante-/
retroflexion of the gleno-humeral joint. The manipulator “felt”
like a mass-spring-damper system to the subject and the param-
eters of this (virtual) environment are adjustable. In this study
the mass, m., was set to a fixed value of 1 kg. The damping, b.,
was varied between the trials, see Procedures. No virtual spring
was used (k. = 0 N/m).

C. Procedures

1) Main Experiment: In the main experiment subjects had
to hold the handle and were instructed to “minimize the dis-
placements” of the handle, while continuous random force dis-
turbances were applied for 30 seconds (task stiff). The actual
position of the handle was shown on a display to assist the sub-
jects and to prevent drift. Only a few trials were necessary to
get the subject acquainted with the task. The following experi-
mental conditions were applied:

e Wide bandwidth disturbance without external damping
(WB stiff). The WB disturbance signal had power between
between 0.5 and 20 Hz. This condition is referred to as the
reference condition.

* WB disturbance without external damping and the task
slack (WB slack). Here the task instruction was different
from the other: the subject was asked to relax his/her arm
muscles and not to react to the disturbance. This task was
only used to improve to estimate of the arm mass.

* WB disturbance with external damping. The damping was
assigned values of 50, 100, 150, 200 Ns/m (B50, B100,
B150, B200). These and the following tasks were used to
provoke different proprioceptive reflex gains.

e Narrow bandwidth disturbance type 1 (NB1) without
external damping. The disturbance signals had a variable
bandwidth; the lowest frequency was fixed at 0.5 Hz and
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Fig.2. Examples of disturbance signals. Left: WB; middle: NB1 f,, = 2.4 Hz;
right: NB2 f. = 2.3 Hz. Upper plots: 5-s fragment of the signals; lower plots:
power spectral densities of the signals. For clarity the signals are scaled to a
root mean square (RMS) value of one. Each peak in the power spectral densities
represents a cluster of four (WB, NB1) or eight (NB2) adjacent frequencies.

the highest frequency f; varied between 1.2 and 3.7 Hz
(1.2,1.5,1.8,24, 3.1, 3.7 Hz).

* Narrow bandwidth disturbance type 2 (NB2) without ex-
ternal damping. The signals had a bandwidth of 0.3 Hz
concentrated around a variable center frequency, f., of 1.3
upto7Hz (1.3,1.8,2.3,3,4,5, 6,7 Hz).

The twenty different conditions were repeated four times, re-
sulting in eighty trials of 30 seconds each. The trials were pre-
sented in a random order. In between the trials the subject could
rest as long as he/she wanted to prevent fatigue. All disturbance
signals were designed in the frequency domain as so-called mul-
tisine signals with optimized crest factor [11], [13], [14]. Be-
cause multisine signals are deterministic, no bias or variance
were introduced in the estimated spectral densities [14], [15].

To improve the signal-to-noise ratio (SNR) of the EMG and
to allow reliable identification of the reflexive impedance, the
power of the disturbance signal was distributed over a limited
number of frequencies within the bandwidth. For the WB dis-
turbance the signal power was uniformly distributed over 32
equidistantly spaced clusters of four adjacent frequencies, i.e.,
25% of the frequencies within the bandwidth are excited [11].
The data analysis required clusters of four adjacent frequencies
for averaging. For the NB1 disturbances 50% of the frequen-
cies within the bandwidth were excited, and consequently each
NBI1 signal contained a different number of clusters (ranging
from three clusters for f;, = 1.2 Hz up to 11 clusters for f, =
3.7 Hz). For the NB2 disturbances the power was distributed in
one cluster of eight adjacent frequencies. Fig. 2 shows exam-
ples of the disturbance signals, the lower plots show the power
spectral densities of the signals.

To justify the use of linear model approximations the posi-
tion deviations must be kept small within each condition. Prior
to the trials each condition was tested and the amplitude of
the force disturbance was adjusted for each condition to obtain
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a root-mean-square (RMS) value for the position of approxi-
mately 3 mm.

Since recorded EMG is an electric signal which is meaning-
less to the mechanical properties, the EMG to force ratio was de-
termined to obtain a relative measure of the muscle force. There-
fore, subjects were required to perform isometric push and pull
tasks, prior to and after the main experiment. The subjects had
to maintain constant force levels for 10 s (—25, —20, —15, 0,
15, 20, 25 N) by pushing or pulling against the handle, which
was controlled to be in a fixed (rigid) position. During these iso-
metric trials the reference force together with the actual force at
the handle were shown on the display to assist the subject in
performing the task. The EMG to force ratio was determined by
linear regression.

2) Activation Dynamics Experiment: The EMG to force
ratio provides the static relation between muscle activation and
muscle force. The dynamic relation between muscle activation
and muscle force was determined in a secondary isometric
experiment. The secondary experiment started and ended with
the same isometric push/pull tasks as the main experiment. The
experiment consisted of eight trials of 30 s. During these trials
the subjects performed isometric tasks and were asked to make
block-shaped forces between approximately 25 N push and
pull.

D. Data Processing

1) Signal Recording and Processing: During a trial the force
disturbance d(t), the position of the handle z (), the force at
the handle f3(¢), and the EMG of four relevant shoulder mus-
cles (e1: m. pectoralis major, eo: m. deltoideus anterior, e3: m.
deltoideus posterior, and e4: m. latissimus dorsi) were recorded
at 2500-Hz sample frequency with a 16-bit resolution. Before
recording, the EMG signals were highpass filtered to remove
DC components and movement artefacts (20 Hz, third-order
Butterworth), and lowpass filtered to prevent aliasing (1 kHz,
third-order Butterworth). This study investigates stationary be-
havior and to remove any initial transient effect the first 9464
samples (= 4 s) from each recording were eliminated, leaving
216 samples (= 26 s) for further processing.

The EMG signals were used 1) to estimate the amount of
co-activation expressed by the mean EMG and 2) to construct
the muscle activation a(t). The procedure of EMG treatment is
described previously in [11] and will be briefly summarized. To
improve the quality of the EMG signals a prewhitening filter
is implemented, following the procedures as described in [16].
The power spectral densities of the EMGs during the maximum
isometric push and pull tasks (25 N) are used to obtain the pa-
rameters of the prewhitening filter (sixth order).

For small variations in muscle co-activation it reasonable to
assume that the intrinsic muscle visco-elasticity linearly scale
with the co-activation level [ 17]. Therefore, mean EMG, ug, was
determined as a measure for muscle co-activation. To calculate
the mean EMG the integrated rectified EMG, IEMG, of each
muscle during a trial was calculated

n

1
IEMG; = — w,i\lk 1
Gi= 23 fewatt) m

k=1

in which e, ; is the prewhitened EMG of muscle ¢, k£ indexes
the time vector, and n is the number of samples. The mean EMG
was calculated, according to

1 < IEMG;

1=

@

ug =

where IEMG,.¢ ; denotes the IEMG for muscle ¢ of the refer-
ence condition (WB stiff) averaged over the four repetitions.

To calculate the muscle activation, a(t), the EMG signals are
scaled and expressed into Newtons. The force to EMG ratio
of each muscle, K, is estimated from the push/pull tasks by
linear regression. The (lumped) muscle activation is obtained by
combining the rectified prewhitened EMGs of the four recorded
muscles

a(t) = 5 (K lew (5] + Ko ew (1)

+

% (K3 |ews(t)] + Ky lewa(t)])

1 4
=5 > Kilewi(t)] A3)
i=1

In this equation it is assumed that both “push” muscles (1 and
2) have equal relevance and consequently the total push force is
equal to the mean of both muscles. The same holds for the “pull”
muscles (3 and 4). Note that K and K are positive and K3 and
K, are negative, as the muscles operate in opposite direction.

2) Nonparametric Analysis: The time records (xp(t), fr(t),
d(t), and a(t)) of the four repetitions for one condition are av-
eraged to reduce the variance due to noise in the signals. The
signals are transformed to the frequency domain using the fast
Fourier transform (FFT). Because force disturbances are ap-
plied, interaction between the subject and manipulator existed,
i.e., the position of the handle depends on both the dynamics
of the subject and the virtual environment imposed by the ma-
nipulator. Because of this interaction closed loop identification
algorithms are required to estimate the frequency response func-
tions (FRFs) of the mechanical admittance H #2(f), and re-
flexive impedance H,,(f) [11]

) _ éd:r(f)
Hgo(f) = C?df(f) 4)

where G‘d_r( f) is the estimated cross spectral density between
d and zj, (hat denotes estimate). The spectral densities are av-
eraged over four adjacent frequencies to reduce the variance of
the estimations [18]. As a measure for linearity between the sig-
nals the coherence for the position (42(f)) and muscle activa-
tion (42(f)) were estimated.

V)

2(f) == - (©6)

2(f) == - : (7
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The coherence varies between 0 and 1 and decreases due to ex-
ternal noise and nonlinearities. The FRFs and coherences were
only evaluated at the frequencies where the perturbation signal
had non-zero power.

3) Quantification of Activation Dynamics: As described pre-
viously a secondary experiment was performed to estimate the
muscle activation dynamics. During isometric experiments the
relationship between the muscle activation a(¢) and handle force
fn(t) depends on the activation dynamics only. As the muscle
activation was scaled to force the muscle dynamics have unity
static gain. The activation dynamics H,.(f) were estimated by
dividing the appropriate spectral densities with the aid of an in-
dependent instrument variable [14]

Hact(f)szEg (8)
L ] ;
sl = G e ) )

with w as the instrument variable for which a signal with power
uniformly distributed between 0.1-20 Hz was used. To improve
the estimations the spectral densities are averaged over four ad-
jacent frequencies.

The activation dynamics are parametrized by with a second-
order model [19]-[21]

1
Hac S, Pact) =
t(pt) $82+2w—'88+1
with
Pact = [f(]ng] (10)

in which s the Laplace operator equals 72 f, fy is the eigenfre-
quency (fo = wo/2m), B the relative damping of the activation
dynamics model, and p,. is the parameter vector.

The activation dynamics were obtained by fitting the model
(10) onto the estimated activation dynamics (8) by minimizing
the criterion function:

A2 (fr)

N 2
Lact(pact) = Z W ‘hl Hact(fk) - hl Hact(fk7pact)
k
(11

where k indexes the frequency vector. Only the frequencies to
10 Hz were used for the criterion as for higher frequencies the
force signal contained little power such that the activation dy-
namics can not be estimated reliably. This is reflected by the
low coherence for these frequencies, see Results. Because of the
large range of the FRF gain a least squares criterion with log-
arithmic difference was used [22]. The criterion was weighted
with the coherence to reduce emphasis on less reliable frequen-
cies in the FRF and with (1 + f;)™" to prevent excessive em-
phasis on the higher frequencies. To obtain a better fit one set
of parameters was used to fit the model simultaneously on all
8 trials for each subject. Finally the activation parameters were
averaged over all subjects and used to quantify the intrinsic and
reflexive parameters in the main experiment.

4) Quantification of Intrinsic and Reflexive Properties: The
model used to quantify the proprioceptive reflexes along with

D(s)
Hix(s)
ok X
XS Hx(s)
Hret(8)[EdH o(s)
Harm(S)

Fig. 3. NMS model Hy,(s) in conjunction with the environment H.(s).
The external force disturbance D(s), hand force F}, (s), position of the handle
X1 (s), and muscle activation A(s), are measured. H,(s) represents grip
dynamics, H;,(s) intrinsic properties, H,..(s) activation dynamics, H.er($)
reflexive feedback, and X () position of the arm. The light gray box (Harm(s))
represents the arm model without grip.

the intrinsic muscle visco-elasticity and limb mass is given in
Fig. 3. The position of the handle, x;, results from (1) the ex-
ternal force disturbance, d, (2) human arm admittance, H s, and
(3) the admittance of the virtual environment, H,.. The virtual
environment is applied by the manipulator as a second-order
system of which the parameters are varied between trials, see
also the apparatus

1

_ 12
mes2 + bos + ke a12)

He(s) =
with s = 527 f.

The parameters of the model (gray boxes in Fig. 3) are sum-
marized in Table I. The grip dynamics of the hand are repre-
sented by H,(s)

Hy(s) = bgs + ky. (13)
The intrinsic model, H;, (), includes the visco-elasticity of the
co-contracted muscles and the (lumped) arm mass. For small
displacements the intrinsic visco-elastic properties of muscles
can be described by a linear spring-damper system [23]

1

_— 14
ms2 + bs + k (14

H; int(s) =

The reflexive dynamics, H,.(s), represents the muscle spindle

sensory system modelled by an acceleration (k,) velocity (k,)

and position (k) term in series with neural time delay, 74

Hiet(s) = (kas® + kus + ky) €775 (15)

From the equations (10)—(15) the arm dynamics, excluding
grip dynamics, can be derived

X(s) Hin(s)
Ha.rrll S = =
)= Fe(5) = TF Hone(5) Hoer (5) o (5)
1
C ms2 +bs + k + (kos? + kys + kp) e~Tas Hogi ()

(16)
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TABLE I
MODEL PARAMETERS TO BE QUANTIFIED
m [kg] arm mass
b [Ns/m] muscle damping
k [N/m] muscle stiffness
bg [Ns/m] grip damping
kg [kN/m] grip stiffness
kq [Ns2/m]  acceleration feedback gain
ky [Ns/m] velocity feedback gain
kp [N/m] position feedback gain
T4 [ms] neural time delay

where X (s) and F},(s) are the Laplace transforms of the arm
position and hand force respectively. Finally the mechanical ad-
mittance and the reflexive impedance are modeled by

wa(SP) = )F{:((j)) = Harm(s) + Hg_l(s) 17
LA g H(
Hma(svp) = Xh(s) = Hrcf( )Hg(s) i Ha_rrln(S) (18)

in which p is the parameter vector
p= [m7 b7 k7 bg7 kg; ka; k'm k;D?Td] .

Note that when the grip becomes very stiff, H, -1 (s) approaches
to zero, such that the mechanical admittance, H ¢, (s), will be-
come equal to H,,p, (s) while the reflexive impedance, H..,(s),
to H, ref(s).

The model parameters are quantified by fitting the models
[(17) and (18)] to the corresponding FRFs [(4) and (5)] simul-
taneously, by minimizing the following criterion function:

292 "
L) =Y ij’;g [0 g (i) = 0 Hipa (o)
k

1+
AT ’
+q D ’111 Hao(fi) - In Hm(fk,p)’ (19)

’2

with ¢ as a weighting factor. Only frequencies where the per-
turbation signal contained power were included in the criterion.
A weighting factor of 0.09 was chosen such that both terms in
(19) had approximately equal values in the optimal fit.

The parameters of the conditions with WB disturbances, i.e.,
with and without damping and WB task slack, were estimated si-
multaneously (six conditions). During this simultaneous model
fit one variable for the mass and one for the neural time delay
were used for all six conditions. Except for the WB condition
task slack, the damping and stiffness for the arm and the grip
scaled between the conditions simultaneously with the mean
EMG, UuQ

b =1Uup - bref

k= Uo - kref
bg =1ug bg,rcf

]{Jg =Ug - kg’ref (20)

in which ¢ denotes the parameter value in the reference condi-
tion. For the condition with task slack only the admittance was
fitted (¢ = 0) and the reflexive parameters were omitted. The
only function of the slack condition was to get a better estimate
for the mass. Finally, the number of parameters was reduced

from 54 (six conditions with nine parameters) to 25 (one mass,
one time delay, four muscle and grip parameters for the refer-
ence condition, four idem for task slack and three reflex gains
for five conditions).

For the NB conditions the FRFs can only be estimated for the
limited bandwidth and therefore contain not enough information
to estimate the nine model parameters. To overcome this, it was
assumed that the intrinsic parameters (muscle and grip) scaled
with mean EMG using the intrinsic parameters estimated from
the reference condition (WB stiff), see (20). Furthermore the
mass and the neural time delay were fixed to the values found
with the WB conditions. Consequently the parameter vector for
the NB conditions was reduced to the reflexive parameters only:

p= [kaakv; kp] .

5) Model Validation: The variance accounted for (VAF) is
calculated to obtain a validity index for the quantified parame-
ters. A VAF of 100% indicates that the linear model fully pre-
dicts the measurements. Noise, nonlinearities and other unmod-
elled behaviour reduce the VAF. Note that a low coherence
(noise or nonlinearities) always results in a low VAF values.

To calculate the VAF the model is simulated in time with
the disturbance d(¢) as input and the simulated position & (t)
and simulated muscle activation a(¢) as the outputs. Because
both the hand position and muscle activation are available from
measurements, the VAF is calculated for both

Z |$h(tn) - jh(tn)|2

VAF, =1 — ST r 1)
> lalts) — a(ta)|”
VAF,=1- "= (22)

> fa(t)”

in which n indexes the time sampled vector. All signals are
highpass filtered to remove drift, before calculating the VAF
(3th order Butterworth, 1 Hz). The lumped muscle activation
signal is reconstructed from rectified EMG signals and conse-
quently contains high frequency components. To remove these
components the lumped muscle activation is lowpass filtered
(third-order Butterworth, 10 Hz) before calculating the VAF.

III. RESULTS

A. Activation Dynamics

Fig. 4 shows the estimated FRFs of the activation dynamics
and the coherence for a typical trial of one subject. For this trial
the coherence was relatively high to 8 Hz, meaning that the es-
timate of the FRF is reliable to this frequency. For frequencies
beyond 8 Hz the coherence dropped, which was likely the result
of low input power at these frequencies. Similar figures were
found for other trials and subjects. Fig. 4 also shows the fitted
model for the activation dynamics for this subject. The lower
plot of Fig. 4 shows the time course of the measured and pre-
dicted hand force. The predicted force resembled the recorded
force very well, only at the sharp transits, i.e., higher frequen-
cies, the force slightly deviated from the measurements. How-
ever during the main experiment these higher frequencies were
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act’ fh =>a

phase [°]

RMS VALUE OF THE HAND POSITION AND MEAN EMG, u, FOR ALL

TABLE III

CONDITIONS. MEAN (SD) OVER ALL SUBJECTS

condition RMS [mm] uo [-]

WB 3.3(0.4) 1(-)

B50 50 Ns/m 3.1(0.6) 1.02 (0.05)
B100 100 Ns/m 3.1 (0.4) 0.95 (0.05)
B150 150 Ns/m 3.2 (0.5) 0.96 (0.09)
B200 200 Ns/m 3.2 (0.5) 0.93 (0.10)
NBI 1.2 Hz 3.1(0.8) 0.95(0.11)
NB1 1.5 Hz 3.2(0.8) 0.94 (0.11)
NBl 18 Hz 3.2(0.7) 0.95 (0.12)
NBl1 2.4 Hz 3.5(0.9) 1.01 (0.11)
NB1 3.1 Hz 3.7 (0.6) 1.01 (0.09)
NBl1 3.7 Hz 3.3(0.6) 0.99 (0.12)
NB2 1.3 Hz 3.0(0.5) 0.98 (0.12)
NB2 1.8 Hz 2.9(0.7) 1.05 (0.11)
NB2 23 Hz 3.0 (0.8) 0.99 (0.10)
NB2 3.0 Hz 2.7(0.5) 1.03 (0.13)
NB2 40Hz 3.0(0.7) 1.06 (0.16)
NB2 5.0 Hz 2.5(04) 0.95(0.11)
NB2 6.0 Hz 2.1(04) 0.97 (0.16)
NB2 7.0 Hz 1.8 (0.3) 0.98 (0.16)

0

10
frequency [Hz]

nN s
[ =]

muscle force [N]
o

_40 . . . . . .
0 5 10 15 20 25 30

time [s]

Fig. 4. From top to bottom: gain and phase of the FRF of activation dynamics,
coherence, and a 10-sfragment of the recorded hand force. Black lines: model/
simulation; gray lines: estimation/measurement.

TABLE II
ESTIMATED EIGENFREQUENCY, fo, AND RELATIVE DAMPING, (3, OF THE
ACTIVATION DYNAMICS FOR ALL SUBJECTS

subject fo [Hz] B[]
1 1.88 0.80
2 2.58 0.77
3 2.03 0.74
4 2.00 0.74
5 2.37 0.64
mean (SD)  2.17 (0.29)  0.74 (0.06)

dominated by the arm mass and the mismatch will be of little
concern.

In Table II, the estimated parameters are given for all subjects.
The average values over the subjects were 2.17 Hz for the eigen-
frequency and 0.74 for the relative damping. These values were
used for the estimation of the intrinsic and reflexive parameters.

B. Nonparametric FRFs

In Table III the average RMS of the hand position over the
subjects is given. The RMS of the hand position was always
approximately 3 mm, except for NB Type 2 disturbances with
center frequencies higher than 5 Hz. These disturbances only
contained power above the eigenfrequency of the arm, which
is approximately 3 Hz. The admittance at these frequencies was

primarily determined by the arm mass, which would require un-
comfortably large forces to accelerate the arm. For this reason
the amplitude of the force disturbance was reduced explaining
the smaller amplitudes. The mean EMG varied slightly around
one, indicating that the co-activation of the muscles was almost
equal for all stiff conditions (Table III).

Figs. 5-7 show the FRFs and coherences for one and the
same subject during the WB, NB1, and NB2 conditions respec-
tively. For all conditions the coherence of the handle position
was higher than 0.95. The coherence of the muscle activation
was relatively high for the frequencies between 1 and 10 Hz.
With external damping the admittance decreased at low fre-
quencies compared to the WB condition (i.e., the arm became
stiffer), and the peak at the eigenfrequency around 3 Hz in-
creased. Note that the combined arm-environment system re-
mained well damped due to the external damping. The gain of
the reflexive impedance increased with damping (upper-right
plotin Fig. 5). The phase of the reflexive impedance is primarily
determined by velocity feedback (differential action introducing
90 degrees phase advance at all frequencies), position feedback
(zero degrees for all frequencies) and a time delay (zero phase
lag at 0 Hz and increasing lag with higher frequencies). With
the reference condition (WB stiff) the phase advance at 0.5 Hz
was approximately 70 degrees, indicating that at these frequen-
cies velocity feedback was substantial. With the increase of the
external damping the phase advance at 0.5 Hz decreased, indi-
cating that position feedback was more pronounced.

For NB1 conditions the admittance decreased with de-
creasing disturbance bandwidth (see Fig. 6). The peak around
the eigenfrequency was not visible since the eigenfrequency was
not excited by the NB1 disturbances. The reflexive impedance
increased for smaller disturbance bandwidth and was almost
three times larger for the smallest bandwidth compared to the
reference condition.

For all NB2 conditions the gain of the admittance was lower
compared to the reference condition (Fig. 7). However the re-
flexive impedance was increased for center frequencies up to
3 Hz, and smaller for higher center frequencies. The phase lead
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Fig. 5. FRFs of a typical subject for the mechanical admittance (left) and the
reflexive impedance (right) together with corresponding coherences for WB dis-
turbances with increasing damping. Upper row: gain; middle row: phase; bottom
row: coherences.

of the reflexive impedance was larger compared to the reference
condition at nearly all frequencies.

C. Intrinsic and Reflexive Parameters

In Fig. 8 the model fit is shown for a typical subject during the
reference condition. In Table IV the estimated parameters for the
reference condition are given, together with the parameters for
the condition with task slack. Fig. 9 shows the quantified param-
eters averaged over all subjects for all conditions together with
the VAF values for position and muscle activation. The values
for VAF,, (solid lines in Fig. 9) were generally high, i.e., higher
than 90%. Only for the NB1 conditions with f; smaller than 2
Hz the VAF,, was slightly smaller. The values for VAF, varied
around 50% for most conditions. Both the coherence and the
VAF for the muscle activation were smaller than one, most likely
due to the presence of noise in the EMG recordings. To severely
reduce the noise in the signals all irrelevant frequencies, i.e., not
excited by the force disturbance, were removed from the mea-
sured position and muscle activation. Noise reduction was per-
formed by applying FFT, setting power to zero at all irrelevant
frequencies, and then inverse transformation to time domain (by
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Fig. 6. FRFs of a typical subject for the mechanical admittance (left) and the
reflexive impedance (right) together with corresponding coherences for NB1
disturbances. Upper row: gain; middle row: phase; bottom row: coherences. The
power of the disturbances is concentrated in a small bandwidth denoted with the
black lines. The gray line denotes the reference condition.

inverse FFT). The VAF values for these noise-reduced signals
are indicated with gray lines in Fig. 9. The usage of the noise-re-
duced signals increased the VAF, to values around 60% for the
damping conditions and even to 90% for the NB2 conditions.
The VAF,, increased to values above 90% for all conditions.

The acceleration feedback decreased with damping from
around 2 Ns? /m for the reference condition to 1 Ns? /m for the
highest external damping. As expected from the FRFs of the
reference condition, the reflexive impedance was dominated
by velocity feedback, which was approximately equal to the
intrinsic damping. The position feedback gain increased with
external damping, while velocity feedback remained almost
constant. For the condition with the highest external damping
the position feedback was in the same size as the intrinsic
stiffness. This implicates that for this condition approximately
50% of the overall stiffness is of reflexive origin.

For the NB1 conditions both position and velocity feedback
increased with decreasing bandwidth. For the largest bandwidth
the reflex gains approached to the values corresponding to the
reference condition. The mean values for the acceleration feed-
back gains did not show a clear trend with external damping. For
the smallest bandwidth the standard deviations was relatively
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Fig. 7. FRFs of a typical subject for the mechanical admittance (left) and the
reflexive impedance (right) together with corresponding coherences for NB2
disturbances. Upper row: gain; middle row: phase; bottom row: coherences. The
power of the disturbances is concentrated in a small bandwidth around a center
frequency denoted with the circles. The gray line denotes the reference condi-
tion.

high, most likely as acceleration feedback has minor effect on
low frequencies.

For the NB2 conditions both the acceleration and velocity
feedback increased with decreasing center frequency. The stan-
dard deviation of the position feedback is high and no trend is
seen over the conditions. The high standard deviation indicates
that the position feedback gain can not be quantified accurately
for these conditions and has minor effect for these disturbances.

IV. DISCUSSION

A. Methodology

In this study a method is developed to quantify the dynamic
properties of proprioceptive reflexes in vivo. This method is an
important tool to evaluate the regulation of proprioceptive re-
flexes during posture tasks. The use of force disturbances ap-
peared natural to the subjects and facilitates the application of an
unambiguous position task. Reflex gains were quantified by fit-
ting linear models onto estimated input-output behaviour. Both
the mechanical admittance and reflexive impedance were esti-
mated on which a linear NMS model was fitted. The incorpora-
tion of the reflexive impedance into the quantification method is
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Fig. 8. Top: FRFs of the admittance (left) and reflexive impedance (right) for
reference condition for a typical subject. Gray lines: estimates; black lines:
model fits. Bottom: a 3 second time fragment of the handle position, 2, (t), and
the muscle activation, a(t). Gray: measurements; black: model simulations.

new and gives direct insight into the contribution of the under-
lying reflexive feedback system to the overall mechanical be-
haviour of the arm. The method has the advantage that intrinsic
and reflexive parameters, including the neural time delay, can
be estimated simultaneously.

The estimated coherences were high, justifying the usage of
linear models. Below 1 Hz and above 10 Hz the coherence of
the muscle activation was relatively low, which is likely is the
result of uncorrelated corrective muscle contractions to prevent
drifting of the hand position and noise inherent to EMG. The es-
timated FRFs of the arm admittance showed that reflexes are ef-
fective in increasing the mechanical resistance to external force
disturbances, as indicated by smaller mechanical admittance
and higher reflexive impedance (Figs. 5-7 ). The quantified pa-
rameters resulted in accurate model predictions of both hand po-
sition and muscle activation, as proved by the high VAF values
for almost all experimental conditions. The small standard devi-
ation of the estimated time delay indicates that this parameter is
obtained with high accuracy. As the current method is based on
Fourier analysis, the estimated delay depends on where the sig-
nals have maximum energy. This implicates that the estimated
delay will be several milliseconds larger than compared with
other studies, as the top in the EMG lags the EMG onset. The
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Fig. 9. Estimated reflex gains (k., k., k,) and corresponding VAF values
(VAF,, VAF,). Left column: external damping conditions and the reference
condition (b, = 0 N'S/m); middle column: NB1 conditions; right column: NB2
conditions.

TABLE IV
ESTIMATED PARAMETERS FOR THE REFERENCE CONDITION AND THE
CONDITION WITH TASK SLACK. MEAN (SD) OVER THE SUBJECTS

parameter reference (WB stiff) WB slack
m kgl 2.02 (0.39) — 2.02 (0.39)
b [Ns/m] 32.5(10.1) 144 (4.2)
k [N/m] 382 (181) 169 (45)
bg  [Ns/m] 228 (94) 44 (32)
kg  [kN/m] 11.7 (6.0) 2.6(1.9)
ke  [Ns2/m] 2.3(0.5) Zero
kv [Ns/m] 37.4(16.3) Zero
kp  [N/m] 91 (145) Zero
74  [ms] 28.4 (4.9) -

exact lag depends on the location of the EMG electrodes over the
muscle, the distance to the innervation zone and interelectrode
distance. Given the mentioned effect, the mean delay of + 29 ms
indicates that the identified reflexive feedback system is medi-
ated via monosynaptic neural connections, i.e., the short latency
spinal pathways. Clear trends in the estimated reflex gains were
seen which indicate that the reflex system adapts to the external
condition applied. This study shows that for some condition half
of the joint stiffness is of reflexive origin.
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Fig. 10. Gain (upper row) and phase plots (bottom row) of the reflexive feed-
back H,.¢(f) (left column), the activation dynamics H,.¢(f) (middle column)
and the combined feedback controller as the cascade of both models H ¢ ( f)*
H,e(f) (right column). Parameter sets corresponding to the estimated values
for the reference condition (black lines) and the NB1 (f,, = 1.2 Hz) condition
(gray lines).

The values of the activation dynamics (Table II) have some
variations between the subjects, especially the eigenfrequency
(f5)- The average values for the activation dynamics obtained
from the secondary experiment were used in the analysis of the
main experiment. Setting these values constant may influence
the solutions for the reflex gains. To investigate the sensitivity of
the reflex gains to the dynamics of muscle activation, the eigen-
frequency of the activation filter was varied by +10%. The ef-
fect on the reflex gains and the other parameters was small. De-
creasing the eigenfrequency by 10% resulted in a shift from re-
flexive stiffness (k) to intrinsic stiffness (k) of approximately
70 N/m. Increasing the eigenfrequency by 10% had a smaller
and opposite effect (= 25 N/m). The effect on the other pa-
rameters as well as the VAF were negligable. Although a small
effect was observed the trend of reflex gain variation with the
loading conditions (Fig. 9) is preserved implicating that small
inaccuracies in the activation dynamics will not affect the major
findings of this study.

B. Functionality of Reflexes

The findings of this study add to understanding of the func-
tionality of proprioceptive reflexes. The feedback controller is
the series conjunction of muscle activation dynamics, muscle
spindle dynamics and a time delay. The effect of the feedback
controller is explained graphically from the feedback model
shown in Fig. 10, using two different estimated parameter sets
corresponding to the reference condition (black lines) and to
the NB1 (f;, = 1.2 Hz) condition (gray lines). The muscle
spindles tend to increase the feedback gain with frequency (left
column) while activation dynamics causes attenuation with in-
creasing frequency (middle column). As a result, length and
velocity feedback are most effective because these properties
are manifest within the bandwidth of the activation dynamics
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(£2 Hz). Beyond this bandwidth, high frequency gain from ac-
celeration feedback (102 amplification per frequency decade) is
cancelled due to the same amount of attenuation from the acti-
vation dynamics. Hence, the feedback system acts as a propor-
tional-differential-proportional (PDP) controller in series with a
time delay, as can be seen from Fig. 10 (right column). For the
lowest frequencies the gain of the feedback system (upper right
plot of Fig. 10) is proportional; for these frequencies the line is
approximately horizontal. For the intermediate frequencies the
slope of the line is positive, indicating a differential action. And
for higher frequencies the system becomes proportional again.
The effectiveness of the reflexive controller is strongly limited
by substantial phase lag at higher frequencies due to the neural
time delay. Attenuation of the gain at higher frequencies by the
activation dynamics is therefore advantageous to facilitate posi-
tion and velocity feedback, which are effective at low and inter-
mediate frequencies. Without such an attenuation, position and
velocity feedback gains would be severely limited to avoid un-
stable behaviour.

Besides stability as an ultimate bound, the feedback gains
are determined by performance demands. High position and ve-
locity feedback gains decrease the admittances at frequencies
below the eigenfrequency of the arm (£3 Hz), i.e., decrease the
sensitivity to external force disturbance [24], [25]. However, due
to the presence of phase lags from neural time delays and activa-
tion dynamics, high feedback gains also result in oscillatory be-
haviour around the eigenfrequency which worsen performance.
In the case of the NB1 condition containing only low frequen-
cies, the eigenfrequency is not excited and oscillations will not
occur. Therefore, large feedback gains are beneficial to the per-
formance for NB1 conditions (Fig. 10, gray lines). Furthermore,
external damping suppresses the oscillation of the arm such that
large feedback gains are also beneficial for these conditions (see
Fig. 5). Taken together, high feedback gains improve perfor-
mance at low frequencies but tend to destabilize the arm around
the eigenfrequency. Apparently, the CNS modulates the feed-
back gains by trading off performance against stability. Future
model optimisation studies could determine to what extent the
quantified feedback gains found in this study are optimal.

C. Comparison With Previous Work

The experimental conditions applied in the present study
were similar to those used in previous studies by our group
[10], [26]. The main trends in the quantified position and
velocity feedback gains are comparable, albeit that in the pre-
vious studies the velocity feedback gains were underestimated.
The explanation is twofold. The first is presence of reflexive
feedback during the reference condition and the second is the
smaller bandwidth of the muscle activation dynamics. In the
previous studies the reflexive feedback could not be identified
directly and therefore it was assumed that the reflexes were neg-
ligible for wide bandwidth disturbances (reference condition)
in order to separate the intrinsic and reflexive contributions.
This study showed that velocity feedback was indeed present
during the reference condition, hence velocity feedback was
underestimated in the previous studies. In this study the activa-
tion dynamics were quantified, where in the previous studies a

general model was adopted a priori from literature, having a
bandwidth of 5 Hz. This study indicates that such a bandwidth
is too high, and therefore the previously estimated velocity
feedback gains were lower as a compensation.

In this study muscle activation dynamics was modelled as a
second order system. The quantified cut off frequency is 2.17 Hz
and the relative damping is 0.74. These values are comparable to
those found in the literature. Reference [21] found a rather wide
range for trunk extensor muscles (2.0-3.3 Hz) while [20] iden-
tified the elbow flexor and extensor muscles and found values of
1.9-2.8 Hz. [19] estimated values of 1.0-2.8 Hz for lower limb
muscles during walking.

In this study, an acceleration term was included in the re-
flexive feedback to describe the reflexive impedance at higher
frequencies. Reference [27] showed that linearisation of a uni-
directional velocity sensitivity results in higher order terms in-
cluding a pronounced acceleration term. In a recent study, the re-
flexive impedance was estimated from a nonlinear NMS model
including unidirectional velocity sensitivity [28]. The gain and
phase characteristics were comparable to those found in this
study (Figs. 5-7) showing a clear second order (acceleration)
response. This suggests that acceleration feedback is an artefact
of muscle spindle unidirectionality rather than a distinct sensory
function.
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