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Adaptation rate in joint dynamics depends on the time-varying
properties of the environment*

Mark van de Ruit, John Lataire, Member, IEEE, Frans C. T. van der Helm, Winfred Mugge and Alfred
C. Schouten

Abstract— During movement, our central nervous system
(CNS) takes into account the dynamics of our environment to
optimally adapt our joint dynamics. In this study we explored
the adaptation of shoulder joint dynamics when a participant
interacted with a time-varying virtual environment created by
a haptic manipulator. Participants performed a position task,
i.e., minimizing position deviations, in face of continuous
mechanical force perturbations. During a trial the
environmental damping, mimicked by the manipulator, was
either increased (0 to 200 Ns/m) or decreased (200 to 0 Ns/m) in
1 s or 8 s. A system identification technique, kernel-based
regression, was used to reveal time-varying shoulder joint
dynamics using the frequency response function (FRF). The
FREFs revealed that the rate at which shoulder joint dynamics is
adapted depends on the rate and direction of change in
environmental damping. Adaptation is slow, but starts
immediately, after the environmental damping increases,
whereas adaptation is fast but delayed when environmental
damping decreases. The results obtained in our participants
comply with the framework of optimal feedback control, i.e.,
adaptation of joint dynamics only takes place when motor
performance is at risk or when this is energetically
advantageous.

1. INTRODUCTION

Successful performance of skilled movement relies on the
ability of the human central nervous system (CNS) to
adequately predict joint dynamics that is required to
successfully interact with the environment. Moreover, it is
important joint dynamics can be rapidly adapted when
unexpected changes in environmental dynamics occur. An
important way by which the CNS facilitates rapid
adaptations in joint dynamics is by making use of reflexes.
Reflexes are not just simple input-output responses of the
CNS, but are intricate responses which share many
sophisticated properties with voluntary human motor control
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[1]. Hence, the strength of the human reflex feedback
pathways is context dependent and tuned such that
movement goals can be achieved effortlessly and external
disturbances can be easily counteracted [2].

Reflexes are rapid involuntary muscle responses which
together with the muscle’s intrinsic properties determine the
dynamics of a joint [3]. Reflexes are often studied by
applying brief rapid stretches to a muscle, resulting in a
characteristic response in muscle activity. In the upper
extremities this response is composed of a short and long
latency peak. The short latency response (SLR) is considered
to be spinal of origin, whereas for the long latency response
(LLR) may also involve cortical processes [4]. The latter has
been concluded based on observations that the LLR, but not
the SLR, changes with behavioural context, e.g., participant
intent [5], dynamics of the environment [6], and task goals
[7]. For example, participants tend to reduce reflex strength
when interacting with a stiff compared to a compliant virtual
environment [8].

System identification (SI) can be used to quantify and
separate intrinsic and reflexive contributions to joint
dynamics during posture and movement [9, 10]. SI is often
employed under the assumption that joint displacements are
small and acting around a single working point, allowing the
application of linear time-invariant (LTI) techniques either
in time- or frequency domain. However, when interested in
studying joint dynamics during movement, linear time-
varying (LTV) or linear parameter varying (LPV) techniques
are required, as joint dynamics changes with e.g. joint
position and torque [11-13]. Whereas both LPV and LTV
techniques have been successfully employed to quantify
joint dynamics during movement [14-16], up until now this
has only been done when participants adapted joint torque or
position using a predefined pattern. It is still to be elucidated
how joint dynamics is adapted when unexpected changes,
e.g., in the environment, put motor performance at risk.

In this pilot study we demonstrate how a novel LTV SI
method, kernel-based regression (KBR) [17], is used to
study the rate of adaptation in shoulder joint dynamics.
Participants interact with a time-varying virtual environment
while performing a position task [18]. Adaptation in joint
dynamics is required when an unexpected change in
environmental damping is presented, such that the
participant experiences either a transition from an
environment with low (0 Ns/m) to high damping (200 Ns/m)
or from high (200 Ns/m) to low damping (0 Ns/m). It is
hypothesized that joint dynamics is most rapidly adapted
when moving from a high to low damping environment as
an immediate risk to motor performance occurs.
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Fig 1. Overview of the experimental setup and experimental conditions. (a)
A hydraulic manipulator was used to apply force perturbations to the hand of
the participant along the sagittal plane in posterior-anterior direction,
effectively rotating the shoulder, that was interacting with a virtual
environment behaving as a mass-spring-damper system. The arm was aligned
with the piston of the manipulator such that the elbow was at a 90 deg angle
making any rotation of the elbow ineffective in counteracting the
perturbation. A force perturbation d(t) was applied to the handle of the
manipulator while recording the handle position x,(t) and force applied to the
handle f,(t) (b) Environmental damping (be.) was varied across six
conditions. Two time-invariant conditions (left), with either a low (0 Ns/m)
or high damping (200 Ns/m), and four time-varying conditions (right) where
damping changes during the trial from either low to high, or high to low,
damping inl s (‘fast’) or 8 s (‘slow”).

II. EXPERIMENTAL METHODS

A. Participant

Five healthy participants (4 men; 29+5 years, 1 woman;
24 years), with no self-reported history of neurological or
orthopedic arm problems, participated in the experiment. All
participants were right handed. The study protocol was
approved by the human research ethics committee (HREC)
of Delft University of Technology, and all participants
provided written informed consent before participating.

B. Experimental Setup

A force-controlled hydraulic linear manipulator applied
force perturbations to the hand of the participant [19]. The
piston only allows displacements of the handle along the
sagittal plane in posterior and anterior direction. The forearm

D(s)

H,(s): shoulder admittance *
R Fus) b

r\{ » Hg(S) LN VAR

(s)

\ A3

H,(s)

Higo(s)

Fig 2. Representation of the shoulder joint dynamics Hx(s) in conjunction
with the virtual environment of the manipulator He,(s). The shoulder
dynamics is modelled by the grip dynamics Hg(s) and joint intrinsic
properties Hisin(s). Force Fy(s), position Xu(s) and the applied perturbation
D(s) are measured.

of the participants was aligned with the piston of the
manipulator (90 deg elbow angle) and participants were
instructed to maintain a firm grip during all trials. A force
transducer (SENSOTEC — Model 31E — 100NO — 1DOF)
measured the interaction force between the hand of the
participant and the manipulator in line with the direction of
displacement of the handle (anterior-posterior direction).
Because the hand was moved only in the anterior-posterior
direction, rotations of the shoulder and elbow were
interdependent and displacements of the hand can be related
to rotations of the shoulder joint (Fig. 1a). Hence, rotations of
the elbow are ineffective in counteracting any perturbations
but are not explicitly restricted by the experimental setup.

Throughout the experiment, participants minimized the
displacements of the manipulator’s handle while continuous
force perturbations were applied. A monitor was used to
provide feedback on the position of the handle of the
manipulator with respect to the target (reference) position.

A block scheme representing the interaction between joint
and environmental dynamics is given in Fig. 2. The
participants perceived the manipulator as an interaction with
a mass-spring-damper system (H,,,) of which the
parameters are adjustable. In this study, the mass (1mgy,,) was
kept constant at a value of m.,, = | kg, and no virtual spring
was used (ke = 0 N/m). The virtual damping (b)) was
varied during and between trials to provoke time-varying
changes in shoulder joint admittance.

C. Measurement Protocol

Each participant completed 36 trials, divided over six
conditions and each trial lasted 35 s. In two conditions the
virtual damping of the manipulator was time-invariant, while
in the remaining four conditions the damping varied during
the trial. For the time-invariant conditions, damping (beny)
was set to either 0 Ns/m or 200 Ns/m. Damping was
changed from 0 to 200 Ns/m or 200 to 0 Ns/m during the
time-varying conditions. The transition was made in either
Is or 8 s. The conditions are summarized in Fig. 1b.
Presentation of conditions was pseudo-random and
participants were not informed about which condition was
presented. All data was acquired with a sample frequency of
2500 Hz.
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D. Perturbation signal design

To improve the signal-to-noise ratio and to allow the
detection of relevant joint dynamics — random phase
multisine force perturbations were applied to the hand. The
multisine perturbation is defined as:

u(t) = Z Ay cos(wy, t + ¢r,) (1)
ke€Kexc
Thus, the multisine signal is a sum of cosines, with

e angular frequencies wy, = 2wk, /T, where T is the
period length (in s) of the multisine signal,

o K. © N a sparse set of excited frequency bins,
chosen sufficiently separated to ensure the
identifiability of the model (as elaborated in [20]).

e amplitudes Ay, which, in concordance with Keye,
determine the spectral content of the perturbation.

e phases ¢, which are chosen randomly, uniformly
distributed from [0,27].

In this experiment the multisine perturbation had a period of
T = 2" samples (~13 s). As a result, each trial consisted of
two full periods of the multisine and part of the multisine to
fill the 35 s for each trial. The perturbation signal was
designed to justify the use of linear model approximations
by keeping the position deviations small around the
working-point of the shoulder. Therefore, at the start of each
experiment the force perturbation was scaled such that the
displacement of the handle had a root mean square (RMS)
value of ~3 mm for both time-invariant damping conditions
(0 and 200 Ns/m) for every participant. This means that
during the time-varying conditions, the perturbation signal
was scaled online along with the time-varying environmental
damping. The perturbation signal had a bandwidth of 0.5-20
Hz, with equal power across all excited frequencies (Fig.
3a). These characteristics of the multisine perturbation signal
(1) have been chosen based on previous research to allow
characterizing all relevant shoulder dynamics and ensure the
total system can be assumed to behave linearly [19].

E. Data processing and analysis

Data of all trials and participants was processed
individually. As a result data presented is always single trial
data from a single participant.

Pre-Processing: Before further processing the first ~ 9 s
of the each trial in each participants was removed to ensure
that any initial transient effects would not affect the results.
The remaining 2'% samples (~ 26 s) of data, comprising two
periods of the multisine was used for further analysis.

Time-invariant system identification: Conventional linear
time-invariant (LTI) system identification was performed
on the data recorded during the time-invariant conditions [9,
19]. Recorded signals were averaged in time domain across
trials to minimize the variance due to noise in the signals.
Subsequently, the fast Fourier transform (FFT) was used to
transform the averaged signals to the frequency domain.

A spectral estimator for closed loop systems was employed
to account for the interacting dynamics of the joint and the
virtual environment (Fig. 2). Mechanical joint admittance
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Hp, (f) was  determined by estimating the frequency
response function (FRF) using:

~ S
i, = S
Sar(f)
where S, (f). is the estimated cross spectral density
between d(t) and xj(t) and §df(f). is the estimated cross
spectral density between d(t) and f;,(t).

Time-variant system identification: The parametric
identification technique proposed in [17] for linear time-
variant systems was used to quantify joint dynamics during
the time-varying conditions. This method assumes that the
system's input and output signals, in this case f,(t) and
xy (t), satisfy the following linear differential equation:

2

Ng n Np n
xp () = —Z an(t)d;—;(t)+2bn(t)d££t) A3)

The coefficients to be estimated, a,(t) and b,(t), are
functions of time and, thus, allow for time-varying properties
of the estimated dynamics. They are estimated via kernel-
based regression. This implies that the cost function to be
minimized includes a regularization term which imposes a
structure on the estimated coefficients. This regularization
term is the squared norm of these coefficients in the
reproducing Kernel Hilbert space, induced by a chosen
kernel. For this work, the squared exponential radial basis
function (RBF) kernel is used, given by:

—(t=t"?
K(t,t)=ye o , t,t'=0,T,,..,(N—1)T, 4)
with hyperparameters o and y determing the properties of
the kernel. The RBF kernel is known to impose smoothness
on the estimated coefficients which is determined by o
(higher ¢ results in a higher smoothness), while y is a
regularization parameter which allows to tune the trade-off
between the bias and the variance on the estimated
parameters.
The estimator is formulated in the frequency domain: the
estimate minimizes the sum of i) the squared norm of the
spectral difference between the left and right hand side of
(3) in the frequency band of interested, and ii) the
regularization term to impose the structure on the estimated
coefficients. For the purpose of this study, we assumed
o=~5sandy =6-107*
Fig. 2 shows that the total shoulder admittance Hp,(s) is
composed of the dynamics of the shoulder joint Hjyin(s)
and the grip dynamics Hy(s), representing the interaction
between hand and manipulator. The joint and grip dynamics
are assumed to be represented by the following systems [18]:

1
Home(S) = 12 Ths vk ©)

Hy(s) = b.s+ k. (6)

in which s is the Laplace variable and equals j2mf (f
represents the frequency) when evaluated on the imaginary
axis. Hj,in¢(s) represents the intrinsic and reflexive joint
dynamics where / is the limb inertia, b the joint viscosity and



2 5
AN a
0 5 10 0 5 10 15 20
time (s) frequency (Hz)
(a)
£ 200
€ 100}
< . . . .
e
L
=
z
A
220 1 H . HIE
0 5 10 15 20 25
time (s)
(®

Fig 3. Raw data records. (a) The multisine force perturbation signal in time
(left) and frequency domain. Frequencies between 0.5 — 20 Hz were excited.
(b) (top) The time-varying damping across the trial during which the
environmental damping changed from low-high in 8 s. Raw position (middle)
and force data (bottom) for a representative trial.

k the joint stiffness. Hy(s) represents the grip dynamics, a
simple spring-damper system where b, is the contact
viscosity and k, the contact stiffness.

The overall system representing the mechanical joint
admittance from joint torque (Fj(s) — and taken equivalent
to the position of the handle of the manipulator) to joint
position Xy (s) is then:

14 Hjpine (s)Hy (s)
Hy(s)

fo(s) =
(7
B Is?+ (b +b.)s + (k + k)
"~ 183+ (beb + koD)s? + (bok + keb)s + kk,

Therefore, to comply with the model structure in Eq. (7) the
order of N, and N, in Eq. (3) was chosen as 3 and 2
respectively.

Low-frequency admittance: A single joint property was
extracted from the time-varying FRF and defined as the low-
frequency admittance, representative for the inverse of the
joint stiffness. The low-frequency admittance was
determined as the average joint admittance across the
frequency range of 0.5-2 Hz. This measure is used to reveal
adaptations in joint admittance over time when faced with
changing environmental conditions.

III. RESULTS

Data from a single representative participant is presented.
Hence, data from all other participants demonstrated similar
trends and main effects. Fig. 3b shows raw hand position
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and force data for a single trial during which the damping
was changed from 0 to 200 Ns/m.

LTI system identification was used to study the two time-
invariant conditions (Fig. 4). For this participant, the primary
differences are a higher resonance peak, and lower
admittance at low frequencies, when there is a higher
environmental damping (200 Ns/m).

An example of a time-varying FRF is provided in Fig. 4
(lower panel). In this trial, damping was changed from 0 to
200 Ns/m in 8 s, starting after ~9s in the trial. Consequently,
a slow reduction in admittance at the low frequencies is
observed up to a new ‘steady state’. For all conditions, and
all trials, the mean admittance across the frequency range
0.5-2 Hz (‘low-frequency admittance’) is visualized in
Fig. 5. Adaptation is fast but delayed with respect to the
onset of change in damping, when damping is changed from
200-0 Ns/m, whereas slow but immediate adaptation is
observed for damping 0-200 Ns/m conditions.

IV. DISCUSSION

This pilot study demonstrates that the tested healthy
participants can flexibly tune their joint dynamics under
changing environmental properties.

------

-----
---------------------
ey
.
"y
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Fig 4. Data of a single trial in a representative participant (top) Frequency
response functions (FRFs) - Xy (s)/Fiu(s) - magnitude and phase, for the two
time-invariant conditions. (bottom) Magnitude of the frozen FRF across the
full trial where the damping was changed from low-high (0 to 200 Ns/m) in 8
s (start and end of transition indicated by dashed black lines). The black solid
line represents the admittance at the lowest frequency (~0.5 Hz) and
demonstrates the time-varying admittance.
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Fig 5. The low-frequency magnitude of the admittance FRF for the 6 trials
of each time-varying condition of a single participant. The black line (top
right panel) represents the same time-varying trial as in Fig. 4.

The delay and rate of adaptation with which joint
dynamics is adapted following a change in environmental
damping depends on both the speed and direction of change,
i.e. whether the environment provides more or less damping.

In line with our hypothesis, joint dynamics is most rapidly
adapted when a change from a high (200 Ns/m) to low
damping (0 Ns/m) environment occurred. This contrasts the
slower adaptation when moving from a low to a high
damping environment. Moreover, the onset of adaptation is
later when the environment initially has a high damping
compared to when having a low damping.

While results should be interpreted with care, provided the
low number of participants, they are supportive to the theory
of optimal feedback control (OFC). OFC has been
successfully used in voluntary motor control to explain
changes in control behaviour by weighing costs (i.e., energy
expenditure) and benefits (motor performance) [2, 21, 22].
In a position task it is assumed the CNS controls stability of
the total system, the joint together with the environment, and
continuously adapts joint dynamics to optimally function in
the environment experienced [18]. However, adaptation will
only occur when this is energetically advantageous and
improves motor performance. Hence, when transitioning
from an environment with high to low damping, there is only
need to adapt joint dynamics when there is risk of the total
system becoming unstable. This occurs much later in the 8 s
transition than the 1 s transition. Likewise, when
transitioning from an environment with low to high
damping, stability of the joint can be reduced without
affecting performance but reducing energetic demand. The
latter can be achieved by increased use of reflexes rather
than co-contraction. Reflexes have an inherent time delay
which results in oscillations and a higher resonance peak
[18]. This is no risk to motor performance when the
environment provides damping of these oscillations. It can
be concluded that for the participants in this study, there

exists a trade-off between the speed by which joint
mechanics is adapted and the risk for the total system to
become unstable.

Humans can regulate their joint dynamics by using either
co-contraction or reflexes when interacting with time-
varying environments [6, 23, 24]. An increased use of
reflexes has been used to explain the changes in joint
dynamics when performing a position task in an
environment with high damping (b.,, = 200 Ns/m) compared
to when performing the same task in an environment with
low damping [18]. This has been concluded from the
increase in the resonance peak when moving to an
environment providing more damping and the reduced
admittance (higher stiffness) at low frequencies, reducing the
joint’s sensitivity to joint perturbations (Fig. 4). Based on
these results, it is reasonable to assume that for the
participants tested in this pilot study, changes in reflex
strength underlie the observed time-varying joint dynamics.

Future work should extend these results to a larger sample
size, validate the adopted model orders and hyperparameters
and quantify the intrinsic and reflexive contributions to the
observed adaptation in joint dynamics. This will open up the
way to further explore how the CNS controls our joint
dynamics and how CNS damage impairs movement control.
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