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1 Introduction

Previous research has identified two major non-stepping
strategies used to recover balance following mechanical per-
turbations: ankle and hip strategy [1,2]. These strategies are
selected depending on e.g. the perturbation magnitude, prior
experience, and configuration of the support surface [2] in
order to control the posture (upright trunk and leg orienta-
tion) and angular momentum [3, 4]. Following an external
mechanical perturbation, both body posture and angular mo-
mentum depend, in part, on passive properties of the body,
such as the amount and distribution of mass. Simple me-
chanical models, like the inverted pendulum (IP) [4, 5] or
the double IP [6] suggest an approximately linear inverse re-
lationship between the inertia of a perturbed body segment
and the resultant acceleration and, presumably, also the seg-
ment deflection.

However, our recent perturbation experiments have
yielded surprising results: when fixed-magnitude impulse-
like moments were applied to the trunks of subjects with
differing body mass, the resulting angular deflection of the
trunk did not appear to be correlated with the body mass (or
moment of inertia). It remains unclear how the use of the
above-mentioned balance strategies scale with inertia. Here,
we propose to investigate these (potentially naı̈ve) concep-
tual assumptions by comparing these empirical results with
a simulation model, focussing specifically on the hip strat-
egy and the associated control of trunk posture in the sagittal
plane. This is relevant in order to understand how (i) pertur-
bation responses might depend on the subject’s mass, and
(ii) how changes in mass, through e.g. increased body mass
or load carriage, might affect the person’s ability to recover
balance after perturbations.

2 Methods and preliminary results

In order to isolate the response of the hip strategy, we
conducted perturbation experiments using a new type of
wearable device that exerts controlled moments on the trunk
and avoids horizontal forces on the centre of mass (CoM)
that might invoke other (e.g. stepping) responses [7].

Forty discrete impulse-like (300 ms burst of magnitude
50 Nm) perturbations were randomly applied to the trunk
in the sagittal plane, in equal quantities in both directions:

‘positive’ moments resulting in hip flexion and forward
trunk pitch with respect to the initial posture, and ‘nega-
tive’ moments resulting in hip extension and backward trunk
pitch. This was repeated for 11 subjects (1 female, 10 male),
and resulted in trunk pitch angles of up to 17° and horizontal
centre of mass (CoM) deflections below 2 cm.

We estimated the moment of inertia of the head, arms,
and trunk (HAT) about the hip joint from normalized anthro-
pometric data [8] scaled by the height and mass of each sub-
ject, and combined with an estimate of the the CoM (mean
per trial) and inertia of the borne device. For the 11 subjects,
the HAT plus perturbator (HATP) moments of inertia about
the hip joint ranged from 16 to 27 kgm2.

In response to a perturbation of fixed magnitude applied
to the trunk, the passive dynamics of the trunk would sug-
gest a linear relationship between upper-body moment of in-
ertia and maximum deflection. By simplifying the HATP
as a single rigid body and considering the lower body as
approximately stationary, the transfer function between the
perturbing moment τ and trunk angle θ would be as follows:

θ(s)
τ(s)

=
1

Js2 +ds+ k′

=
K

s2 +2ζ ωns+ω2
n
=

K
(s+ζ ωn)2 +ω2

d
, (1)

where k′ = (k−mgzCoM) is the net effective stiffness of the
hip, J is the moment of inertia of the HATP about the hip,
d and k are the apparent viscosity and stiffness of the hip
joint, m is the mass of the HATP, g is the gravitational ac-
celeration, and zCoM is the location of the CoM of the HATP
relative to the hip joint. In addition, K = J−1 is a static gain,
ωn = ( k′

J )
1
2 is the undamped natural frequency, ζ = d

2(Jk′)1/2

is the damping ratio, and ωd = (1− ζ 2)
1
2 ωn is the damped

natural frequency.

The impulse response is found by taking the inverse
Laplace transform of Eq. (1):

θ(t) = L −1
{

θ(s)
τ(s)

}
=

K
ωd

e−ζ ωnt sin(ωdt) . (2)

Thus, the peak trunk angle is expected to be proportional
to K

ωd
. For rotation about the ankle, Peterka reported that



0.04 0.05 0.06

J-1 in (kg m2)-1m
a

x 
ch

a
n

g
e

 in
 t

ru
n

k
 p

it
ch

 in
 ˚

J-1 in (kg m2)-1

10

12

14

16

18

20

0.04 0.05 0.06
-16

-14

-12

-10

-8

-6

a b

Figure 1: Maximum trunk pitch deflection for both (a) pos-
itive and (b) negative perturbations versus the inverse of the
upper-body moment of inertia. Shown in each are all 20 rep-
etitions of all 11 subjects (blue points) with linear regression
model (red line).

the effective ankle joint stiffness and damping scale linearly
with body moment of inertia [9]. If it is assumed that this
is also the case for the trunk rotating about the hip joint, the
normalized quantities ωn, ζ , and ωd will be unaffected by
changes in body inertia. However, the amplitude of the im-
pulse response still scales linearly by K = J−1, which sug-
gests that impulsive moments of fixed magnitude will cause
larger and heavier persons to deflect less than their smaller
and lighter counterparts.

Surprisingly, this was not found to be the case during our
experiments. Our data (Fig. 1) showed that inertia was only
a poor-to-moderate predictor (positive moment: R2 = 0.11,
p = 1.87e−7; negative moment: R2 = 0.40, p = 8.92e−26)
for the observed peak trunk rotation (appeared usually af-
ter 300 to 400 ms). A high intra-subject variability was also
observed – it is hence unclear to what extent other subject-
specific factors, such as muscle activation timing and mag-
nitude, or reliance on a certain coordination strategy, might
play a role in the ability to respond to a perturbation.

Based on our initial assumptions that the response would
be dominated by (pseudo-)passive dynamics, we expected
to see a clearer linear relationship. The results suggest that
also other factors such as predictive and reactive strategies
or psychological factors (like motivation or feeling of safety)
should be considered to explain the observed behavior.

3 Research plan

In order to better understand which other factors might
have influenced our experiments, we aim to develop a more
realistic multi-body model that allows analysis of each phys-
ical and (modellable) neuromuscular parameter indepen-
dently. Previous work by others has produced functional
models of balance during both quiet [6, 10] and perturbed
[11–16] standing. We suggest to use a simulation model
with a simple level of detail, such as [17]. To test for antici-
patory (e.g. using co-contraction of antagonistic muscles) or
reactive strategies (e.g. by muscular reflex activity), passive
and active values of muscular stiffness and damping will
be considered. We intend to use optimization techniques
to find the parameter sets that best characterize our experi-

mental observations (e.g. trunk dynamics) and identify the
sensitivity of the model to trunk inertia changes. The identi-
fied components will be compared to experimental data. By
this, we aim to address the question how the perturbation
response scales with subject mass and to what extent pre-
dictive and reactive control of joint impedance contributes
to the observed variability in the data.

With this approach we will most likely not fully explain
all involved mechanisms that contribute to perturbation be-
havior. However, we may be able to evaluate the influence
of joint impedance and muscular control.
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