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Adaptation behavior of skilled infant bouncers to different
spring frequencies

Comportamento da adaptacao das oscilacdes de bebés em diferentes
frequéncias de mola
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ABSTRACT
Infants explore their environments through repetitive movements that are constrained or facilitated by
the environmental context. In this study, we evaluated how skilled bouncers adapted to bouncing in
systems with four different spring conditions (natural frequencies of 0.9, 1.15, 1.27 and 1.56 Hz).
Trunk kinematics and vertical ground reaction forces (VGRFs) were recorded from three pre-walking
infants (mean age 10.6 =0.9 months). Bounce frequency, trunk displacement, peak VGRF, percent of
time on the ground and time to peak force as a function of time on the ground were analyzed. In addi-
tion, infant bounce frequencies were compared to measured oscillations of an inert mass equivalent to
each infant’s mass. All infants bounced above the natural frequency of the spring system in all condi-
tions suggesting that they did not behave solely like mass-spring systems. Infants produced asymmet-
rical VGRF loading patterns suggesting that a timing component, such as bounce frequency, was regu-
lated. Skilled infants consistently increased their bounce frequency as their vertical trunk displacement
decreased; however, the mode for regulating bounce frequency differed from infant to infant.
Keywords: Motor skills; Infant; Biomechanics; Motor activity

RESUMO
Os bebés exploram o meio ambiente através de movimentos repetitivos que sdo constrangidos ou faci-
litados por esse mesmo meio. Neste estudo avalidmos como bebés adaptam as oscila¢des corporais em
quatro condi¢des diferentes (frequéncia natural de 0.9, 1.15, 1.27 e 1.56Hz). A frequéncia de oscilagio,
a cinematica do tronco e a componente vertical da for¢a de reagdo ao solo (VFRS) foram registadas em
bebés antes do dominio da marcha auténoma (idade média 10.6 =0.9 meses). Foram analisadas a fre-
quéncia de oscilagdo, deslocamento do tronco, pico da VFRS, percentagem de tempo no solo e dura¢io
até ao pico da forca em fungio do tempo. Além disso, as frequéncias de oscilagio dos bebés foram
comparadas com a de uma massa inerte de valor equivalente. Todos os bebés oscilaram acima da fre-
quéncia natural do sistema mola em todas as condi¢Oes, sugerindo que eles nao se comportam apenas
como um sistema mola-massa passivo. Os bebés produziram padrdes de carga assimétricos para a
VERS, o que sugere que uma componente temporal, tal como a frequéncia de oscila¢do, foi regulada.
Bebés consistentemente aumentaram a frequéncia de oscilagdo enquanto o deslocamento vertical do
tronco diminuiu; contudo, o modo de regulacdo da frequéncia de oscilagio difere de bebé para bebé.
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INTRODUCTION

During development, infants explore their
environment and incorporate multiple degrees
of freedom to create repetitive movements that
are constrained or facilitated by the environ-
ment (Angulo-Kinzler, Ulrich, & Thelen, 2002;
Chen, Fetters, Holt, & Saltzman, 2002;
Galloway & Thelen, 2004; Goldfield, Kay, &
Warren, 1993; Heriza, 1991; Jensen, Thelen,
Ulrich, Schneider, & Zernicke, 1995; Jensen,
Ulrich, Thelen, Schneider, & Zernicke, 1994;
Thelen, 1994). Infant bouncing is a highly
complex repetitive closed-looped and task-
specific movement. Closed-looped movements
occur throughout the ground contact phase.
Commercially available infant bouncers (e.g.,
Jolly Jumper®) provide trunk and body weight
support but require the infant to generate a
pushing force as the feet come in contact with
the ground. Goldfield, Kay and Warren (1993)
used a forced linear mass-spring model to ex-
plain infant bouncing and proposed that skilled
bouncers used their legs as springs with peak
bouncing frequency matching the resonant
frequency of the spring. Matching the resonant
frequency of a system suggests that a preferred
movement behavior or an attractor state is
achieved (Goldfield et al., 1993).

Goldfield et al. (1993) characterized infant
bouncing throughout a six-week period by
comparing an infant’s peak bouncing frequency
to the predicted resonant frequency of a single-
and a double-spring model. Peak bouncing was
achieved after an infant underwent an assem-
bly phase, a process of self-organization, fol-
lowed by a tuning phase through means of
refining and adapting the movement. The re-
searchers suggested that infants bounce close
to the resonant frequency of the spring when
they reached peak bouncing, defined as the
bout with the greatest number of bounces. In
fact, the peak bounce frequency was clearly
higher than predicted by a single-spring model,
which did not account for leg stiffness. Rather,
infants bounced near the frequency predicted
by the double-spring model where the infant’s
legs were modeled as the sum of two spring

stiffnesses and behaved as a spring that
matched the stiffness of the external spring.
Similar bouncing frequencies were reported in
subsequent studies (Foo, Goldfield, Kay, &
Warren, 2001; Vallis, 1998).

In a follow-up longitudinal study, prelimi-
nary findings from Foo et al. (2001) demon-
strated that an infant bounced at different fre-
quencies under multiple conditions suggesting
that they could learn the dynamics of the task.
In the baseline condition, the peak bounce
period corresponded to a bounce frequency
similar to the frequency predicted with a dou-
ble-spring model, where the stiffnesses of the
two springs are summed. In a second condi-
tion, spring stiffness was increased resulting in
an increase in the natural frequency of the
spring. In this condition, the infant consistent-
ly bounced at a frequency higher than that
predicted by a single-spring model and lower
than predicted by a double-spring model (Foo
et al., 2001). In a third condition, the natural
frequency of the spring was decreased by the
addition of a mass and neither the single- nor
double-spring models predicted the infant’s
behavior. Rather, the infant bounced at higher
frequencies than predicted. These findings
suggest that there must be an active contribu-
tion to bouncing behavior that is beyond hav-
ing the legs behave like passive springs. Alt-
hough Foo et al. (2001) identified that an in-
fant bouncer that reached peak bouncing could
bounce under different system constraints (i.e.,
additional mass and spring stiffness changes)
their data did not provide evidence as to how
infants modified their bounce frequency across
conditions.

Goldfield et al., (1993) have proposed that
infants learn the low-dimensional dynamics of
a motor task — that is, they learn a function or
set of rules that delimits all limb configura-
tions rather than a specific pattern — and in-
fants should quickly adapt to changes in the
task conditions. An alternative is that infants
learn all possible limb configurations in a high-
dimensional state space, but this would require
learning numerous degrees of freedom of all



joints. In bouncing, this would suggest that
infants would not learn fixed leg stiffness or
fixed timing of the forcing function (forcing
frequency). Rather, successful bouncing, when
the system’s mass or spring stiffness are modi-
fied, would require the infants to adapt to the
new parameters with different forcing frequen-
cies or leg stiffness (Foo et al., 2001; Goldfield
et al., 1993).

In this study, we measured trunk kinemat-
ics, along with vertical ground reaction forces
(VGRFs) to quantitatively evaluate how skilled
infant bouncers adapted their behaviors when
placed in novel environments. This work pro-
vides empirical and quantitative information
on short-term changes in bouncing behavior
when infants are exposed to spring systems
with four different natural frequencies. The
current study focused on infants who were
already considered to be “skilled” bouncers,
which we defined as infants who could pro-
duce a minimum of three minutes of bouncing
for all four of the test conditions. Additionally,
this study is also the first to analyze kinematic
and kinetic data from over 150 bounces for
each skilled bouncer.

We hypothesized that if infants had learned
the low-dimensional dynamics of the task (i.e.,
considered to be a skilled infant), that they
would produce bouncing frequencies close to
the natural frequency of the system across the
different conditions demonstrating fast adapt-
ability to the task. As the natural frequency of
the spring system increases per condition, we
hypothesized that infants would increase their
bouncing frequency to keep up with the incre-
ments of the spring system. This behavior
would in turn produce bounces of shorter du-
ration, which requires less vertical displace-
ment and lower vertical force. We proposed to
evaluate the way in which the infants regulated
their bouncing frequencies by
VGRFs and vertical trunk displacement to
characterize behavior across the various spring
conditions. Preliminary results have been pre-
sented in abstract form (Habib Perez et al.,
2010).

analyzing
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METHODS

Participants

Nine typically developing pre-walking in-
fants between 5 and 12 months of age were
recruited for participation. Infants were includ-
ed if they were able to support their head, sit
on their own and demonstrated bouncing be-
havior in a Jolly Jumper® bouncer or ExerSau-
cer® at home. Infants were excluded if they
walked independently, did not produce a min-
imum of three minutes of bouncing behavior
over the 15 minutes of continuous recording in
the first condition of the study, or did not
complete the four conditions. Of the nine in-
fants, five were excluded from the study as
they did not produce a minimum of three
minutes of bouncing during in the first condi-
tion, while one infant completed three condi-
tions but became ill and could not return to
complete the fourth condition. Thus, this study
analyzed data from three infants.

Measures

Three-dimensional kinematic data were
recorded at 120 Hz (Vicon Nexus, Colorado;
calibration error <1.0 mm) using 7 MX camer-
as. Reflective markers identified the midster-
num, the 8® thoracic vertebrae and the top of
the harness (one on each bar of the apparatus).
VGRFs were recorded at 600 Hz with a 10 N
threshold using two force platforms (Advanced
Mechanical Technology, Inc. Model OR6-5).

A bounce was analyzed when it was a part
of a series of six or more bounces, where the
first bounce was removed to obtain bounces
from series of continuous bouncing similar to
other functional tasks such as steady-state
walking (Breniere & Do, 1986). The number of
bounces analyzed in each condition for each
infant was equal. Experimental data were pro-
cessed using Visual3D (C-Motion, Inc.). Verti-
cal positions of the 8" thoracic vertebrae (T8)
were extracted and movement trajectories were
low-pass filtered (4™-order Butterworth, zero-
lag, and cutoff of 3 Hz). Analog data from the
two force platforms were low-pass filtered (4-
order Butterworth, zero-lag, and cutoff of 10
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Hz), summed and used to determine when the
infant was in contact with the ground.

Post-hoc processing was conducted with
MATLAB2009b. A bounce cycle was defined
from touch-down to subsequent touch-down
using the VGRF data. The mean and variability
of the bounce frequency (BF), T8 (trunk) verti-
cal displacement, peak VGRF (pVGRF), per-
centage of time on the ground (%Tground),
and percentage of time to peak force as a func-
tion of time on the ground (% TpVGRF) were
analyzed.

Instrumentation

A spring system was designed to simulate a
standard baby bouncer and could be modified
with the addition of extension springs from
commercial baby bouncers and weights to ap-
proximate four spring frequency conditions
(0.9, 1.15, 1.27 and 1.56 Hz). The spring sys-
tem was suspended from the ceiling with the
use of a chain over two floor mounted force
platforms.

Experimental Procedures
Inert Mass (IM) Experiment

Pilot experiments were conducted to de-
termine the number of springs and additional
masses that would be needed for the spring
system to reach the four predetermined fre-
quencies for each infant. For each of the four
spring conditions, a mass equivalent to the
infant’s mass was suspended from the spring
system. The number of springs (up to three)
and the amount of additional weight on the bar
(up to 6 kg) were manipulated (Fig. 1) and the
spring system was set into an oscillating mo-
tion. The natural oscillation frequency of the
IM was computed from motion of passive re-
flective markers attached to the mass.

Infant Experiment

The University of Ottawa Research Ethics
Board approved this protocol and parents or
guardians provided informed consent for the
infant to participate. Each infant participated
in two testing sessions, two conditions per

session, within a 7-day period. At each session,
the infant was weighed and placed in the
spring system with the knees slightly bent and
the balls of the feet touching the force plat-
forms (Vallis, 1998). Infants were given a few
minutes to familiarize themselves to the
0.9 Hz spring condition (Col), analogous to
frequencies from their bouncer at home. In the
first session bouncing was recorded for a peri-
od of up to 15 minutes in Col followed by Co2
(1.15 Hz). The second session placed infants in
Co3 (1.27 Hz) and Co4 (1.56 Hz). Pilot data
demonstrated that the conditions used ap-
peared to be increasingly difficult (from Col to
Co4) as fewer infants were able to bounce at
the higher spring frequencies. Thus, conditions
were not randomized to allow the infants suffi-
cient time to accommodate to one frequency
prior to moving to the next more difficult con-
dition.

Statistical Analyses

Statistical analyses were performed using
IBM SPSS 20.0. Independent sample rtests
were conducted for each infant to determine
whether significant differences existed be-
tween the infant’s bounce frequency and the
oscillation frequency of the IM in each of the
four conditions. Individual bounce cycles were
assumed to be independent. Independent 3 x4
(Infant X Condition) one-between-one-within
analyses of variance (ANOVAs) were conduct-
ed on all dependent variables. When homoge-
neity of variance or sphericity assumptions
were not met, Greenhouse-Geisser (GG) cor-
rections were applied and more conservative
alphas (a = 0.01) were used for Infant, Condi-
tion, and Interaction effects. Follow-up anal-
yses of significant Infant, Condition, and Inter-
action effects (o = 0.01), were conducted: one-
way ANOVAs to identify significant differences
between infants for each condition (o = 0.05);
repeated-measures (RM) ANOVAs determined
whether significant differences existed within
infants across the four conditions (o = 0.05).
When homogeneity of variance was not as-
sumed, Welch’s values are reported. Omega



squared (w?) was calculated for effect size to
maintain consistency between comparisons
rather than reporting eta squared (%) for one-
way ANOVAs. For RM ANOVAs, partial #?
were reported despite using GG adjusted val-
ues when homogeneity of variance was not
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assumed. Pair-wise comparisons with Bonfer-
roni corrected p-values were used to identify
significant differences across all infants (o =
0.017) and conditions (a = 0.008).

0 20 i1 ] L0 g0 100
Bounce Cycle (5 & %)

Figure 1. A — Spring system apparatus with three springs (1) and 3 kg disc weights (2). Infant instrumented
with full marker set. 1B — Experimental vertical ground reaction force (VGRF) and T8 displacement data
demonstrating the five (arrows) dependent variables in the study: a) bounce period (used to compute bounce
frequency); b) T8 displacement; c) peak force; d) percent of time on the ground; and e) percent of time to

peak force.
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Table 1

Inert Mass (IM) frequency of oscillation values and mean and standard deviation for each infant for all dependent variables. BF — bounce frequency; pVGRF - peak
VGRF; %1ground — percent of time on the ground relative to bounce time; %TpVGRF — percent of time to peak force relative to time on the ground;: and cv - coeffi-

cient of variation

Infant Infant 1 Infant 2 Infant 3
Condition 1 2 3 4 1 2 3 4 1 2 3 4
No. of Bounces 165 165 165 165 427 427 427 427 364 364 364 364
IM Frequency (Hz) 0.87 1.16 1.27 1.55 0.91 1.14 1.28 1.57 0.90 1.14 1.26 1.56
BF (Hz) 1.14+.08  1.39+.23  1.52+.17 1.83+.22 1.05+.07 1.29+.13 1.42+.13 1.75+.19 1.07+.05 1.26+.13 1.42+.15 1.76+.18
BF cv 0.07 0.17 0.11 0.12 0.07 0.10 0.09 0.11 0.05 0.10 0.11 0.10
T8 Vertical Dis- 024+.07 0.18+.07 0.14+.05 0.11+.02 026+.03 0.19+.04 0.14+.03 0.10+.01 0.39+.08 026+.04 0.17+.04 0.11+.02
placement (m)
PVGRF (N) 84.1+40.7 56.1+22.5 42.0+19.5 333+123 31.4+11.1 29.0+10.1 26.5+8.9 23.1+7.5 76.4%27.6 332+11.0 29.1+13.5 29.5+18.2
PVGRF cv 0.48 0.40 0.46 0.37 0.35 0.35 0.34 0.32 0.36 0.33 0.46 0.62
%Tground 36.645.5 34.6 +58 40.1 +9.4 39.4+11.1 26.4+8.7 239492 27.1+9.7 347+11.5 29.8+42 343+84  26.7+9.2 292+10.8
(%bounce)
%TpVGRE
43.6+12.3 42.6+19.4 44.0+18.2 42.7+20.9 343+222 345+23.0 29.9+22.7 50.3+20.4 44.6+10.4 358=26.1 42.5+232 48.1+18.4
(%Tground)
Table 2
Summary of 3 x4 one-between-one-within ANOVA statistical outcomes
Dependent Variables BF T8 Vertical Displacement PVGRF %Tground %TpVGRF
artial partial partial partial partial
F p F F F F
(dof) p 2 (dof) p 2 (dof) p 2 (dof) p 2 (dof) p o2
(2, 953) (2, 953) (2, 953) (2, 953) (2, 953)
Main Infant L7yl <001 020 o030 <001 065 <11 <001 056 Sseel <001 035 301 <001  0.07
Eff Condi- (2.52, (2.37, 231, @.72, (2.88,
ects M 2399.24) <0.01 077  2257.29) <0.01 077  2202.59) <0.01  0.43  2594.44) <001  0.03  2744.44) <0.01  0.03
tion 3193.90 3210.47 719.06 28.76 33.08
Interaction Infant x (5.04, (4.74, (4.62, (5.45, (5.76,
Eff Condition 2399.24) <0.01  0.07  2257.29) <0.01 031  2202.59) <0.01 027  2594.44) <001 012  2744.44) <00l  0.04
ects * 3.28 214.62 173.69 62.78 19.14

Note: All main effects analysis had an observed power of 1.00, except for BF Interaction, which had an observed power of 0.90. dof denotes degrees of freedom. BF - bounce frequency;
PVGRF - peak vertical ground reaction force; %Tground — percentage of time of the ground; %TpVGRF - percentage of time to peak force as a function of time on the ground. * denotes
Greenhouse-Geisser adjusted F ratio values
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Table 3
Summary of main effects of Infant (One-way ANOVA) and Condition (Repeated Measures ANOVA)
Dependent T8 Vertical Displace-
Variables BF ment PVGRF %Tground %TpVGRF
Main
Effects (dof) F 02 (dof) F 02 (dof) F 02 (dof) F 02 (dof F 02
(2, 417.28) (2, 365.94) (2, 333.85) (2, 437.40) (2, 455.17)
Infant Col 100.99*a 0.02 462.82*a 0.55 531.84*a 0.47 154.44*a 022 37.72*a 0.08
(2, 389.95) 2,389.17) (2, 379.01) (2, 530.63) (2, 483.99)
Co2 25.36% 0.08 392.34% 0-41 115.25% 0.34 185.84% 0.28 9.66 *a 0.01
(2, 414.69) 2, 396.83) (2, 370.17) (2, 953) (2, 488.42)
Co3 24.84% 0.06 64.09% 0.12 49.59%2 0-15 132.63 2 0.22 42.87% 0.08
(2, 953) (2, 383.61) (2, 375.19) (2, 953) 52.29 (2, 439.37)
Cod 10.45a 0.02 28.31*a 0.05 62.18%a 0.08 a 0.10 7.82*%a 0.02
Main partial partial partial partial partial
Effects (dof) F 02 (dof) F 0 (dof) F o (dof) F o2 (dof) F -
is (2.5, 409.94) (2.64, 432.19) (1.96, 321.00) (2.46, 403.93) (2.76, 452.87)
Condition 1 380.03ta 070 " 21123ta 0% 122.90ta 0% 15.17+a 0.09 0.229%c 0.001
(2.44, (2.63, (2.92, (.87, (2.94,
12 1037.85) 0.82 1118.82) 0.84 1243.57) 0.13 1222.82) 0.19 1250.18) 0.14
1987.50Fa 2313.337a 64.067 a 100.52%a 71.01%a
(2.42, 876.64) (1.95, 706.07) (2.29, 829.49) (2.49, 903.17) (2.68, 972.39)
13 1710.857a 0.83 2322.497 a 0.87 560.53ta 0.61 49.94%a 0.12 23.79%a 0.06

Note: dof denotes degree of freedom. BF — bounce frequency; pVGRF - peak vertical ground reaction force; %Tground — percentage of time of the ground; %TpVGRF - percentage of time
to peak force as a function of time on the ground. " denotes Welch and " denotes GG adjust F ratio value. *p <0.0005; ®p < 0.05; ©p = 0.05
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RESULTS

Data for four conditions were obtained
from three typically developing infants (3
males) aged 9.4 to 11.5 months (mean=10.6,
SD=0.91). The average masses and supine
length of these infants were 10.4 (*=0.6) kg
and 73.6 (*=2.4) cm, respectively. There were
no significant differences between the average
masses (9.7 £1.7 kg) and age (of first testing
session; 9.2 +1.6 months) of excluded infants
(p > 0.05). The three infants (I1, 12 and I3)
spent 150, 210 and 315 minutes per week in a
commercial bouncer (e.g., Jolly Jumper®) in
their home, respectively. Bounce analysis in
each condition for I1, 12 and I3 included 165,
427 and 364 bounces, respectively.

Summary data are presented in Table 1.
Significant interaction effects (Infant x Condi-
tion) and significant main effects (Infant, Con-
dition) were found for all dependent variables
(Table 2). Statistical results of one-way ANO-
VAs and RM ANOVAs can be found in Table
3, and pair-wise comparisons for each depend-
ent variable are reported below.

Bounce Frequency

All infants bounced at significantly higher
bounce frequencies (BF) in each condition
than the natural frequency of the system (IM)
(all comparisons p<0.0005). There was a sig-
nificant effect of Infant on BF in all conditions.
Although 12 and I3 bounced at significantly
lower frequencies than I1 at each condition
(p=<0.014), the BF increased as the natural
frequency of the system increased for all in-
fants (p<0.0005; see Fig. 2). Noticeably, the
difference between the infant’s bounce fre-
quency and the natural frequency was approx-
imately constant for each infant (I1: 0.26 Hz;
12: 0.15 Hz; I3: 0.16 Hz). In all infants, bounce
frequency variability increased as spring fre-
quency increased (Table 1).

Trunk Displacement

T8 vertical displacement varied significantly
across infants in all conditions except for I1
and 12 in Co2 and Co3, and I1 and I3 in Co4

(p<0.0005; see Fig. 3a) with T8 vertical dis-
placement decreasing significantly as spring
frequency increased in all infants (all compari-
sons p<0.0005). The variability of T8 dis-
placement within condition was low and gen-
erally decreased as spring frequency increased.
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Figure 2. Frequency at which infants bounced (BF)
versus the natural frequency of inert mass (IM) for
all infants 1 to 3 (I1-I3). Linear function of y = x is
displayed in dotted line

Peak Force

All comparisons of pVGRF between infants
at each frequency condition were significantly
different (p<0.016), with I1 consistently gen-
erating the highest pVGRFs (Fig. 3b). Two
different loading patterns were characterized
by i) a significant decrease in pVGRF across
the four conditions seen in I1 (p<0.0005) and
I2 (p=<0.002) or ii) a significant decrease in
PVGRF from Col to Co2 with no significant
additional change seen in I3 (p<0.0005). The
relationship between T8 vertical displacement
and peak force is shown in Fig. 4.

Percent of time on the ground

The %Tground varied significantly by infant
for Col (p<0.0005) and Co4 (p<0.0005) (Fig.
3c). For Co2, I1 and I3 spent significantly
longer time on the ground than 12 (p<0.0005)
while in Co3, I1 spent significantly longer time
on the ground than 12 (p<0.0005) and I3
(p<0.0005). Specifically, for I1 and I3 the
%Tground gradually decreased across condi-
tions (all comparisons p=<0.007 except Col-



Co4 and Co3-Co4). Except for Col and Co3,
the %Tground was
across all conditions for 12 (p<0.0005) with a
significant decrease from Col to Co2 followed
by a gradual increase in Co3 and Co4. The
variability of the %Tground increased with
spring frequency for each infant.
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Time to peak force as a function of time on
the ground

Although significances were found across
most infant (p<0.011) and conditions compar-
isons for 12 and I3 (p<0.03), there were no
patterns identified in the %TpVGRF in the
loading phase amongst infants (Fig. 3d).
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Figure 3. T8 vertical displacement (A), peak vertical ground reaction force (pVGRF) (B), percentage of time
on the ground (%Tground) (C) and percentage of time to peak force (%TpVGREF) as a function of time on the
ground (D) for conditions 1 to 4 (Col-Co4) for all infants
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Figure 4. T8 vertical displacement and peak force
relationship for all infants across all conditions

DISCUSSION

The objective of this study was to investi-
gate whether and how skilled infant bouncers
adapt their bouncing behavior to different
spring systems. All infants adapted to the
changes in the spring system by bouncing at a
constant offset (~ +0.2 Hz) above the natural
frequency of the spring system in all conditions
(see Fig. 2). The offset suggests that the in-
fants actively contributed to the bouncing ac-
tivity most likely by changes in the VGRFs
they generated. This demonstrates that these
infants did not solely behave as passive mass-
spring systems. Additionally, as infants were
not restricted for bounce height, infants
bounced above the natural frequency of the
spring system to regulate their own bounce
frequency. The data demonstrated that I3
bounced at higher amplitudes than the other
infants, but since all infants bounced from the
same spring system this suggests that the
heights reached by I1 and 12 were not restrict-
ed by the mechanical properties of the spring
system.

Bounce frequency variability increased as
the frequency of the spring system increased
from 0.9 Hz to 1.56 Hz for the three infants.
Since these skilled infants had already learned
bouncing behavior (i.e. the low-dimensional
dynamics of the task) with a commercial sys-
tem, we hypothesized that they would begin
bouncing in a very stable attractor state that

would be characterized by movement patterns
with low variability (Goldfield et al., 1993). As
the infants were exposed to spring system with
novel natural frequencies, their behavior be-
came less stable as reflected by the increase in
bounce frequency variability for all infants
across conditions. This suggests that the in-
fants underwent the process of parameter tun-
ing to refine and adapt their movement to a
novel environment (Goldfield et al., 1993).
Similar increases of variability in novel situa-
tions have been noted in unimanual and bi-
manual wrist oscillations (Kay, Kelso,
Saltzman, & Schoner, 1987).

Goldfield et al. (1993) found that when in-
fants learned the low-dimensional dynamics of
bouncing, bounce amplitude significantly in-
creased with a non-significant increase of 50%
in variability as infants reached peak bouncing.
The researchers suggested that changes in
bounce amplitude at peak bouncing as a result
of minor variations in the forcing frequency,
were no different to the greater variations of
the forcing frequency at tuning. We found that
as the natural frequency of the spring system
increased, both the amplitude and variability of
T8 vertical displacement decreased for all in-
fants. Findings from wrist oscillatory move-
ments and limb coordination dynamics at vari-
ous frequencies demonstrated that increasing
oscillations were achieved by decreased move-
ment amplitude with variability increasing
(Jeka & Kelso, 1995; Kay et al., 1987). In these
studies, producing increasing movement fre-
quencies was achieved by decreasing move-
ment amplitudes with discrete and continuous
auditory cued frequency changes. After learn-
ing the dynamics of the bouncing task, tuning
of parameters in Co2 through Co4 may suggest
that changes in forcing frequency contributed
to the decrease in T8 displacement variability.
The findings suggest that the natural frequency
of the spring system affects the bouncing fre-
quency similarly to the auditory driven oscilla-
tory behavior in wrist and limb movements.
This notion is supported by the infants’ linear
function as displayed in Fig. 2.



In all infants, as bounce frequency increased
the pVGRFs and pVGREF variability decreased.
This is reflected in the pVGRF coefficient of

variation (CV) in I1 and I2 with pVGRF CV

decreasing from Col to Co4. Although a de-
crease was seen in I3 from Col to Co2 no fur-

ther decreases in pVGRF Cy were found in Co3

and Co4. Peak force has not yet been reported
or examined in the context of infant bouncing,
but one can turn to jumping studies to find
possible explanations. Similar to infant bounc-
ing, jumping requires the legs to flex and ex-
tend; however, jumping requires the propul-
sion of the whole body from a surface with
either one or both feet and the ability to land
and balance on two feet when coming in con-
tact with the ground. In earlier studies, the
effects of different heights on impact forces
during landings were investigated in drop
jumps on normal surfaces (Dufek & Bates,
1990) and sprung (Arampatzis,
Briiggemann, & Klapsing, 2001). Infant bounc-
ing demonstrated a similar curvilinear jumping
relationship (Arampatzis et al., 2001; Dufek &
Bates, 1990) between the T8 vertical displace-
ment and the pVGRFs, as pVGRFs decreased
in Co2 then stabilized at higher frequencies.
Therefore, the curvilinear relationship by 13
between the T8 vertical displacement and the
VGRFs (displayed in Fig. 4) illustrates that
infant bouncing and jumping may share similar
properties, where infant bouncing behavior is
not a replicated model of a passive mass-spring
system. The relatively linear relationship by I1
and I2 suggests that the range of frequencies
used in this study did not drive these infants to
demonstrate curvilinear behavior as seen in
jumping. An additional condition at a higher
frequency may have elicited such curvilinear

surfaces

behaviors in these infants.

Additionally, adult jumping demonstrated
asynchronous force trajectories (Parkhouse &
Ewins, 2006) and was modeled to incorporate
phases lags that consider jump-to-jump timing
and amplitude variations (Racic & Pavic, 2010;
Sim, Blakeborough, Williams, & Parkhouse,
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2008). When a jumper was asynchronous to an
auditory beat, phase deviations between jumps
were corrected by timing adjustments from the
previous jump asynchrony in an effort to main-
tain synchronicity with the beat (Sim et al.,
2008). In the current study, all infants pro-
duced decreasing VGRFs and spent less time
on the ground than in the air as spring fre-
quency increased. We also noticed that timing
asymmetries corresponded to steeper force
loading than unloading rates, as the percentage
of time to peak force was less than 50% for all
infants in most conditions. Asymmetry has
been associated with reducing timing errors
(Balasubramaniam, Wing, & Daffertshofer,
2004; Wing, 2002), thus the asymmetry found
in the %TpVGRFs suggests that it relates to
attempts to correct timing accuracy. With re-
spect to tasks and motor goals, Balasubrama-
nium et al. (2004) proposed that asymmetry in
movement trajectories were used to reduce
timing errors. The greater asymmetry found in
finger trajectory, the closer the finger was to
synchronous timing in such a way that when
the finger arrived early and produced large
asynchrony, the finger would compensate by a
longer return phase that would correct for the
asynchrony (Balasubramaniam et al., 2004).
The use of asymmetrical trajectories to regu-
late timing can be applied to infant bouncing
as skilled infants may be trying to optimize a
timing component, the bounce frequency. The
asymmetrical loading pattern visible in the
%TpVGRFs produced by the infants may re-
flect how infants regulate and correct this tim-
ing component.

The present study illustrates that skilled in-
fants respond to the spring system changes by
increasing their bounce frequency, but their
methods of regulating (i.e., mode) bounce
frequency differed from infant to infant. Vallis
(1998) demonstrated that infants can produce
two types of bouncing behavior where infants
bounce at one-and-a-half or two times the nat-
ural frequency of the mass-spring system.
These two behaviors were proposed to reflect
different attractors states that might be identi-
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fied in different phase planes patterns (Vallis,
1998). Findings from Angulo-Kinzler, Ulrich
and Thelen (2002) in an infant kicking task
showed that 3-month-old infants were able to
move a mobile by reaching a desired angular
threshold of knee flexion and extension in two
different modes. In the current study, 11-13
bounced at similar increasing frequencies;
however, the percentage of time each infant
was in contact with the ground varied and the
method of loading and unloading their forces
(i.e., error correction) were infant dependent.
This study investigated how three skilled
infant bouncers adapted their bouncing behav-
ior to different spring systems. Although a
small number of the infants tested were able to
complete all experimental conditions, the in-
fants included were able to generate a large
number of bounces with low variability at all
the natural frequencies tested. Moreover, the
three infants produced similar bounce frequen-
cy patterns across conditions suggesting that
the bouncing patterns used may be generaliza-
ble to these specific frequencies. Interestingly,
the three infants who completed the trials
were all male. There is some evidence that the
average male infant moves more than the aver-
age female infant (Campbell & Eaton, 1999)
and this difference in motor activity level may
have influenced the final subject sample. Sex
differences were not a primary question in the
study and will need to be further explored.
Future studies are recommended to explore
various bouncing skill levels by a measure of
how often an infant can bounce in one condi-
tion, as this would increase the sample size.

CONCLUSIONS

The present study quantitatively analyzed
the adaptation behaviors of three skilled infant
bouncers to the changing spring system condi-
tions. Our data demonstrated that infants do
not bounce like a passive mass-spring system
since they always bounced above the natural
frequency of the spring system using different
modes of bouncing to regulate bounce fre-
quency. As all the infants were able to adapt to

the changes of the spring system, the study
corroborates Goldfield’s et al. (1993) predic-
tion that once infants have learned the low-
dimensional dynamics of bouncing, they are
able to adapt to the task rapidly. We suggest
that infants adapted to new parameters of the
spring system by changing their forcing fre-
quency and leg stiffness that contributed to the
varying VGRFs per jump as contact was made
with the ground. As the infants’ bounce fre-
quency increased, the vertical displacement of
the trunk and the vertical ground reaction
forces decreased. Increased bounce frequency
variability suggests that infants completed a
process of parameter tuning to refine and
adapt the movement in novel environments.
Additionally, the study demonstrated that in-
fants were regulating a timing component
(bounce frequency) when they came in contact
with the ground. The loading pattern of asym-
metrical ground reaction forces suggests that
infants correct for timing errors as a method to
regulate the bounce frequency.
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