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Abstract
The evolution of bipedal gait in humans required the concurrent development of the ability to
stabilise the entire bodyweight through a single ankle and foot during ambulant activity. Stability
is maintained by a complex interaction between bony anatomy, ligamentous integrity and
sensorimotor control that consists of sensory reception, central nervous system (CNS) integration
of sensory information, and muscular action. Proprioception from sensory reception is defined as
the afferent stimuli perceived by the CNS from reception at peripheral and internal sensory
receptors.
Studies of proprioception around the ankle have shown links between chronic ankle instability
(CAI) and proprioceptive deficits. However, systematic review and meta-analysis of ankle
characteristics within this body of research has shown an inconsistency in the findings of the
relationship between ankle proprioception and injury risk. This suggests that the ecological
validity of current proprioceptive testing methodologies is not appropriate for comparison to
normal functional activities.
The programme of research reported here has used the Active Movement Extent Discrimination
Apparatus (AMEDA) to assess joint position sense (JPS) around the ankle. The original
methodology for the AMEDA positions the participant in full weight-bearing in standing
(AMEDA-stand), and uses active movement of the test apparatus footplate, in order to increase
the ecological validity of testing. An extension of this methodology, to enable testing of JPS
while stepping onto and across the AMEDA footplate (AMEDA-step), was developed within this
research programme. The addition of walking movement to the test renders the test more
ecologically valid, although at the expense of specificity of testing around the ankle joint.
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The studies conducted with the AMEDA-stand have shown that individuals with ligamentous
laxity in the anterior drawer test carry deficits in JPS, hopping distance in a straight-line single
leg hop, and hopping agility in a hexagon-hop test. A further study shows that all participants
improve their score for JPS during repeated testing on the AMEDA-stand, but that those with
CAI learn more slowly than those with healthy ankles. Using the AMEDA-step, it has been
shown that all individuals score a higher JPS score on the AMEDA-stand than the AMEDA-step,
but those with CAI experience a learning effect on retesting, while those with healthy ankles
immediately establish a stable performance level and do not change on retesting. Vision has also
been shown to contribute to contribute significantly to performance on the AMEDA-step, with
focal vision enabling better JPS than peripheral vision.
These findings contribute to knowledge of proprioceptive deficits in CAI, whether mechanical
laxity or self-reported functional instability. Individuals with CAI show differences in
proprioceptive learning ability, which indicates changes in CNS integration of proprioceptive
information. The AMEDA-step has been shown to be a valid additional testing methodology for
JPS testing within walking. These findings provide direction for further research into CNS
engagement with ankle function associated with CAI, particularly with regard to proprioception.
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Figure 1.1: Medial view of chimpanzee and human feet: A, chimpanzee foot as positioned
around a small-diameter branch; B, human foot on the ground; C, chimpanzee foot on the
ground. Note dorsiflexion of the transverse tarsal joint (TT joint) in the chimpanzee foot when
standing on the ground. (Elftman and Manter 1935)
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Figure 1.2: Dorsal view of chimpanzee and human feet: A, chimpanzee foot on the ground; B,
human foot on the ground; C, chimpanzee foot plantar-flexed about the transverse tarsal joint, as
in fig. 1 A. (T = axis of transverse tarsal joint. U = axis of “upper ankle joint” [talo-crucral joint].
L = axis of “lower ankle joint” [sub-talar joint].) Note the closer similarity between the
orientation of the axes of movement in the human foot in B, and the branch-gripping position of
the chimpanzee foot in C. (Elftman and Manter 1935)
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Figure1.3: (a) Long-tailed macaque female standing bipedally in the water and eating food
retrieved from the ground. (b) Proboscis monkey wading bipedally. (c) Hanuman langurs wading
bipedally while collecting algae in a stream during the dry period. (d) Savannah baboons wading
bipedally while picking flowers as food. (e) Chimpanzee female wading bipedally with her infant
drinking from her breast. (Niemitz 2010)
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Figure 1.4: Thermographic pictures of: (a) a macaque; (b) a pygmy chimpanzee; (c) and (d)
human beings. (Niemitz 2010)
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Figure 1.5: Relationship between mean Foot Posture Index (FPI-6) score (±1S.E.), three levels of
coach-rated ability and overuse ankle and/or foot injury status. (Cain, Nicholson et al. 2007).
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Figure 1.6: The mechanisms which interact to stabilise a joint. Adapted from (Panjabi 1992a)
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Figure 1.7: A transverse cross-section through the ankle. (Gray 1918)
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Figure 1.8: The muscles of the lower leg and ankle: the superficial group of posterior muscles
(Gray 1918).
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Figure 1.9: The muscles of the lower leg and ankle: the deep group of posterior muscles (Gray
1918).
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Figure1.10: The muscles of the lower leg and ankle: the anterior muscles (Gray 1918).
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Figure 1.11: The orientation of the tendons crossing the ankle joint, with their synovial sheaths
and restraining aponeuroses (lateral aspect) (Gray 1918).
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Figure 1.12: The orientation of the tendons crossing the ankle joint, with their synovial sheaths
and restraining aponeuroses (medial aspect). (Gray 1918)
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Figure 1.13: Forces and lever arms acting on the ankle and hindfoot. L = lever length of the foot;
a = power arm; b = load arm; Fc, Ft = muscle forces of gastrocnemius and tibialis anterior
respectively; F1gx, F1gy, F2gy = ground reaction forces on the heel and the distal end of the
metatarsals; Nx, Ny = contact forces in the tarso-metatarsal joint; Fc, Ft = muscle forces in the
Achilles tendon and tibialis anterior; Fm1, Fm2 = the forces in the plantar and dorsal intrinsic
musculature; Px, Py = contact force at the talocrural joint; P2, P3 = gravitational forces of the
tarsals and the metatarsals (Wang and Crompton 2004).
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Figure 1.14: The components of the sensorimotor system. (CNS = central nervous system.)
Adapted from Witchalls, Blanch et al (2012).
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Figure 1.15: Illustration of the effect of added noise on signal perception. The buoy represents a
tactile stimulation of the sole of the foot, the waves the amount of background signal or “noise”.
In barefoot conditions, its signal intensity is sufficient to reach the stimulus threshold
(represented by the dotted line). Wearing a shoe with a smooth insole, the signal intensity does
not reach a stimulus threshold. With a textured insole, background tactile noise (is depicted by
wave height) is increased sufficiently to raise the signal to the level required to reach a stimulus
threshold and generate nerve transmission (Davids and Shuttleworth 2004).
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Figure 1.16: A device for testing muscle response times to ankle inversion perturbation
(Riemann, Myers et al. 2002)
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Figure 1.17: Stress X-rays, showing increased talar tilt due to lateral ligament laxity (A)
compared with relatively minor talar tilt in the normal ankle (B). (Marder 1994)
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Figure 1.18: Magnetic resonance image (MRI) showing an osteo-chondral lesion of the talar
dome following an inversion injury. (Marder 1994)
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Figure 1.19: Measuring sensorimotor function. Adapted from Witchalls, Blanch et al (2012).
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Figure 1.20: Positioning for testing for testing active and passive joint-position sense on a
Biodex 2 isokinetic dynamometer (Willems, Witvrouw et al. 2002).
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Figure 1.21: Alternative testing positions for testing the perception of movement through the
ankle joint (Refshauge and Fitzpatrick 1995).
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Figure1.22: Testing ankle joint position sense into inversion, on the Active Movement Extent
Discrimination Apparatus (AMEDA) (Waddington and Adams 2003)
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Figure 1.23: The “slope-box” test to assess joint position sense in weight-bearing (Halasi,
Kynsburg et al. 2005).
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Figure 1.24: Measurement of force-matching using repetition of a previously-experienced
percentage of the participant’s maximal voluntary isometric contraction (Docherty and Arnold
2008).
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Figure 1.25: A diagram illustrating the contributions of ligamentous and neuromotor systems to
ankle instability (Lephart and Henry 1996).
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Figure 1.26: The different elements of functional and mechanical contributing to the deficits
perceived in chronic ankle instability (Hertel 2002)
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Figure 1.27: A model proposing 7 variations in presentation associated with chronic ankle
instability (Hiller, Kilbreath et al. 2011).
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Figure 2.1 (As seen in the Introduction): Positioning for testing active and passive joint position
sense on a biodex 2 isokinetic dynamometer (Willems, Witvrouw et al. 2002).
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Figure 2.2: Alternative testing positions for testing the perception of movement through the ankle
joint (Refshauge and Fitzpatrick 1995).
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Figure 2.3: The “slope-box” test for joint position sense (Robbins, Waked et al. 1995).
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Figure 2.4: Testing joint position sense on the AMEDA(Waddington, Adams et al. 1999).
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Figure 2.5: Testing joint position sense on the Active movement Extent Discrimination
apparatus. The stop blocks, used to set the limit of inversion angle, are shown in the foreground
(Waddington and Adams 1999b).
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Figure 2.6: A diagram of inversion joint positions sense testing on the Active Movement Extent
Discrimination Apparatus (AMEDA), using a manually-adjusted block (A) to change the height
of the stop block. Metal spacers are placed underneath the stop block as indicated by the arrow
(Symes, Waddington et al. 2010).
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Figure 2.7: Drawing of the Active Movement Extent Discrimination Apparatus (AMEDA),
showing the shaft which sets the limit of the angle of footplate tilt. The shaft height is moved up
and down by the stepper motor winding its thread by a specific number of turns, for each
different setting (Waddington and Adams 2000).
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Figure 2.8: A later version of the AMEDA, with the standing surface filled in to improve
participant confidence, and offer more variability in stance width to accommodate different
height and leg lengths.
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Figure 6.1: The addition of walking return platforms to the AMEDA. (A) Front view. (B) Side
view.
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Figure 6.2: A participant stepping across the AMEDA, with their left foot stepping onto the
footplate at an inversion angle. (A) Front view. (B) Side view.
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Figure 6.3: The updated AMEDA apparatus.
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Figure 6.4: The central box of the “new” AMEDA, with the removable top footplate elevated to
reveal internal ribs for rigidity of structure, cut-out handholds for carrying, and access holes for
wiring and maintenance. (Picture courtesy of Leon Williams, Australian Institute of Sport.)
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Figure 6.5: The complete apparatus of the “new” AMEDA, with addition of end boxes to enable
stepping and handrails for safety and confidence. The removable sections are expanded to enable
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vision of the main apparatus internally, and to demonstrate dismantling points for portability.
(Picture courtesy of Leon Williams, Australian Institute of Sport.)
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Figure 6.6: A view of the central apparatus box housing the testing apparatus of the AMEDA,
with one side of the box removed to reveal the internal mechanism, with drive motor and rotating
stopper drum. Surfaces between the two polished aluminium surfaces of the axle and its housing
are friction-free. (Picture courtesy of Leon Williams, Australian Institute of Sport.)
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Figure 6.7: A close-up view of the drum with angle stoppers. The green shafts are threaded to
enable them to be adjusted for different heights when the locking nut is released, to set different
angles if the testing protocol were to be changed (enabling future development of the apparatus).
The load-bearing point is a convex surface to enable it to accept the angulation of the footplate.
The drum also contains spare sites for the addition of extra stoppers, to enable future protocols
that may require it. (Picture courtesy of Leon Williams, Australian Institute of Sport.)
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Figure 6.8: A close-up view of the Stepper motor, its drive axle, and the stop pins mounted on
their drum, in situ.
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Figure 6.9: An underside view of the footplate from the “new” AMEDA, showing the site of the
inclinometer, the black contact pad with hard plastic for wear and sound reduction, and the
reinforced aluminium ribs to prevent flex of the footplate. (Picture courtesy of Leon Williams,
Australian Institute of Sport.)
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