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INTRODUCTION 
The plantar soft tissue in the pads underneath the metatarsal 
heads (MTHs) is an optimal load-bearing structure, 
particularly for cushioning the highest sub-MTH ground 
reaction forces (GRF) exerted in the terminal stance-phase of 
gait1. Identification of the localized mechanical response of 
the plantar soft tissue pads underneath the metatarsal heads 
(i.e., sub-MTH pad) to external loading thus is key to 
understanding and predicting how it functions in a gait cycle. 
The mechanical response depends on various parameters, such 
as the external load (direction and rate), the sub-MTH tissue 
properties (anisotropy and viscoelasticity), and the 
configuration of the metatarsophalangeal (MTP) joint 
overlying the tissue. To date, existing techniques have focus 
solely on measurement of tissue property, despite the fact that 
the sub-MTH pad may have a unique joint-angle-dependency 
of its tissue response.  
 
The purpose of this study is to devise a new instrumented, in 
vivo tissue tester, called the sub-Metatarsal Pad Elasticity 
Acquisition Instrument (MPEAI), which enables extraction of 
the localized mechanical response of the plantar soft tissue pad 
underneath an individual MTH (i.e. the 2nd sub-MTH pad), in 
relation to the MTP joint angle. 
 
 
METHODS 
Construction of the MPEAI: The MPEAI consists of a special 
hinged foot positioning apparatus integrated together with a 
portable motorized indentor. This apparatus permits 
accommodation of the local sub-MTH pad and reproduction of 
MTP joint configurations generated by individuals during 
actual walking. The integrated indentor can directly probe the 
mechanical response of the sub-MTH pad by inducing rate-
controlled tissue deformation, in a way that is similar to that 
experienced in gait.  
 
Gait variables of the 2nd ray: Subject-specific gait variables of 
the 2nd ray were first collected. Five healthy subjects with no 
congenital/acquired foot pathologies participated. Two sets of 
retro-reflective marker clusters, each equipped with 3 markers 
forming a T-shape, were attached to the base of the 2nd 
metatarsal bone and its articulated proximal phalanx of the 
subject’s right foot, respectively. The subject was then 
instructed walk barefoot onto a customized gait platform 
capable of measuring the three-dimensional forces acting at 
the local 2nd MTH pad in gait2. During all walking trials, the 
3-D marker positions were captured by the Vicon motion 
system (Oxford) for calculating the MTP joint angles, while 
the gait platform registered the local sub-MTH pad loading 
simultaneously.  
The plot in Fig. 1 shows the temporal characteristics of the 
normalized kinematic and kinetic variables of the 2nd ray  

 
Figure 1: The sub-MTH vertical and shear forces and the 
MTP joint motion of the 2nd ray measured in barefoot 
walking 
collected in gait. An initial increase in MTP joint angle (red 
curve) was accompanied by the initially-increasing vertical 
(green curve) and shear (blue curve) forces acting at sub-MTH 
pad immediately after ‘metatarsal head strike’. The vertical 
force peaked at the instance when the MTP joint reached 
52.3% of its maximum range of motion (ROM). Peak 
anteroposterior (AP) shear force occurs later when the MTP 
joint dorsiflexed approximately up to 81.5% of its ROM in 
gait. 
 
Subject study using MPEAI: Following gait analysis, for the 
pilot trial, the MPEAI was used to assess the mechanical 
responses of the 2nd sub-MTH pad. The location of the 2nd 
MTH of the right foot was first identified by palpating the 
underlying metatarsal tuberosity, and was marked by an ink 
ring, which defines the bounds of the plantar MTH region. 
With the help of an assistant, the soft-tissue pad can be 
positioned and sited within the testing port, making it readily 
visible to a camera aimed at the side of the forefoot plate (Fig 
2B). After correction of joint axis misalignment, the foot was 
secured by Velcro straps (3M) and an appropriate distance 
with respect to the contralateral foot maintained to simulate a 
balanced stance-phase. The indentor can be operated in 
manual mode by moving the tip axially at a speed of 
approximately 1 mm/s. Such adjustments, coupled with visual 
guidance and force feedback, enabled initial contact between 
the indentor tip and the soft-tissue pad to be established easily 
and with confidence. Generally, subjects can sense a threshold 
indenting force of approximately at 0.2 N upon initial contact.  
Following the initial set-up, a sequence of pre-defined 
indentation cycles was used to induce large deformation to the 
local sub-MTH pad. One cycle corresponds to complete 
loading and unloading, and exhibits a trapezoidal axial-
displacement profile with a maximum probe depth δ, a 
constant loading/unloading rate  and a holding time tr at the 
maximum deflection δmax. Selection of δ and  was based on a 
previous study that elicited detailed deformation 
characteristics of the 2nd sub-MTH pad during walking, via 
use of an in-floor ultrasound technique3. A volume 
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reconstruction of the computer tomography scan images of the 
subjects’ right feet in non-weight-bearing conditions provided 
the initial tissue thickness. This facilitated determination of the 
local tissue indentation strain up to an approximate value of 
46% and a nominal strain rate of 0.76 /s. Imposition of a short 
dwell-time tr at the tissue deformation δmax enables force 
relaxation characteristics to be observed within the same 
testing cycle.  
Similar indentation cycles on the 2nd sub-MTH pad were 
conducted, with the MTP joint configured at six different 
dorsiflexion angles – 0°, 10°, 20°, 30°, 40°, and 50°, a set that 
merely covers the actual 2nd MTP joint angles  measured in 
walking. For each configuration, data was collected for three 
cycles after 3 cycles of pre-conditioning. A set of tissue 
response curves obtained from one normal subject is presented 
in Fig. 2A.  
 

 
Figure 2: Typical tissue reaction force patterns (A) obtained 
for a 2nd sub-metatarsal pad (B) due to localized large tissue 
deformation induced by a probing indentor. Tissue responded 
differently depending on the various MTP joint configurations 
in testing. 
 
RESULTS AND DISCUSSION 
The preliminary test revealed that the sub-MTH pad tissue 
response is dependent on MTP joint angle. As is shown in Fig 
2A, all the tissue response curves obtained could be 
considered to consist mainly of loading and unloading phases, 
and both of which were nonlinear in nature. At alternating 
phases during which the local deformation peaked, 
considerable compression of the tissue indicated some stress 
relaxation over a shot-time period of around 85 msec at the 
initial portion of the unloading curve. 
 
Moreover, the sub-MTH pad showed very distinctive tissue 
responses at various naturally occurring joint configurations. 
Notably, the end-point stiffness (= peak tissue reaction force/ 
δmax) obtained at 30°, 40°, 50° MTP joint angles were 
101.7% higher, on average, than those measured at 0°, 10°, 
20° MTP joint angles. From the gait analysis, it is also 
interesting to note that the combined loading of vertical and 
shear forces acting at the sub-MTH pad were consistently 
higher when MTP joints were within the range of 30 ~ 50 
degrees. 
 
CONCLUSIONS 
An integrative MPEAI tissue tester was developed to fulfill 
the requirements imposed for in vivo mechanical 
characterization of localized plantar soft tissue pads 

underneath an individual MTH. The mechanical responses of 
this load-bearing soft tissue depends not only on external 
loading conditions, such as the direction and rate of the 
loading, which generate responses governed by tissue 
anisotropy and viscoelasticity, but also on the configuration of 
the joint articulation overlying the tissue4. Tests on the 2nd 
Sub-MTH pad show that the proposed MPEAI technique is 
able to produce consistent and repeatable results. A key 
advantage of the proposed device is the integration of a 
portable indentor with a special foot positioning apparatus; 
this facilitates convenient investigation of the dependence of 
the local sub-MTH pad and tissue responses on MTP joint 
angle. This could prove preferable to studies that focus on 
measurement of tissue property in isolation5, because the sub-
MTH pad may vary its elasticity under physiologic gait 
conditions, as it adapts to drastically changing mechanical 
demands at the sub-MTH region in the terminal stance-phase, 
where MTP joint dorsiflexion occurs. The device developed is 
a stepping stone to subsequent exploration of (joint-angle-
dependent) tissue property as an indicator of disease states and 
risks, such as ulcer formation at the MTH region in 
neuropathic diabetic feet. 
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