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Abstract. This paper aims to simulate two stretching methods adopted in plantar fasciitis treatment
in MSC.ADAMS,  Achilles tendon stretch and plantar fascia stretch. Clinical evidence has been
accumulated that stretching is effective in relieving heel pain caused by plantar fasciitis. While
plantar fascia stretching is conceived to be more effective than the traditional Achilles tendon
stretch, the reason leading to this difference has not been identified yet. A multi-segment foot model
consisted of ligaments, plantar fascia, plantar soft tissue was constructed and then validated by
comparing the ground reaction forces and joint rotation angles obtained in a gait simulation with
previous research results. The model was then applied in finding out the root cause in these two
stretching methods by analysing the deformation of plantar fascia. Achilles tendon stretch was
performed to collect kinematic data of tibia using NDI, which was used to drive the simulation. In
the plantar fascia stretch, a rotational plate was placed beneath the fore-foot and had a range of
motion from 0°to 20< The forefoot was supported and lifted to simulate the stretching process.
Deformation of the plantar fascia under two stretching methods were compared. The result shows
that average deformation in Achilles tendon is smaller than that of plantar fascia stretch which may
cause the therapeutic difference between these two stretch methods. This analysis method could
also be applied in refining physical therapy treatment.

Introduction

Plantar fascia stretches from the calcaneal tubercle to the metatarsal heads and proximal phalanx of
each toe, which enable them to stable human foot arch in standing and walking [1]. High intensity
of exercise or repetitive over stretching could cause micro damages to plantar fascia, so plantar
fasciitis is widely spread, causing great pain and inconvenience. Researchers have found that there
is no inflammation in plantar fascia [2]. Lemont used ultrasound to obtain the sonographic image of
plantar fascia and found that there was no significant changes in plantar fascia's thickness in
patients [3]. Various treatments tend to be ineffective or takes long time to mitigate the pain.
Conservative treatments including physical therapy, orthoses insoles, night splints and foot bath are
usually adopted firstly. Operative methods would be taken if these mild ways do not work, such as
injection of steroid, plantar fascia release etc. and ultrasound shock wave therapy has also been
widely used [4-7]. Plantar fascia release has been proved to have negative effect on bony structure
and exert extra tension on remaining plantar fascia and ligamentous structure [8-9]. Injection of
steroid provides a fast pain relief but the effect has been reported not long-lasting [10]. So
researches concerning improving conservative methods is worthy.

Among the commonly used conservative treatments, stretching has been widely adopted in the
early stage of plantar fasciitis to recover the stiffness and elongation ability of plantar fascia. Stretch
therapy includes following types: with or without muscle strengthening, plantar fascia  stretch
and Achilles tendon (AT) stretch [11-13]. Patients’ condition determines whether to use single
stretch method or combine them together. Since patients with plantar fasciitis always have a tight
Achilles tendon, Achilles tendon stretch is used to decrease its tension and increase that of plantar
fascia [14]. Plantar fascia stretch is operated directly on phalanges to tighten plantar fascia so to
increase the metabolic rate and relief the pain [12]. There is clinical evidence that Achilles tendon
stretch is less effective than plantar fascia stretch but the mechanism that leads to this difference has
not been clarified yet [15].
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Meanwhile, computational foot model has become an important tool in understanding foot and
ankle aetiologies since various diseases can be simulated by changing the features of the model [16].
One multi-segment dynamic model was developed and can be used in understanding why plantar
fascia stretch has better clinical effects than Achilles tendon stretch has by simulating these two
therapies and analysing the results in biomechanical perspective.

Materials and Methods
Multi-Segment foot Model Validation

The model used in this paper was composed of fibula, tibia and 26 bones of foot. Bone models were
obtained from previous researches of our research group [17]. In recent researches, foot has been
widely modelled as multiple segments while the number of the segments range from 2 to 4[18-22].
This paper has divided the foot into 4 parts: rear-foot composed of calcaneus and talus, mid-foot
composed of navicular, cuneiforms, cuboid, fore-mid foot consisted of first to fifth metatarsal,
fore-foot composed of phalanges. Tibia and fibula were connected with rear-foot using a spherical
joint while the connections between rear-foot and mid-foot, mid-foot and fore-mid foot, fore-mid
foot and fore-foot were all rotational joints [23]. The defined three-dimensional model was as
shown in the Fig.1.
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Figure 1. Multi-segment Foot Model

Fascia and ligaments were modelled using spring-dampers and their geometries were based on
anatomical location on bones. Plantar fascia have been modelled as five rays corresponding to the
order of five metatarsal. One special structure in plantar fascia model were four spheres locating
beneath each metatarsal head which had contact with metatarsal so to simulate the interaction of
plantar fascia with metatarsal in vivo [24]. Stiffness and damping ratio were defined according to
previous researches [25]. In this paper, Achilles tendon was modelled using spring damper and was
attached on the calcaneus directly and relevant material parameters were as following [25].

Table 1. Material properties

Element Stiffness/( N mm-1) Damping/(N s mm-1)
Ligament 50 0.3
Fascia 8 0.3

Achilles Tendon 15 0.3

Another critical component is plantar soft tissue. According to Erdemir [26], plantar soft tissue
can be regarded as linear elastic when its deformation is smaller than 35% and Adams/Flex
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provides an easy access to flexible body that allows big elastic deformation. Thus, plantar soft
tissue was obtained using this module. Plantar soft tissue model was imported into Abaqus to obtain
modal neutral file which was then imported into ADAMS. Elasticity modulus was set as 0.91MPa,
Poisson ratio was 0.49 [27].

One stance phase of gait was simulated to validate this foot model. Choosing the top point of
tibia as the control point. The distance from sole to the control point was 400 mm. Data used in this
simulation was from the gait experiment of Salford University, including the displacement and
rotational data, forces and torques at control point that were calculated through inverse dynamics as
were shown in Fig. 2 [28]. The whole simulation process lasted 0.7 s.
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Figure.2 Simulation data at control point, (a) average displacement in three directions at control
point; (b) mean forces in three directions at control point; (c) mean torques at control point

Stretch Exercise Simulation

Two stretch exercises were simulated in MSC.ADAMS software. For Achilles tendon stretch,
patients are usually required to lean against a wall while the affected leg is putting behind the other
foot with its toes pointing directly towards the front foot [12]. Important detail in Achilles tendon
stretching is to keep the lateral leg straight and heel adhering to the ground. By bending the trunk
towards the wall, Achilles tendon would be tightened. Achilles tendon stretch was performed in lab
environment and 10 markers were attach to shin to track its movement using Optotrak Certus (NDI,
Canada) at frequency of 100Hz, collecting 10 groups data, every data contained 3000 frames, which
included 5 repetitions. Internal and external condyle of femur, medial and lateral malleolus of ankle
joint were chosen as four calibration points to identify the spatial movement of shin. Choosing the
middle point of internal and external condyle of femur as the simulation control point, the kinematic
data of which was then used to drive the simulation of Achilles tendon stretch as was shown in
Fig.3
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Figure.3 Experimental data of tibia in Achilles tendon stretch (a) rotational angle of tibia (b)
displacement of control point (c) loading tibia force (d) loading tibia torque

In plantar fascia stretch, patients are supposed to hold their feet with one hand and bend the
phalanges towards tibia using the other hand until tension in plantar fascia is felt [29]. Patients’
reaction towards this stretch is different so the dorsiflexion angle of phalanges is not fixed. Based
on this procedure, tibia and fibula were connected to the ground using fix joint while a rotational
plate was placed beneath the forefoot in the simulation. Rotational plate has a range of motion
from 0=to 20°with a constant angular velocity. The placing of the plate made sure that phalanges
have full contact with the plate.

Results
Foot Model Validation

Ground reaction force in sagittal plane had two peaks, which occurred at 20% and 73% of stance
phase and forces were 1.13 BW (body weight) and 1.2 BW. Trough was at 43% of stance phase and
the force was 0.6 BW. Ground reaction force in transverse plane also had two peaks while the
directions were opposite which occurred at 20% and 78% of stance phase with the values of 0.4 BW
and 0..32 BW respectively. The direction of force changed at 43% of stance phase.

Ankle joint had three degree of freedom, the range of motion in sagittal plane was 12°(-4=89,
the range of motion in frontal plane was 5°(-4 %19, the range of motion in transversal plane was 7
(-3%49. The other three joints had only rotation in sagittal plane. For mid-foot, the range of motion
was 3°(-1%29, 4°(-0.5%3.5) for fore-mid foot joint and 9°(-2%7<) for fore-foot joint.

Plantar Fascia Deformation in Stretch

Initial and terminal status of Achilles tendon stretching were presented in Fig.4. Foot was adhering
to the ground while the angle between tibia and horizontal plane was 60< The deformation of five
rays of plantar fascia were shown in Fig.5.The 1st ray of plantar fascia had the largest deformation
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which was around 4mm and the following four rays shared the same elongation pattern with smaller
deformation. The average deformation during the stretch was 3.5mm.
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Figure 4. Achilles tendon stretch  Figure 5. Plantar fascia deformation in Achilles tendon stretch

Fig.6 shows the initial and terminal status of plantar fascia stretching. Dorsiflexion of phalange
reached 20°while rest of the foot model remained still. The deformation of five rays of plantar
fascia was presented in Fig.6. The 1st ray of plantar fascia had deformation of 11mm, which was
significantly larger than the other four rays. The deformation decreased from 2nd to 4th ray. The
average deformation of the plantar fascia was 9mm.
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Figure 6. Plantar fascia stretch Figure 7. Plantar fascia deformation in plantar fascia stretch

Discussion and Conclusion

Conservative methods are prior to invasive methods in plantar fasciitis treatment. Various stretching
protocols have been applied to make plantar fascia regain its stiffness and relief the pain. There are
clinical statistics supporting that plantar fascia stretch is more effective than Achilles tendon stretch
but no theoretical evidence exists [15]. A multi-segment foot model, after validation, was used to
simulate these two stretching processes, providing biomechanical analysis about the stretching
methods.

Ground reaction force and range of motion in foot joints could serve as criterion in model
validation. For ground reaction force, the peaks of forces in sagittal plane and frontal plane occurred
at 20%, 43% and 73% of stance phase cycle which were consist with the finding of Lundgren,
Giakas and Jung [28, 30, 31]. In Giakas’s research [30], sagittal plane ground reaction force was
within the range of 1.06~1.17 BW while the result of this paper was within 1.1~1.14 BW. As for
range of motion in joints, Lundgren [28] has measured the range of motion between talus and tibia,
navicular and talus, metatarsal and cuneiform were respectively 15.3°, 8.4°, 5.3°. In MacWilliams’s
experiment [32], range of motion at ankle joint in sagittal plane, frontal plane and transverse plane
were 13< 9< 6< Motion ranges of our model in three planes were 12< 5<and 7< which were

74



£

ATL';;“ETS': Advances in Engineering Research (AER), volume 105

approximate to previous research. These two criterion indicated that our model was effective in
dynamic gait simulation and can be applied in further research.

The plantar fascia deformation provided a direct insight into the differences existing between
these two stretching methods. Plantar fascia stretch generated a larger deformation so the
stimulation on plantar fascia was supposed to be better. Meanwhile, the 1st ray of plantar fascia
both had larger deformation than the rest four rays in two stretching simulation, which complies
with previous research [24].

One limit of our research is that the effect on plantar fascia brought by the tension in Achilles
tendon was unable to be quantified. Plantar fasciitis patients tend to have a tight Achilles tendon
which would increase the tension of plantar fascia. Our simulation provided data that plantar fascia
stretch was more effective than Achilles tendon stretch on the deformation perspective. More
comprehensive judging system may be required to provide overall assessment towards these two
methods. Meanwhile, the characteristics of two stretching methods were identified and were then
set as simulation guidance. Kinematic data from experiment was used to drive the foot model, the
differences lies in subjects’ habits and physical condition had not been taken as influence factors.
Simulation using different material parameters would shed light on possible different reactions
towards stretch treatments amongst various patients. Generally, simulation methods and results in
this paper provided a quantified data in analysing the differences of two stretch treatments. Further
optimization of the multi-segment model is needed assist in clinical research and improvement of
physical therapies.
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