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Abstract The purpose of our study was to evaluate all contact
pressures between the molded ankle-foot orthosis (MAFO) and
the subject during activities of daily living . The MAFOs studied
are used clinically to reduce plantar contact pressures associat-
ed with foot ulcers in adult neuropathic diabetic subjects, alle-
viating abnormal pressures by redistributing them to
low-pressure plantar regions . While effective, MAFOs are often
not used by the subject due to weight and comfort issues . An
understanding of the contact pressures between the subject and
the orthosis is a first step in improving basic MAFO design.
Four nonimpaired, young adult males were tested in this study.
A right-side MAFO was custom-molded and fitted for each sub-
ject by the same orthotist . Real-time pressures were obtained for
the entire contact area using the F-Scan pressure measurement
system. The data obtained demonstrated high contact pressures
along the metatarsals of the foot, around the heel and ankle, and
adjacent to the strap attachment sites . No contact pressures were
noted along the posterior calf region during any of the activities
performed. These data suggest the calf region would be a suit-
able site for material removal for weight reduction and
increased comfort, especially in warm weather . In addition,
these data may be useful to orthotists in improving the basic
design and to researchers as a starting point for performing com-
plex finite element analysis on the MAFO.
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INTRODUCTION

Diabetes is a major illness with high incidence of
foot complications . The national commission on diabetes
reported that 5 to 15 percent of persons with diabetes will
ultimately require an amputation (1) . In the United States,
more than 54,000 diabetes-related amputations, a rate of
8 .3 per 1000, are performed each year (2) . The cost for
these complications was estimated at approximately $1 .9
billion in 1986, with an annual Medicare cost of
$107–153 million for diabetic amputations (3) . In 1991,
the cost of diabetes care was estimated at $40 billion with
about $2 billion for amputation costs . Most of this cost
was directed at treatment of diabetic complications . This
has prompted the U .S. Department of Health to set a goal
for the year 2000 of a 40 percent reduction in amputation
rates among persons with diabetes (4).

Approximately 70 percent of diabetics develop neu-
ropathy within 5 years of diagnosis . After 5 years, the
incidence increases to almost 100 percent . Foot patholo-
gy is the most common complication requiring hospital-
ization (5) . The percent of hospital admissions for foot
disorders has increased from 25 percent in the late 1960s
to over 50 percent in the 1980s . Diabetic foot disorders
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account for 16 percent of total diabetic admissions and 23

	

METHODS
total diabetic hospitalization days (6) . It has been shown
that between 41 and 70 percent of diabetics with a lower
limb amputation do not survive more than 5 years post-
operatively. Historically, up to 30 percent of such ampu-
tations require a contralateral amputation within 3 years,
with the rate increasing to 51 percent within 5 years of the
initial procedure (7,8).

One of the most serious complications is neuropath-
ic foot ulceration that, untreated, can lead to lower limb
amputation . The main cause of foot ulceration in the adult
neuropathic diabetic is thought to be the presence of
abnormally high plantar pressures secondary to neuropa-
thy (9–12) . These pressures may be present as a result of
compromised foot function, such as in hindfoot tendon
disorders and diabetic Charcot foot (13).

Early preventive intervention, including education
and the use of orthotics, splints, and casts, leads to suc-
cessful treatment up to 90 percent of the time, thus reduc-
ing the volume of amputations . Increasing evidence
suggests that diabetics can be successfully treated with
molded ankle-foot orthoses (MAFOs), thus reducing time
and morbidity associated with long-term total contact
casting . MAFOs are used to correct ankle-foot biome-
chanical abnormalities and to relieve elevated plantar
pressures by redistributing them to low weight-bearing
areas. Recent clinical studies have indicated that,
although effective (14,15), current MAFO designs have
been noted to have poor compliance for long-term use in
the management of hindfoot tendon disorders and
Charcot foot (13) . This is attributed to discomfort result-
ing from the MAFO's bulk and weight.

As a first step in improving its design, one needs to
understand the interaction between the MAFO and the
subject vis-a-vis contact pressures . The actual pressures
of the entire contact regions, however, are unknown . The
purpose of this study was to determine these pressures
during activities of daily living (ADLs), such as normal
walking (gait), chair rise, stair rise, and pivoting on the
orthosis . Since a MAFO design based solely on gait
might fail during other high-stress activities, contact pres-
sures during various ADLs are examined for their possi-
ble variant loading patterns on the MAFO . If it proves to
be adequate under the most stressful of these conditions,
one may expect that the MAFO will be adequate for the
less stressful ones . Knowledge of these contact pressures
will shed light on the loading patterns experienced by the
device during the ADLs tested and will assist in making
MAFO design modifications .

The entire MAFO-subject contact pressures were
quantified during the following ADLs : walking, stair
climbing, chair rise, and pivoting.

Subjects
Four nonimpaired male controls between the ages of

23 and 44 years and weighing 69–88 kg were tested in
this study. The mean age, height, and weight (±SD) for all
subjects were 33 .8 (±9 .5) years, 174 .8 (±9 .1) cm, and
79.5 (±8 .5) kg, respectively . Right-side MAFOs of the
same design as those for adult diabetics with ulcers due
to various pathologic conditions such as the Charcot foot,
flaccid foot, and hindfoot tendon disorders, were custom-
molded and fitted for each subject by our orthotist
(Altman Prosthetic & Brace, Glastonbury, CT).

MAFO Manufacture
The manufacturing process consisted of three steps:

1) creating the negative mold, where an impression of the
foot and calf was taken ; 2) generating the positive mold,
and 3) generating and fitting the actual MAFO to the sub-
ject (Figure 1) . The MAFO was custom fit by the ortho-
tist to achieve subjective maximal function and comfort
in the manner normally perfoliued on persons with foot
disorders.

Pressure Measurements
Real-time contact pressures were obtained for the

entire MAFO-subject interaction surface using the F-
Scan pressure measurement system (TEKSCAN, Boston,
MA). The F-Scan system consists of two foot-shaped
pads, each of which has 960 sensing elements (sensels)
for the real-time recording of contact pressures . The pads
can be hand-trimmed for a custom fit and have a density
of 4 sensels per cm2. Once calibrated, these pads give a
reproducible characterization of real-time contact pres-
sures (16–18).

Six new F-Scan sensors were used for each subject
to cover all possible MAFO-subject contact zones . All
were calibrated to 680 N (the weight one of the subjects)
prior to trimming and testing. Four were then trimmed
and shaped to the inner surface of the MAFO to minimize
sensor wrinkling while maximizing coverage area ; these
were sufficient to cover all areas in the interior of the
MAFO. They were arranged as follows : two in the calf
shell region, one in the heel side/ankle region, and one in
the plantar region . The first of the two remaining sensors
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Figure 1.
A diagram of the molded ankle-foot orthosis (MAFO).

was positioned inside the shoe, at the MAFO-shoe inter-
face, and the other underneath the calf shell strap . Since
the F-Scan system allows two sensors to be recorded
simultaneously, the MAFO-shoe interface sensor was
used as a control for each test, with the other active chan-
nel shifted among the other sensors.

Pressure measurements were obtained during four
different activities : walking, getting in and out of a chair,
stair climbing, and pivoting over the MAFO. Before
recording gait, the subject was instructed to walk at nor-
mal pace across the room (total distance 6 m) to precon-
dition his walking timing . The chair rise was performed
with the subject sitting fully on the chair (seat height = 48
cm, thickness = 3 .8 cm, and soft seat and back cushions)
and then rising upright . For stair climbing, the subject

was instructed to step on a 35 cm high stool with a 25 cm
diameter circular top . The right foot with the MAFO was
the first to land on the stool and also the first to descend
onto the floor. The subject was instructed to bring both
feet to the stool top before starting to descend . In pivot-
ing over the MAFO, the subject held his feet in a fixed
position while rotating the upper torso.

The data were recorded at 20 frames per s, a rate
experimentally determined to be the minimal frequency at
which recording can be made without losing critical data.
Each test was recorded for 30 s . This ensured that at least
five readings were obtained during each test . After each
test, and before the next recording, the data just recorded
were displayed for visual inspection to insure integrity. If
data proved to be corrupt (such as through sensor saturation
or failure), the reading was discarded and the test repeated.
The data were then stored for subsequent analysis on a PC
with the F-Scan software. Average and peak pressure mea-
sures were obtained for this study.

F-Scan Sensor Temperature Characteristics
In an effort to study the temperature dependence of

the F-Scan sensor, a static load was applied to a sensor
sitting in a water bath at room temperature . After the sen-
sor was let settle for 30 min, the bath temperature was
slowly raised to 7°C above room temperature with
numerous pressure measurements taken.

RESULTS

Pressure Measurements
To perform contact pressure measurements, six F-

Scan sensors were placed on the MAFO, with two sen-
sors being recorded simultaneously . To maintain
consistency between runs, each test was performed five
times, one run for each individual sensor, with that of the
MAFO-shoe interface being recorded on the second
channel as a control . Pressures from the control sensor
were consistent across all trials for each subject, with a
variability of 515 percent across all runs for any activity.

Average and peak contact pressures were obtained
for the various activities tested . Schematics of typical
average plantar pressures as a function of time obtained
in this study are presented in Figures 2-5 . It was noted
that in certain regions of the MAFO the pressures were
tangible (515 kPa) whereas in other areas they were min-
imal (5515 kPa) or zero . Based on the anatomical divisions
of the foot and ankle, the MAFO was divided into vari-
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Figure 2.
Average plantar pressure as a function of time during gait . Figure 4.

Average plantar pressure as a function of time during stair rise.

Figure 3.
Average plantar pressure as a function of time during chair rise .

Figure 5.
Average plantar pressure as a function of time during pivoting on the
MAFO.

ous regions as follows : inner MAFO plantar heel, inner
MAF0nlautar mid-foot, inner MAFO medial metatarsal
heads, inner MAFO lateral metatarsal heads, ankle/side
of heel, exterior MAFO plantar heel, exterior MAFO
plantar mid-foot, exterior MAFO medial metatarsal
heads, and exterior MAFO lateral metatarsal heads . In
addition, regions in the calf shell that showed significant
pressures were also mapped: the lateral calf shell flange,
medial calf shell flange, and calf shell strap . These subdi-
visions are shown in Figure 6 . The toe region of the foot

was excluded since the MAFO did not encompass it and
thus did not have any direct pressure effects.

Tables 1—4 present the average and peak contact
pressures seen in the various MAFO regions during the
different activities tested. In addition, Table 5 presents
strap forces during the instances when the strap was
active. Since the pressure distribution during stair and
chair rises was symmetrical (points C, Figures 3 and 4),
data for these activities reported in Tables 2 and 4 were
taken at either point B or C .
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Figure 6.
Division of the MAFO into various inner (A) and outer (B) regions.

F-Scan Sensor Temperature Characteristics
In studying the temperature dependence of the F-

Scan sensor, it was observed that sensor pressure reading
was unchanged during the initial 49C temperature rise . As
the temperature was further raised, however, pressure
readings drifted upward by 3 percent and 11 .7 percent at

5 and 7 9C above room temperature, respectively . Testing
in our laboratory determined that the temperature inside
the shoe did exceed 59C after 10 min of walking at a nor-
mal pace.

DISCUSSION

This is the first study of its kind to identify pressures
in the entire MAFO-subject contact regions during typi-
cal ADLs. The MAFOs utilized were based on those
designed clinically for the diabetic neuropathic adult . The
results of this study may provide better understanding of
the MAFO-subject interaction and aid in the design of
improved MAFOs.

Our study constitutes the first quantification of all
MAFO-subject contact pressures . As can be seen in
Tables 1-4, the pressures acting on the plantar exterior of
the MAFO (at the MAFO-shoe interface) are substantial-
ly higher than in the MAFO interior (at the MAFO-sub-
ject interface) . This demonstrates that the MAFO
performs its designated function of decreasing plantar
foot pressures . As an example, in the mid-stance phase of
gait, the shoe exerts a pressure of 145 kPa on the exterior
MAFO heel region, but the MAFO, in turn, exerts only
53 .5 kPa on the plantar heel.

Overall, the average pressure distribution was noted
to be homogenous during the various activities in the var-
ious regions . Most regions exhibited average pressures
which ranged from 20 kPa (inner MAFO plantar mid-foot
at heel-off) to 80 kPa (inner MAFO medial metatarsal
heads in mid-stance) . Gait testing demonstrated that the
highest average and peak pressures were attained consis-
tently in the different regions during the mid-stance phase
(Tables 1 and 3) . As the stance phase constitutes 60 per-
cent of the gait cycle, it may be considered the most crit-
ical of all gait phases . Thus, when one is looking at
maximal pressure limits exerted on the MAFO during
gait, it might be sufficient to consider only the stance
phase since all the other phases exhibit lesser pressures.
By the same token, the swing phase may be the least
important phase in terms of pressure distribution . As to
the heel strike and heel-off phases, one is not able to
make any classification and may only suggest that they
are both more important than the swing phase but less
critical than mid-stance.

During all the activities tested, the regions that most
consistently underwent the pressures were the shoe insert
and lower portion of the MAFO calf shell (the region
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Table I.
Average pressure (kPa) during gait.

Zone Heel Strike Mid-Stance Heel-Off Swing

Inner Plantar Heel 32.5±1.4 .6 53 .5±12 .4 0 0
Inner Plantar Mid-Foot 23 .5±3 .1 39.7±14 .2 15 .3±10 .7 0
Inner Medial Metatarsal 25 .7±9 .9 83 .8±28 .7 34.3±7 .3 0
Inner Lateral Metatarsal 23 .3±9 .2 64 .0±13 .3 29 .2±15 .0 0
Ankle/Side of Heel 22.0±17 .1 56 .3±20 .0 39 .8±15 .0 0
Lateral Shell Flange 0 11 .3±2 .5 0 0
Medial Shell Flange 0 35 .8±20 .3 0 0
Outer Plantar Heel 57 .8±19 .5 145 .0±49.0 30 .6±9 .1 28 .3±2 .2
Outer Plantar Mid-Foot 44.0±10 .4 119 .5±28 .6 41 .6±9 .7 39 .5±7 .2
Outer Medial Metatarsal 19 .3±4 .0 79 .1±29 .6 29 .5±15 .2 27 .7±16 .2
Outer Lateral Metatarsal 53 .5±46 .0 85 .6±25 .4 42.3±23 .3 39.0±20 .3

Table 2.
Average pressure (kPa) during chair rise, stair climbing, and pivoting on the MAFO.

Zone Chair Rise Stair Rise Pivot

Inner Plantar Heel 45 .5±17 .0 63 .8±35.3 50 .8±23 .4
Inner Plantar Mid-Foot 42 .1±11 .7 40 .3±13 .2 57 .8±24 .3
Inner Medial Metatarsal 46 .5±6 .2 55 .9±13 .5 52 .3±18 .3
Inner Lateral Metatarsal 39 .4±24.8 33 .5±12 .0 29 .2±17 .1
Ankle/Side of Heel 50 .3±15 .4 65 .3±16 .8 27 .5±7 .4
Lateral Shell Flange 0 27 .5-±6 .6 0
Medial Shell Flange 0 41 .3±22 .8 0

Outer Plantar Heel 99 .6±51 .5 95 .5±40 .0 105 .0±48 .9
Outer Plantar Mid-Foot 87 .3±21 .7 86 .3±21 .7 64 .6±14 .0
Outer Medial Metatarsal 38 .0±19.0 30.8±8 .8 38 .8±38 .4
Outer Lateral Metatarsal 40 .5±21 .1 48 .8±18 .7 40 .5±1.2 .5

Table 3.
Peak pressure (kPa) during gait.

Zone Heel Strike Mid-Stance Heel-Off Swing

Inner Plantar Heel 62 .5±32 .5 101 .5±11 .8 0 0

Inner Plantar Mid-Foot 47 .5±17 .9 101 .9±39 .8 30 .0±20 .1 0

Inner Medial Metatarsal 43 .5±158 .5 158 .5±50 .0 87 .5±34 .1 0

Inner Lateral Metatarsal 35 .4±14.4 126 .3±47 .8 63 .7±35 .9 0

Ankle/Side of Heel 31 .2±12.5 115±20 .4 68 .3±29 .1 0

Lateral Shell Flange 0 20.1±10.2 0 0

Medial Shell Flange 0 84.5±21 .9 0 0

Outer Plantar Heel 184 .5±53 .2 355 .7±_84 .3 52 .7±26.4 79 .8±33 .1

Outer Plantar Mid-Foot 170 .8±79 .2 576 .3±206.0 143 .5±55 .9 133 .0±45 .8

Outer Medial Metatarsal 27 .3±12 .4 130.5±70 .1 88 .3±40.8 55 .3±12 .9

Outer Lateral Metatarsal 82 .3±58 .1 167 .5±104 .4 177 .0±43 .1 114 .3±33 .5
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Table 4.
Peak pressure (kPa) during chair rise, stair climbing, and pivoting on the MAFO.

Zone Chair Rise Stair Rise Pivot

Inner Plantar Heel 85 .8±30 .0 139 .3±31 .8 102 .3±43 .5

Inner Plantar Mid-Foot 104 .5±4 .4 104.5±23 .3 114 .3±53 .7

Inner Medial Metatarsal 76 .5±11 .4 91 .5±14.8 78 .3±45 .0

Inner Lateral Metatarsal 71 .6±18 .2 87 .8±38 .6 77 .3±17 .8

Ankle/Side of Heel 152.0±39 .6 116 .8±_28 .4 67 .7±26 .1

Lateral Shell Flange 0 33 .3±13 .2 0

Medial Shell Flange 0 89 .0±25 .7 0

Outer Plantar Heel 547 .7±77 .8 323 .8±153 .4 412.3±166 .2

Outer Plantar Mid-Foot 374 .0±82 .6 328 .0±97 .9 219 .0±46 .0

Outer Medial Metatarsal 123 .3±39 .9 71 .5±29 .8 51 .0±15 .0

Outer Lateral Metatarsal 73 .3±40.2 126 .3±65 .9 65 .7±14 .6

Table 5.
Strap forces (N) during the activities.

Gait:
Heel-Off

Chair
Rise

Stair
Rise Pivot

205 .3±89 .1

	

153 .0±26 .3

	

155 .7±71 .6

	

54 .0±4 .24

embracing the foot and ankles) . The calf shell exhibited
little or no pressure at all . Only in regions where the strap
connects to the MAFO (lateral and medial calf shell
flanges) did one see appreciable pressures during the
mid-stance phase of gait and in stair climbing . This sug-
gests that the MAFO calf shell would be a prime candi-
date for MAFO design modification through partial
removal in order to reduce weight.

The strap was active during the heel-off phase of
gait and in all the remaining activities tested . Thus, one
may imply that the strap is more critical during these
instances . One other note is the striking similarity of
MAFO loading patterns while getting in and getting out
of the chair.

Although studies examining and quantifying plan-
tar foot contact pressures in different foot wear under
various conditions are numerous, none have examined
the contact pressures in an entire ankle-foot orthosis.
The latter issue could perhaps be due to the technical
difficulties encountered when attempting to instrument
an entire MAFO surface . Few studies examined the
MAFO-subject interaction in limited portions of the
MAFO . For example, to obtain strains in the MAFO
during walking and jumping, Chu (19) bonded six
strain gages to the inner surface in the side heel/ankle

of a polypropylene MAFO. Results indicated that the
maximum deformation occurred in the lower lateral
neck region of the MAFO . Novick et al . (15) examined
the contact pressure under the first and third metatarsal
heads, mid-foot, and heel in a rigid relief orthosis uti-
lizing the Hercules and F-Scan pressure measurement
systems. The Hercules system (Allegheny Ballistics
Lab, Cumberland, MD) consisted of four capacitive
pressure transducers 2 mm in thickness and 1 .5 cm in
diameter, and the F-Scan system consisted of a single
trimmed sensor pad . Both systems recorded significant
reductions in pressures in all regions examined with the
brace. More recently, Grant et al . (20), constructed a
simple, inexpensive device consisting of a 2 .5 cm2 sin-
gle-cell sensor connected to a multimeter, to be used
under the heel inside an orthosis . This device was used
to determine the presence or absence of heel contact
within the orthosis.

F-Scan Reliability and Accuracy
A number of studies have reported on the reliability

of the F-Scan sensor. Koch et al. (16) showed that the
intra-person coefficient of variation of a single sensor to
be <23 percent . Furthermore, This intra-sensor variation
was reduced to 15 percent by allowing a "warm-up" peri-
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od of the sensor for about 5–10 min inside the shoe . Rose
et al . (18) showed that pressure recordings from subse-
quent steps within a trial and also from the same sensors
on the same patient on different days to be very similar.
These reports are in agreement with a report by Mueller
et al . (17), documenting good sensor reliability.

To understand reproducibility of the sensor, we
loaded and evaluated F-Scan pads under two scenarios : 1)
sine wave testing between 0 and 300 N at 0.1, 0 .5, and 1 .0
Hz, and 2) steady loading for 3 min at levels of 100, 150,
200, 300, 400, 500, and 600 N . For each test, the pads were
calibrated to 300 N at 15 s after load application . Results
showed that sensor data was reproducible for each test.
Data drifted over time, but standard deviations were
always within 10 percent of applied loading . Furthermore,
the pads read forces above those actually applied after ini-
tial loading, with a steady value approximately 20 percent
above true loading at 3 min. A chart based on these data
was developed from which one can determine the true
loading at any time during loading.

Initially, there was a question regarding the point in
the experiment at which the sensors should be calibrated.
This concern was raised as a result of a suggestion made
by previous F-Scan users regarding the time- and tem-
perature-dependence of the sensor . These users suggest-
ed that the sensor should be allowed a lengthy warm-up
period prior to calibration and testing in order to cancel
out these effects (17) . In this study, however, it was not
possible to calibrate the sensors after they had been fit-
ted to the MAFO, because the process of trimming the
sensors and then lining them on MAFO surface was
laborious and time-consuming, and the subject was not
expected to wait during this procedure. Rather, this
process was completed prior to the testing ; the subject
was fitted with the instrumented MAFO soon after his
arrival . In addition, the MAFO regions were of irregular
shape and surface which would render sensor calibration
at this point—after trimming and preparation inside the
MAFO—difficult and unreliable . Therefore, all sensors
were calibrated prior to trimming and use . The idea was
to "correct" for any sensor time- and temperature-depen-
dence once the measurements had been obtained . A cor-
rection factor would be obtained in our laboratory by
testing the sensor under constant static loading at various
times and temperatures in order to closely emulate actu-
al testing conditions.

The manufacturer was contacted for feedback on sen-
sor time and temperature characteristics . We were advised
that those used previously were of the old generation and

	

in diabetic individuals . Diabetes Care 1983 ;6 :87-91.

were time- and temperature-dependent . However, the gen-
eration of sensors used in this study was said to be free of
these defects . This was confirmed in our laboratory where-
by a sensor was statically loaded in a water bath for 30 min
and then the bath temperature was steadily raised. Our
results confirmed that the sensor measurements were
unchanged after 30 min of constant loading at room tem-
perature and changed slightly (3 percent) after a 5°C rise.
The sensor reading further changed to 11 .7 percent after a
7°C rise . To understand the implication of these changes on
our data, the temperature inside a subject shoe was mea-
sured during gait: it was initially 2°C above room temper-
ature, increasing to 5°C after 10 min of walking . Thus, one
is confident that the data obtained in this study may be
assumed to be time- and temperature-independent and no
correction factor for these effects was needed . This is
backed up by data from the MAFO-shoe interface control
sensor that provided further evidence that the sensors were
consistent throughout testing.

CONCLUSION

This is the first study to investigate the entire sub-
ject-MAFO pressure distribution in a clinically-based
MAFO designed for neuropathic diabetic adults during
ADLs such as walking, chair rise, stair rise, and pivoting
on the MAFO. The majority of loading was seen in the
shoe insert and lower calf shell regions of the MAFO,
with limited pressures in the remainder of the calf shell.
Maximal loading patterns in the MAFO were found to
occur during the mid-stance phase of gait and stair climb-
ing. This information may be useful to orthotists in
improving basic MAFO design and to researchers as a
starting point for performing complex finite element
analysis on the MAFO.
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