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In-Shoe Pressure Distribution for
Running in Various Types of Footwear

Ewald M. Hennig and Thomas L. Milani

Discrete pressure sensors were used to examine the influence of shoe con-
struction on the local forces under the foot. Measurements were performed
at eight locations under the feet of 22 subjects wearing 19 different models
of running shoes. Mechanical properties of shoe soles were assessed with an
impacter device. Pressure distribution, ground reaction force, and acceleration
data were collected simultaneously during running at 3.3 m/s. Early lateral
loading of the rearfoot was followed by increasing medial forefoot loads. In
the later phase of pushoff the load was almost entirely carried by the first
metatarsal head and the hallux. Substantial differences in plantar foot pres-
sures and relative loads among shoe models indicated that footwear construc-
tion has a substantial influence on the loading behavior of the foot during
ground contact. Finally, the chosen sensor locations under the foot were
found to be adequate to estimate the vertical ground reaction force.

Although there is minimal scientific evidence to link specific running
injuries to certain models of footwear, most runners believe that running shoe
construction may have a major influence on the occurrence of injuries. Nigg and
Segesser (1992) point out that epidemiological studies and prospective studies
show a link between frequency of injury and sport shoe design. However, more
experimental proof by prospective studies is necessary to confirm a definite
relationship between shoe design and injury prevention (Nigg & Bobbert, 1990).
Various authors suspect that stress fractures, plantar fasciitis, heel spurs, metatar-
salgia, sesamoiditis, and peripheral neuropathies are caused by pressure overloads
at various locations under the foot (Drez, 1982; Taylor & Taylor, 1988; Waller,
1982). Common treatments are the use of cushioning inserts, the redistribution
of plantar pressures by orthotics, or changes in footwear, Although little is known
about the quantitative changes in plantar pressures resulting from methods to
redistribute the mechanical loads, for many years these devices have been helpful
in the treatment of foot disorders,

Using force platforms, several studies have provided information about the
magnitude and variability of the ground reaction forces and the path of the center
of pressure for running at different speeds (Bates, Osternig, Sawhill, & James,
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1983; Cavanagh & Lafortune, 1980; Nigg, Bahlsen, Luethi, & Stokes, 1987). In
a review of ground reaction force (GRF) research, Miller (1990) concluded that
GRF is not a particularly sensitive measure since its signals reflect the acceleration
of the body’s center of mass. Miller further stated that the full potential of
GRF analyses in clinical and field applications will only be achieved when
simultaneously miniaturized in-shoe GRF transducers and additional three-
dimensional cinematography are applied. Although a number of different pressure
distribution measuring systems are currently available to examine foot-to-ground
contacts, the progress has been slower for in-shoe devices. Using an insole with
499 piezoceramic transducers, Hennig, Cavanagh, Albert, and Macmillan (1982)
presented pressure distribution profiles for one subject walking at a speed of
1.5 m/s in one running shoe. The time sequence of the pressures under the foot
was presented in a three-dimensional wire frame diagram, and it revealed the
importance of the first metatarsal head and the hallux during the pushoff phase
of stance. Gross and Bunch (1989a) used single in-shoe piezoceramic transducers
to study the influence of three basketball shoe midsole materials on impact
attenuation during landing from a jump. No differences were found in the magni-
tude of the vertical GRF variables between cushioning materials. However, the
plantar foot peak pressures showed significant differences between midsole mate-
rials in the heel and forefoot regions. Using a treadmill, Gross and Bunch ( 1989b)
also investigated the influence of running speed on in-shoe pressures. They found
changes in plantar pressures that matched those reported for ground reaction
force variables (Munro, Miller, & Fuglevand, 1987). Gross and Bunch (1989b)
presented no information on the type of footwear used in their study. Differences
between treadmill and overground locomotion have been a controversial topic
in the biomechanics literature. A recent study demonstrated substantial differences
for in-shoe pressures between treadmill and overground running (Lafortune,
Hennig, & Milani, 1994),

An investigation of plantar peak pressures during walking and running with
discrete pressure transducers indicated a much lower variability for running as
compared to walking (Milani, Hennig, & Stothart, 1990). Depending on the
anatomical locations, intraindividual coefficients of variability between 6.2 and
14.4% were reported for running. In-shoe measurements with discrete piezo-
ceramic transducers have also been employed to study the effect of orthotics and
to analyze the loading patterns during track-and-field activities and bicycling
(Hennig & Milani, 1989; Hennig & Sanderson, 1992; Milani & Hennig, 1992).

The main purpose of this study was to assess the influence of several
commercially available running shoes (19) on foot pressures in a large group of
subjects (22) during overground running. This allowed the creation of a large
database from which a reference series of pressure profiles could be established
for this activity. A secondary purpose of the study was to examine the suitability
of using eight discrete pressure sensors, positioned under selected anatomical
structures of the foot, to estimate the total load experienced by the foot during
running.

Methods

Only individuals with normal foot structure and without prior history of lower
extremity injuries were selected for this study. Foot structure was determined by
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clinical examination and by visual inspection of foot imprints recorded while
subjects walked across a Harris mat. Twenty-two experienced runners with a
mean age of 29.4 vears (SD 6.8) and a mean body mass of 71.7 kg (SD 6.0)
participated in the study. The subjects performed five running trials (3.3 m/s)
across a Kistler (Type 9281 B) force platform in each of 19 different commercially
available sport shoe constructions. The subjects performed rearfoot strikes in all
trials for each of the shoe models. This was confirmed by examining the pressures
under the heel, midfoot, and forefoot structures. In all cases, the heel pressures
during the first 20 ms after contact were more than 5 times higher than the sum
of all other pressures. A speed of approximately 12 km/hr (3.3 m/s) was chosen
to match the 3 hr 20 min to 3 hr 45 min marathon times reported by the majority
of the participating runners. Running speed was controlled by two photocells
placed at equal distances in front of and behind the force platform. A mean
velocity of 3.30 m/s (SD 0.01) was determined after averaging all trials for all
subjects across the 19 shoe constructions. The velocities between shoe models
ranged between 3.29 and 3.31 m/s. The shoes were randomly assigned to each
subject within a single day.

All shoes were high-quality running footwear from internationally re-
nowned manufacturers. An impacter assembly, similar to the one described by
Frederick, Clarke, and Hamill (1984), was used to determine the midsole proper-
ties of the rearfoot constructions. The peak acceleration scores varied between
9.9 and 15.5 g (M 12.8 g, SD 1.3) with the sole deformation varying between
6.9 and 10.9 mm (M 8.8 mm, SD 1.0) across all shoes.

Instrumentation and Data Collection

A pressure distribution unit Halm PD-16 (Halm GmbH, Frankfurt, Germany)
with eight discrete piezoceramic transducers was used to record in-shoe pressure.
The sensors had good dynamic response and high precision with linearity and
hysteresis below 1% (Hennig et al., 1982). The measuring elements were 4 by
4 mm with a thickness of less than 2 mm. The transducers were positioned with
adhesive tape at specific anatomical locations underneath the foot: medial and
lateral heel and midfoot; the first, third, and fifth metatarsal heads; and the hallux.
The lateral midfoot position was located under the base of the fifth metatarsal
bone. The medial midfoot location was along the longitudinal axis of the foot,
as defined by a connecting line from the center of the heel to the head of the
second metatarsal bone. These locations were identified visvally and through
palpation. The subjects were asked to complete a questionnaire to document the
influence of the transducers on comfort during running.

Simultaneously with the recording of the GRF, acceleration along the tibial
axis was measured with a low-weight Entran accelerometer (Type EGAX-F-25).
The accelerometer was embedded in a small piece of balsa wood. It was fastened
to the skin above the medial aspect of the tibia at half the distance between the
medial malleolus and the medial tibial condyle. The transducer assembly was
glued to the skin and additionally held in place by an elastic bandage. The
bandage was wrapped around the shank to improve the mechanical coupling with
the underlying bone. The total mass of the transducer arrangement was less than
1.5 g. With a pretrigger data collection mode, the vertical component of GRF,
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sampled simultaneously at a rate of 1 kHz per channel. A threshold of 5 N in
the vertical GRF component was set to identify foot strike.

Estimation of Vertical GRF by Pressure Sensors

For one shoe model. the force curve and the summed pressure signal (across
the eight sensors) were time normalized for all subjects, using an interpolation
technique previously described by Cavanagh and Lafortune (1980). After time
normalization the vertical GRF and the summed pressure signals were averaged
across all subjects. The resulting force-time and summed pressure—time curves
differed in amplitude. To provide a visual impression of the resemblance between
these curves, all values of the pressure—time curve were multiplied by a scaling
factor. The scaling factor was calculated by dividing the maximum vertical ground
reaction force value by the peak value of the summed pressure signal.

Data Analysis

The peak vertical force at initial impact (PVF1), the maximum force during
midstance (PVF2), and the peak acceleration (PPAC) were determined from the
vertical GRF and acceleration signals. The force values were expressed as mul-
tiples of body weight (bw). Peak pressures and relative loads were determined
for all subjects in each shoe condition. The peak pressure analysis provided
information about the highest pressures under the foot, as they occurred through-
out foot contact. A better understanding of the load-bearing role of each anatomi-
cal structure can be obtained using the time integral of the pressure signals during
foot contact with the ground. Relative impulses were calculated by dividing the
local force integral (force = pressure times sensor-area) by the sum of the force
integrals under all anatomical regions. The relative loads were expressed as a
percentage of the summed impulse. This procedure allowed a comparison of load
distributions that was independent of the subjects’ mass. Five repeated trials
for 22 subjects in 19 shoe conditions resulted in a total of 2,090 individual
measurements, After the five repeated trials means were completed, the data
were processed with a repeated-measures ANOVA to determine the shoe effects.

Results and Discussion

The questionnaire results indicated that none of the subjects felt discomfort during
running due to the presence of the pressure sensors under their feet. The subjects
did not believe that the sensors had influenced their running style. Similar observa-
tions with the same type of transducers have been reported for in-shoe measure-
ments of much higher loads, as they occur during ground contacts in triple jumps
(Milani & Hennig, 1992). Discrete sensors under the foot will result in an
overrepresentation of the actual pressures and do not give a complete picture of
the foot-to-shoe interaction. On the other hand, this approach permits an accurate
positioning of the transducer under specific anatomical structures, In studies
that involve footwear evaluation and prescription, the overrepresentation of the
pressure can be an advantage, It magnifies the pressures, thus allowing an easier
detection of differences between experimental conditions. An in-depth discussion
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of the advantages and disadvantages of discrete sensor versus sensor matrix
arrangements has been presented elsewhere (Hennig & Milani, 1994),

Development of Pressures Under the Foot

Heel Pressures. Figure 1 shows the mean pressure pattern of the 22
subjects in one pair of running shoes with medium midsole cushioning properties
(Shoe 12, impacter score of 12.8 g). The peak pressure values of the other 18
shoe models are summarized in Table 1.

The initial rearfoot strike phase is shown with a time resolution of 10 ms.
From 50 to 90 ms and for the remainder of the contact phase, time resolutions

e ds

10 ms

170 ms

50 ms 210 ms

Figure 1 — Pressure distribution under the foot during running in one footwear
condition at 3.3 m/s (values in kPa).
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Table 1 Data for 19 Different Running Shoe Constructions (Shoes 1-19)
From Biomechanical and Mechanical Impacter Tests

Shoe PPAC PVFI PP-1 PP2 PP3 PP4 PP5 PP6 PP7 PPB

1 473 1.48 755 - 673 163 260 386 526 734 467
2 5.66 1.62 775 636 421 242 440 490 825 589
3 5.91 1.54 R98 735 359 174 468 543 789 487
4 6.09 1.56 968  B47 429 210 432 578 B87 612
5 6.12 1.68 930 751 kY3 135 426 498 873 556
6 6.21 1.68 886 747 199 202 338 443 913 54
7 6.38 1.66 839 784 342 171 463 531 701 53
R 6.39 172 B90 775 359 253 473 495 873 - S22
9 6.43 1.R0 K73 735 440 152 428 439 864 498
10 6.54 1.64 971 810 424 252 ik 540 1018 519
11 6.58 1.66 873 166 464 228 413 475 955 532
12 6.60 1.66 032 734 413 255 490 634 883 591
13 6.61 1.74 963 k39 d67 329 480 574 1040 623
14 6.70 1.62 8O0 662 39o 177 425 468 800 549
15 6.86 .81 884 782 328 160 449 537 837 688
16 7.10 1.83 943 RIS 351 92 514 631 AR89 528
17 7.49 1.67 1038  B2S5 156 169 396 530 BOD 535
I8 1.50 1.84 058 R04 401 244 590 534 945 . 551
19 7.95 1.96 1040 R49 406 224 611 502 945 539

Shoe RL-1 RL-2 RL-3 RL-4 RL-S5 RL-6 RL-7 RL-8 IPAC IDEF Mass

1 22— 119 83 52 0210 227 1858 11> 103 371
2 o] T e | - S 4.5 LT 123006 1D XS 89 349
3 130 128 78 3.2 125 W3 216 M8 137 79 323
4 130 131 T3 32 o8- 138 -219 51 109 376
5 130 LB 8D 2.1 103 128 248 117.1 12.7 85 354
6 124 119 KB i2 91 116 253 176 14 B8 382
7 24 128 7.2 12 o SN 5 B e DR { S I 92 340
B 12:1 11.5 Tl 4.7 1.5 124 242 139 120 89 362
9 159 TE] 9.6 6.1 il L 138 138 9.9 98 336

10 FE9 L TER 37 LA =127 265139 138 7.9 361
I B T o T Tl i3 0211 265 163 - 128 BB MR
12 121 109 8.2 4.3 109 143 228 166 128 0.1 376
13 109 109 84 54 103 125 246 169 144 69 300
14 128 .108 87 34 §12 2y 38411y 139 8.3 365
15 120 114 68 2.6 107 139 239 . 187 - 155 BB 395
16 5 A b B I ¥ 1.6 122 186 A =1 12,7 78 326
17 B Sl [ e 34 00 - 138 229 163 183 S g .
I8 5 s 1 S . 4.3 134 127 250 . 158 |16 9.2 36
19 122 108 T8 18 135 113 —ne- 133 1 92 344

Note. Peak tibial acceleration (PPAC) in g: first peak of the ground reaction force (PVF1) in
bw; peak pressures (PP1-8) in kPa, relative loads (RL1-8) in %; impacter peak acceleration
(IPAC) in g: impacter midsole deformation (IDEF) in mm: mass of the shoes in g.
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of 20 and 40 ms were selected. A total contact time of 269 ms was determined
from the vertical GRF signal. A first peak of 1.66 bw in the vertical ground
reaction force occurred 32 ms after heel strike. The pressure sequence of Figure
| shows that mid- and forefoot loading already started between 20 and 30 ms.
Higher lateral than medial heel pressures can be seen during the first 50 ms. The
initial higher lateral heel loading was observed in all of the investigated running
shoe models (Table 1). Contrary to this finding, load analyses during barefoot
walking and landing from a jump revealed higher medial than lateral heel peak
pressures (Hennig, 1990; Hennig & Milani, 1993). In rearfoot strike running, the
supinated foot hits the ground with the lateral portion of the heel. For a group
of 15 subjects, Edington, Frederick, and Cavanagh (1990) found a transition from
rearfoot inversion to eversion at 40 to 45 ms after ground contact. The authors
showed a substantial rearfoot inversion 30 ms after heel strike at a running
velocity of 3.6 m/s. Along with foot inversion, foot abduction during ground
contact may also explain the increased lateral heel pressures as found in the
present study. From 70 ms until heel lift at approximately 170 ms, medial and
lateral heel pressures were almost equal.

Midfoot and Forefoot Pressures.  Lateral mid- and forefoot loading began
earlier than 30 ms after ground contact. This was before the occurrence of the
initial impact peak vertical GRF (PVF1). The loading of the lateral foot border
is due to a supinated foot position at heel strike. Lateral mid- and forefoot loading
dominated the pressure pattern up to approximately 70 ms. Under the longitudinal
arch of the foot, surprisingly high lateral pressures were present. High midfoot
pressures during running have also been observed for one subject during barefoot
running across a pressure distribution platform (Cavanagh et al., 1985). Similarly,
for barefoot landings from a jump, 30 subjects with normal, planus, and cavus
feet showed high midfoot pressures (Hennig, 1990).

A comparison of the peak pressures and relative loads under the longitudinal
arch from the present study with reported values for bipedal standing and walking
(Hennig & Milani, 1993) suggests that the longitudinal arch of the foot collapses
under the higher load experienced during running. From 90 ms after heel strike
until liftoff, medial forefoot loading became increasingly important. The first
ray, composed of first metatarsus and hallux, was the main load-bearing structure
during the pushoff phase. Barefoot walking data from 111 adults showed higher
pressures under the big toe than under the first metatarsal head (Hennig & Milani,
1993). Conversely, during running, higher in-shoe pressures were measured under
the first metatarsal head than under the big toe (Table 1). From kinematic data
on rearfoot movement, the rear portion of the foot has been shown to supinate
during the later part of stance. This supination did not appear to be reflected in
the forefoot pressure pattern. There was no distinct lateral loading of the forefoot,
The present pressure data combined with previous kinematic information suggest
that a twist occurs between rear- and forefoot, resulting in low pressures of the
lateral forefoot during pushoff.

Relative Load Analysis

Peak pressures and relative loads at each of the eight anatomical regions were
found to be significantly altered by the different shoe models (p < .0001). Table
I summarizes the mean values of the various load variables for the 19 footwear
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models. Peak pressure analyses are useful in determining the magnitude of local
loads under the foot. In comparison, the relative load analysis offers a better insight
into the influence of footwear on foot mechanics. For many years, podiatrists have
used orthotics for various foot complaints. In spite of a lack of scientific proof,
the prescription of orthotics is based on the reasonable assumption that a redistribu-
tion of loads under the foot modifies the overall mechanical behavior of the foot.

The graphic representation of the relative load distribution in Figure 2 was
used to illustrate the influences of footwear constructions on plantar weight
bearing. Individual comparisons showed significant relative load differences be-
tween the two shoes (p < .001) for all forefoot regions. During pushoff, the
contributions of the various foot structures to propel the body were different for
the two footwear models. In the selected example, the medial load under the
first ray was substantially higher for Shoe A, whereas Shoe B caused an increased
contribution of the third and fifth metatarsal head structures. Considering these
large differences in forefoot loading, the influence of footwear on the occurrence
of overuse injuries should be obvious. Runners often report that a change of shoe
model can relieve pain for specific lower extremity problems. Yet, the converse
is reported just as frequently.

Comparison of In-Shoe Pressure With Force Platform Results

Across all shoes and subjects, a mean contact time of 269 ms (S 2.8) was
found. The first vertical GRF impact peak of 1.69 bw (SD 0.12) was followed

77778 A

17.8

B ]

G

Figure 2 — Relative load pattern for 22 subjects running in two running shoe models
(values in percent).
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by a force maximum of 2.63 bw (SD 0.02). These values are similar to the values
reported by Miller (1990) for running at a similar speed. Table | summarizes
the peak tibial acceleration (PPAC), the first peak of the ground reaction force
(PVF1), the peak pressures (PP1-8), and the relative loads (RL1-8) under the eight
anatomical locations for the 19 different running shoe models. The numbering of
the pressure sensors identifies the following anatomical sites: lateral (1) and
medial (2) heel: lateral (3) and medial (4) midfoot; fifth (5), third (6), and first
(7) metatarsal heads; and the hallux (8). From measurements with the mechanical
impacter device, the acceleration scores (IPAC) and maximum sole deformations
(IDEF) were also added to Table 1. The ordering of the shoes was based on the
peak tibial acceleration results.

With the exception of the second peak vertical GRF, shoe models were
found to influence all other measured biomechanical variables (p < .0001). The
correlation matrix (Table 2) shows significant correlations (p < .001) between
peak tibial acceleration (PPAC), first vertical force peak (PVF1), and peak heel
pressures (PP-Heel). Despite a significant (p < .05) positive correlation, a surpris-
ingly low relationship was identified between peak heel pressure and the first
vertical force peak.

PVF1 occurred approximately 30 to 35 ms after heel strike. Figure | shows
that mid- and forefoot structures already started weight bearing earlier than
30 ms after foot contact. Thus, the first force peak (PVF1) was not determined
solely by the pressures under the heel. Depending on shoe construction features,
mid- and forefoot structures may contribute differently to the magnitude of the
initial peak vertical ground reaction force.

A good resemblance was observed between the ground reaction and the
summed pressure curves (Figure 3). The good reproduction of the vertical GRE
by the eight in-shoe transducers suggests that the selected anatomical locations
under the foot were well suited to estimate the interaction of the foot with the
ground, The summed pressure signal slightly underestimated the first peak of
the vertical GRF and showed increased values in the later part of stance. Because
the same weighting factor was used for all sensor signals, the curve deviations
may reflect differences in sensor area representation. It should also be remembered
that the pressure sensors record the component of loading that acts perpendicular
to the shoe sole. Therefore, additional mechanical loads resulting from shoe sole
bending and horizontal ground reaction forces at pushoff may influence the

Table 2 Correlation Matrix Between Pressure, Acceleration,
and Ground Reaction Force Variables

PPAC PVFI] PP-Heel
PPAC |
PVFI +0).80 |
PP-Heel +(.76 +0.52 |

Note. PP-Heel = averaged peak pressures from lateral and medial heel.
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