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Abstract

Fast walking and jogging are two common exercises for people to maintain health in daily life. But the differences
in loading patterns of fast walking and jogging are still unclear. The purpose of this study was to compare loading
patterns in fast walking and jogging at the same speed, and to identify how differences in foot mechanics
influence plantar pressure distribution between the two modes of gait. Totally, 49 healthy males participated in this
study. Data of pressure parameters, including maximum force (MF), peak pressure (PP), contact area (CA), force-time
integral (FTI), were recorded by Pedar-X insole plantar pressure measurement system in participants’ fast walking
and jogging process at 7 km/h. A Load transfer analysis method was used to quantify the plantar load transference
from fast walking to jogging. The results showed that MF, PP and CA increased in metatarsal regions and midfoot
regions while decreased in toes regions and heel during jogging when compared with fast walking. FTI decreased
in all foot regions during jogging compared to fast walking. Under the effects of spring mechanics and the varus of

rearfoot during jogging, fast walking and jogging reveal different loading patterns. Compared jogging to fast
walking, load transferred as follow: 1) in transverse direction, load transferred from lateral foot to medial foot in
metatarsal regions and midfoot regions, 2) in longitudinal direction, load transferred from toes to the metatarsal,
and from heel to the metatarsal and midfoot. These results also provide suggestions for footwear designs.
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1 Introduction

Fast walking and jogging are both popular forms of exer-
cise for humans to maintain health as their moderate ex-
ercise intensity health [1-4]. Fast walking is determined
on the basis of natural walking [5]. The walking speed is
improved to increase the exercise intensity for calorie
consumption [3]. Jogging is sub-classified from running
by the velocity. In recreational runners, jogging typically
occurring between the speeds of 5-10 mph [6]. The jog-
ging speed can overlap with the fast walking speed. Both
fast walking and jogging consist of cyclical subsequent
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phases of swing and support [7]. However, fast walking
and jogging gait differ at that the former has a double
limb support phase while the latter has a float phase
instead [6].

As for fast walking and jogging, few studies have com-
pared the two types of daily exercise. While the plantar
pressure distribution of walking and running has been
compared by many researchers [8—10]. Gerych et al. in-
dicated that peak pressure and maximum force signifi-
cantly increased in all foot regions during running, and
contact area significantly increased in midfoot [10].
Chuckpaiwong et al. compared the in-shoe plantar pres-
sure of walking and running, and found that peak pres-
sure and maximum force significantly increased during
running in foot regions while the force-time integral was
significantly decreased in the rearfoot, lateral midfoot,
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middle forefoot, and lateral forefoot [8]. However, these
previous studies were equivocal because the speed as a vari-
able was not controlled, which was higher in running than
in walking. It has been proved that speed could affect plan-
tar pressure both in walking and running [11-13]. Thus, it
was difficult to distinguish whether the plantar pressure dis-
tribution difference was produced by changing the gait pat-
tern, by the variation in locomotor speed or both factors.
Therefore, this study confined fast walking and jogging to
the same speed, aiming to eliminate the influence of loco-
motor speed. As plantar pressure significantly increased in
all foot regions during running in the above studies, we
hypothesized that plantar pressure would have a great in-
crease during jogging when compared with fast walking.

In this study, a load transfer analysis method was used
to identify how the load transferred from fast walking to
running. Previous studies had used algorithm and dia-
gram to identify how the load transferred on foot in dif-
ferent situation [14, 15]. However, a similar approach
had not been applied in the comparison of fast walking
and jogging. The use of this load analysis method could
promote a better understanding of the differences on
foot loading patterns between fast walking and jogging.
It has been reported that walking uses an inverted pen-
dulum model, while running uses a mass-spring model
which can exchanges kinetic and energy very differently.
Muscles and tendons sequentially store elastic strain en-
ergy, and then release the energy through recoil during
the stance phase [16, 17]. As the component of the
spring mechanism, the longitudinal arch (LA) play a key
role in the store-release energy process on foot [18, 19].
Here we make a hypothesis that the main difference in
the mechanisms of fast walking and jogging was on the
function of foot arch.

Therefore, the purpose of this study was to compare
loading patterns in fast walking and jogging at the same
speed, and to identify how differences in foot mechanics
influence plantar pressure distribution between the two
modes of gait.

2 Methods

2.1 Participants

In total, 49 healthy males (age 22.8 + 1.7 years, body mass
65.3 £ 7.8 kg, height 172.1 + 3.8 cm), without known neuro-
logic or lower extremity orthopedic pathology or any bio-
mechanical abnormality that may affect gait participated in
this study. Informed consent was obtained from each par-
ticipant. The study was approved by the Ethics Committee
of Sichuan University.

Plantar pressure parameters were measured by Novel
Pedar-X in-shoe system (Novel, Munich, Germany) at a
frequency of 50 Hz. Each pressure insole contained 99
capacitive sensors which were calibrated prior to data
collection. The insole was flexible so that it could easily

Page 2 of 7

be placed into the bottom of the shoe. All participants
were sized and fitted with a pair of test shoes (Nike Free
5.0, Nike, America) to counter a possible bias of shoe
type or shoe construction influencing the subjects’ walk-
ing and running style. The shoe size a US size 8. The
shoes were purchased solely for Pedar data collection
and had not been used for any other purpose. The partici-
pants were requested to wear the same socks provided
during the test. The treadmill (King Smith T211&T221,
China) consisted of a walking surface of 1220*420 mm
and could be set to a range of speed from 0.0 km/h t016.0
km/h accurately.

2.2 Speed selects

In recreational runners, jogging typically occurring be-
tween the speeds of 5-10 mph [6]. But during the pre-test
in the participants, it was difficult to continue walking
when the treadmill was set higher than 7 km/h. Also, it
has reported that when the jogging speed was too slow, it
would differ from typical running by its more characteris-
tic vertical and “bouncy” running style [9]. Therefore, to
avoid the vertical and “bouncy” running style, 7 km/h as
the highest fast walking speed for most participants can
achieve was selected as the test speed for this study.

2.3 Procedure

Plantar pressure parameters were recorded as partici-
pants walked and ran on the treadmill at 7 km/h with no
slope wearing the same socks and test shoes. Data of
pressure parameters, including maximum force (MF),
peak pressure (PP), contact area (CA) and force-time in-
tegral (FTI), were recorded by Pedar-X insole plantar
pressure measurement system. Prior to testing, all the
participants had been informed about the procedures. A
warmup was instructed that included regular stretches
as well as walking or running at a preferred speed, giving
participants time to familiarize themselves with the
treadmill and test shoes. After that, treadmill settings
were adjusted to 7 km/h. Data were collected for 20s
when the participant walked on the treadmill naturally.
And then the participant was instructed to change the
locomotion into jogging on the treadmill. When the par-
ticipant jogging naturally, data would be collected for at
least 20 s. Approximately one-minute rest was provided
during trials if needed.

2.4 Statistical analysis

For the analysis of plantar pressure parameters, the foot
was divided into eight anatomical regions (Fig. 1): big
toe (BT), toes2—5 (T2-5), medial metatarsal (MM), cen-
tral metatarsal (CM), lateral metatarsals (LM), medial
midfoot (MMF), lateral midfoot (LMF) and heel (H). As
all participants were right leg dominant, only the right
foot of each participant was analyzed [20]. For each
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participant, the mean plantar pressure parameters were
calculated based on five successful consecutive steps,
chosen in the middle of each trial from 20s of the col-
lected data. Statistical analysis was conducted by SPSS
17.0. A Paired-Sample T Test was used to determine the
main effects of the experimental conditions. The value
p < 0.05 was perceived as significant for statistical analysis.

2.5 Load transfer analysis method

A load transfer analysis method was improved which
based on the previous study [14, 15] to quantify the plan-
tar load transference from fast walking to jogging. Since
FTI is the total load in a certain region of the foot which
indicates the duration of contact so that the overall load
in that region can be fully described, the FTT was calcu-
lated for each region [15]. FTI was then normalized into
relative FTT for the contrast between participants. Relative
FTI was used to assessed the inter-regional load transfer.

x 100%

. FTI(foot region)
Relative FTI (%) = S~ FT1(foot region)

Load transference is divided into two parts: 1) transfer-
ence in longitudinal direction and 2) transference in
transverse direction, in order to observe the transference
respectively. Certain rules for the calculation are formu-
lated, as follows:

1. Four levels are defined following the anatomical
structure along the longitudinal direction: toes
(Level 1, BT and T2-5), metatarsal (Level 2, MM,
CM and LM), midfoot (Level 3, MMF and LMF)
and heel (Level 4, H). The values in each foot
region are difference value of relative FTI between
the two gait modes (relative FTT of jogging minus
that of fast walking). A negative value indicates the
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relative FTT of jogging is lower than that of fast
walking (green color regions), and vice versa for a
positive value (yellow color regions).

2. Load transfer within each level from high value
regions to low value regions in transverse (media-
lateral) direction. Load transfer occurs between
adjacent anatomical regions first, and then between
the further regions. After the transfer, the relative
FTI values in each region at the same level tend to
be equal (even in negative values). After the
transfer, the altered values of relative FTT are shown
in red color. The values on the arrows was the
transfer values from one region where the arrow
begins to another region where the arrow ends.

3. After the within-level transfer, load transfers
through levels in longitudinal (anterior-posterior)
direction. Load transfer occurs between adjacent
levels first, and then between the further levels.
After the transfer, the altered values of relative FTI
are exhibited in red color, which are generally zero.

3 Results

The results showed that fast walking and jogging had
different loading patterns. Compared with fast walking,
MF, PP and CA increased in metatarsal and midfoot re-
gions while decreased in toes and heel regions during
jogging. Plantar pressure measurements are shown in
Fig. 2. In contrast to fast walking, MF significantly in-
creased during jogging in MM, CM, LM, MMF, LMF,
and significantly decreased in BT, T2-5, H. The greatest
MF concentrated on H in both fast walking and jogging.
Furthermore, the peak value of MF on H in fast walking
was much higher than that in jogging. PP significantly
increased during jogging in CM, LM, MMF, LMF, and
significantly decreased in BT, T2-5, H compared with
fast walking. Significant greater contact area was found
in MM, CM, LM, MMF, LMF, and significant lower
contact area was found in T2-5, H during jogging than
fast walking. Compared the FTI values with fast walking,
FTI significantly decreased during jogging in all foot re-
gions. BT, MM and CM were the main loading regions
during both fast walking and jogging (Table 1). Mean-
while, H also took a great proportion of plantar loading
during fast walking.

Figure 3 quantifies the plantar load transference from
fast walking to jogging. Difference values of relative FTI
(%) between fast walking and jogging at 7 km/h are indi-
cated in Table 1. Compared jogging to fast walking, load
transferred from BT to T2-5, from LM to MM and CM,
and from LMF to MMEF in the transverse direction,
showing a trend of transferring load from lateral foot to
medial foot in metatarsal regions and midfoot regions.
In the longitudinal direction, load transferred from level
1 to level 2, and from level 4 to level 2 and level 3,
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showing that load transferred from toes to the metatar-
sal, and from heel to the metatarsal and midfoot.

4 Discussion

Our first hypothesis was confirmed that plantar pressure
had a great increase during jogging when compared with
fast walking, but the increase only occurred in metatarsal
regions and midfoot regions. MF and PP increased in
metatarsal and midfoot regions while decreased in toes
and heel regions. These results are different with

Table 1 Relative FTI (%) in fast walking and jogging at 7 km/h

Foot regions Fast walking Jogging Diff.
BT 184 17.6 0.8
T2-5 10.2 95 0.7
MM 16.3 20.1 -38
(@Y 152 180 -28
LM 10.1 1.7 -16
MMF 58 6.4 -06
LMF 84 83 0.1
H 15.7 85 7.2

previous studies which indicate that MF and PP increase
in all of the foot regions during running [8, 10]. Because
that locomotion speed could affect the plantar pressures
[11-13] which confuse the effect of changing gait pat-
tern in previous studies. Therefore, speed controlling
should be considered into the comparison of different
movement modes to eliminate the influence of speeds.
Even at the same speed, fast walking is differentiated
from jogging in that the former has a period of double
limb support which includes the initial contact phase,
loading response phase and pre-swing phase during the
fast walking gait [6]. In the double limb support period,
both feet are in contact with the ground at the same
time. While in the jogging gait, only 1 foot is in physical
contact with the ground in these phases. Additionally,
there is a float phase that neither foot was in contact
with the ground during the jogging gait. Therefore, the
foot support was stronger to hold the body and drive to
float during jogging than fast walking, which could result
in higher impact on the foot than that in fast walking.
This provides an explanation that MF and PP increased
during jogging than fast walking in this study. Compared
to fast walking, MF and PP increased in metatarsal
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regions and midfoot regions while decreased in toes and
heel regions during jogging. This could be caused by the
concentration of foot loading on metatarsal and midfoot
regions compared jogging to fast walking.

When encumbered with load, the longitudinal arch
(LA) lengthen and lower, subsequently recoiling as the
load is removed [21]. Compared with fast walking, the
compressive deformation in LA was larger because of
the higher force during jogging in metatarsal and mid-
foot regions. Hence, CA of metatarsal regions and mid-
foot regions increased during jogging. The increase of
CA in these regions during jogging can help relief the
pressure in these foot regions. The consistent increase of
PP with an accompanied increase in MF during jogging
compared with fast walking implied that the increase of
contact area was not enough to relief the increased
force.

In previous studies, peak forces concentrate on fore-
foot and occur at the end of the stance phase [22, 23].
However, due to the relatively lower speed in the present
study, the peak MF occurred at the initial contact phase
during jogging which was in accordance with fast walk-
ing. At the initial contact phase during fast walking and
jogging in this study, the heel strike generated acute
force on the heel, which caused the result that the great-
est MF concentrated on H in both fast walking and
jogging.

Overall, to the aspect of plantar pressures, the risk of
injuries during jogging could be lower than that in fast
walking. As the greatest-MF region during both fast
walking and jogging, heel had a significantly decrease in
MEF from 493.9N to 296.7 N during jogging than that in
fast walking. While the increase amount of MF in meta-
tarsal regions and midfoot regions was not that much.
As the two of the greatest PP regions during fast walk-
ing, BT and H significant decreased during jogging. So
that MM became the greatest PP region during jogging

where do not have significant difference between fast
walking and jogging. The great decrease of PP and MF
in toes and heel regions could help reduce the risk of re-
lated injuries, such as foot pain [24] and stress fracture
[25]. Furthermore, to the best of our knowledge, few
shoes were designed especially for fast walking in daily
exercise. As fast walking has become more popular, it is
suggested that shoes for fast walking should be designed
based on the specific plantar pressures during fast walk-
ing to reduce the potential risk of injuries. Besides of the
protection on metatarsal and heel in running shoes,
shoes designed for fast walking should also provide pro-
tects in the big toe because of the highest PP in this
region.

FTI decreased in all foot regions during jogging com-
pared to fast walking. Since FTI is the total load in a cer-
tain region of the foot which indicates the duration of
contact, both force and ground contact time can affect
the FTI values. Additionally, due to plantar force in-
creased in many foot regions during jogging, the de-
crease of FTI mainly resulted from the reduction of
ground contact time. During fast walking, participants
shows longer step length to catch the fast speed than
jogging. Compared with fast walking, higher cadence is
shown during jogging, which indicate that the time spent
on one gait decreased. Furthermore, previous studies
have indicated that the ratio of stance time to swing
time was approximately 62:38 during walking, while in
recreational running the typical ratio was approximately
35:65 [6]. The decreased of stance phase proportion on
jogging gait further contributed to lower contact time
and lower FTI during jogging.

Walking and running are two distinct gait modes
which are different in the energy exchange and mechan-
ics [6, 26-29]. Walking uses the pendular mechanics
which can exchange forward kinetic energy for gravita-
tional potential energy during the stance phase. While
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running acts as a mass-spring mechanics in which ten-
dons and ligaments in the compliant lower limb store
elastic strain energy and then release the energy through
recoil during the stance phase (Fig. 4, a) [16, 17]. As the
component of the spring mechanism, the longitudinal
arch could maintain flexibility to adapt to alterations in
surface and loading demand, as well as providing stiff-
ness to complete the forward propulsion [30]. During
fast walking, the less collapse of LA than jogging caused
that the bearing of foot load were considerably com-
pleted by toes and heel that toes and heel took a large
proportion of foot loading (44.3%). Due to the stance
phase of the gait shortens from about 60% of the gait
cycle to as little as 30% during running, the considerably
reduced stance phase causes increased demands on the
foot. Therefore, the spring mechanism of foot arch be-
come active (Fig. 4, b). During stance, LA collapses to
absorb loading forces as elastic strain energy, and then
passive elastic recoil which contribute to the generation
of propulsion. As the component of the LA, metatarsal
and midfoot suffered more proportion of foot loading
during jogging. This also caused the fact that load trans-
ferred from toes to the metatarsal, and from heel to the
metatarsal and midfoot in the longitudinal direction to
engage the spring mechanism to work effectively during
jogging. The second hypothesis that the main difference
in the mechanisms of fast walking and jogging was on
the function of foot arch was then confirmed.

Further, the LA is consisted of lateral longitudinal arch
(LLA) and medial longitudinal arch (MLA). Actually, the
MLA has a more elastic structure and play a major role
in the spring mechanism than the lateral longitudinal
arch [18, 31, 32]. Therefore, the activation of MLA dur-
ing jogging could cause that foot loading more concen-
trate in the MLA than LLA than that in fast walking.
Since foot loading more concentrated in the medial lon-
gitudinal arch during jogging, the transfer of foot loading
from lateral foot to medial foot (LM — MM and CM,
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LMF — MMF) was revealed. Additionally, running is
different from walking in what is known as “runner’s
varus” [6]. When the lateral calcaneus contacts at heel
strike, shod runners show greater rearfoot varus com-
pared to walking. At initial contact, shod runners typic-
ally show a 4° - 8° of varum of the calcaneus [33]. The
varus of the rearfoot also contributed to the load transfer
which from lateral foot to medial foot during jogging
compared with fast walking.

Limitations still exist in this study. A potential limitation
might be the use of a treadmill. The treadmill could con-
trol the speed accurately during the test, but running on
the treadmill was associated with lower plantar pressures
in foot regions [34]. It was not equivalent to the measure-
ments of the ground. Another limitation was that this
study was conducted in healthy males and it was unknown
whether similar findings would be achieved in highly
trained athletes, injured participants, old people or chil-
dren where gait parameters would likely vary.

5 Conclusion

The function of foot arch plays a key role on the difference
of mechanisms on foot between fast walking and jogging.
Under the effects of spring mechanics and the varus of
rearfoot during jogging, load transferred from lateral foot to
medial foot in metatarsal regions and midfoot regions in
transverse direction, and transferred from toes to the meta-
tarsal, and from heel to the metatarsal and midfoot in lon-
gitudinal direction. As PP had great increases in toes and
heel regions during fast walking than that in jogging, the
risk of injuries in these regions would be higher during fast
walking. Since fast walking has become more popular, we
suggest that the shoes designed for fast walking should be
designed based on the specific plantar pressures during fast
walking to reduce the potential risk of injuries. Besides of
the protection on metatarsal and heel in running shoes, fast
walking shoes should also provide protects in the big toe
because of the highest PP in this region.

Pendular mechanics during walking

[&Wﬁﬁ\

Spring mechanics during running
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Fig. 4 a) The different mechanics of walking and running (During walking, the leg is relatively straight. During running, human flex the knees
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