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ABSTRACT

Women often wear high-heeled shoes to make their feet look slender and tall. We
focused on the muscle activity of the lower limbs and investigated how the presence
or absence of shoes and the change in heel height affect the lower-limb muscles. The
participants were eight women in their twenties, and the lower-limb muscle activity
was measured while the participants wore running/low-heeled/high-heeled shoes. The
surface myoelectric potential was measured for eight muscles around the knee/waist
using a multi-channel telemeter as the participants walked on a treadmill. The root-
mean-square myoelectric potential and thus muscle activity were significantly higher
for bare feet than for wearing shoes. Additionally, there was no significant difference
in muscle activity between low-heeled and high-heeled shoes, but the activity was less
for these shoes than for running shoes. Thus, as the heel height increased, the muscle
activity around the knee decreased whereas that around the lumbar spine increased.
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INTRODUCTION

Women often wear high heels to make their feet look slender, beautiful, and
tall. However, the wearing of high heels applies more strain to the lower legs
than having bare feet. Kim et al. showed that the balance of walking move-
ments is worse when walking in high heels than when walking with bare feet,
and not only is there shoe rubbing and foot pain but also increased fatigue
when wearing high heels. Wiedemeijer and Otten showed that the increase
in fatigue is due to changes in walking morphology, and that focusing on the
kinematics of the gait, the medial load of the knee is increased by an increase
in the peak of the internal knee abduction moment as the heel height incre-
ases. Barkema reported that changes in ankle movement may be associated
with an increase in the medial knee load. Simonsen showed that walking
in high-heeled shoes reduces the ankle joint moment because of a reduced
muscle fiber length and/or increased co-contraction about the joint, the exten-
sor moment of the knee joint when wearing high-heeled shoes is almost twice
that when walking barefoot at the same velocity, and electromyographic acti-
vity increases in the leg muscles when wearing high-heeled shoes. Blanchette
et al. showed that wearing high heels increases the chances of slipping and
falling and that the friction in walking is affected by the height of the heel,
with a higher heel resulting in more used friction, a stronger shear force, and
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Table 1. Physical characteristics of the participants.

Item Height Weight Girth (cm) BMI Muscle Body Shoe heel hight (mm)

(Unit) (cm) (kg) Top bust Waist Hip Tight Calf (kg·m)2 (kg) fat (%) Running Low-heel
High-heel

Average 159.9 51.8 83.9 66.0 91.5 49.5 34.3 20.2 35.5 27.2 8.9 41.3 71.5
±SD 3.5 4.8 4.4 2.5 3.5 3.5 1.7 1.2 2.5 1.6 10.8 6.4 11.7

a weaker normal force. The desire to be visually beautiful thus presents risks
of muscle fatigue and falling. Thus, many researchers have pointed out the
dangers of wearing high-heeled shoes and muscle fatigue. Nevertheless, our
desire to be visually beautiful remains, and poses a risk of muscle fatigue and
falls. The present study focused on the muscle fatigue of the lower limbs when
participants wore shoes and investigated the dependence of the muscle acti-
vity of the lower limb on the presence or absence of shoes and the height of
the heel. Our final goal is to develop stockings that reduce leg muscle fatigue
when wearing heels. In this report, we clarify the difference in muscle activity
depending on the type of shoe as preliminary work, leaving the development
of such stockings as future work.

EXPERIMENTAL METHODS

Participants and Experimental Conditions

The physical characteristics of the participants are given in Table 1. The par-
ticipants were eight women in their twenties, each having a figure slightly
narrower than the average figure of Japanese women. Each participant slept
for 7 hours the night before the measurement and woke at 6 am, ate break-
fast at 7 am, and entered an artificial-climate room at Shinshu University at
8 am. The artificial-climate room had an environmental temperature of 24.5
°C, relative humidity of 50%, an illuminance of 800 lx, and airflow of 0.5
m/s. After entering the room, the participant remained in a sitting position
for 1 hour, and the myoelectric potential of the lower limbs during walking
was then measured. The participant had (1) bare feet (heel 0 cm) and wore
own (2) running shoes (with heels no higher than 1 cm), (3) low-heeled shoes
(with heels of approximately 3.5 cm), and (4) high-heeled shoes (with heels
of 7–8 cm) as the four experimental conditions and walked at 4 km/h on a
treadmill for 3 min for each condition.

Method of Measuring Muscle Activity

The surface myoelectric potential was measured during walking using a
multi-channel telemeter (WEB-1000, Nihon Kohden, Japan). The measuring
points are shown in Fig. 1. Eight measuring points on the right half of the
bodywere separated into two groups of muscle: muscles around the knee (i.e.,
the tibialis anterior muscle, gastrocnemius muscle, rectus femoris muscle,
and biceps femoris long head) and waist muscles (i.e., the rectus abdominis,
latissimus dorsi, gluteus maximus, and semitendinosus). A root-mean-square
(RMS) value of muscle activity was calculated from the myoelectric potential
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Figure 1: Measuring points for muscle activity.

signal obtained for 2 minutes of a 3-minute measurement using Equation (1)
for conditions (1) to (4).

RMS(t) =

√√√√ 1
2T

T∑
−T

e2(t + τ )dτ (1)

Here, T is selection time, e is potential at the time of observation, t is the
observation time, and τ is a time constant. The values obtained for bare feet
and running/low-heeled/ high-heeled shoes were confirmed to be significantly
different in a paired analysis of variance, with the significance tested using
the Bonferroni method.

RESULTS AND DISCUSSION

RMS Muscle Activities for Bare Feet and Wearing Each Type of Shoe

A typical example of the myoelectric potential when a participant walked
barefoot is shown in Fig. 2. The figure shows the real-time monitoring of the
muscle activity of measuring points M1 to M4, with the bottom trace for
M1 having a longer time axis than the upper traces for M1 to M4. The four
muscles are the muscles surrounding the knee from the rostral (M3/M4) and
caudal (M1/M2). M3/M4 are related thigh muscles and M1/M2 are related
lower leg muscles. It then becomes clear from the electromyogram, that par-
ticipants used either tight or lower leg more depending on the shoes during
walking.M1/M3 are ventral muscles whereasM2/M4 are dorsal muscles, i.e.,
these muscles form a group of antagonistic muscles in walking movement.
The phase shift in muscle activity between the ventral and dorsal muscles
(e.g., M2 and M3) reveals that the ventral and dorsal muscles are used alter-
nately in the walking motion. In this study, the RMS muscle activity was
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Figure 2: A typical example of muscle activity.

Figure 3: RMS of bare feet and wearing each shoe.

obtained by extracting data for 2 minutes from 3 minutes of data of walking
under one condition, such shoe that the phase difference could be ignored.
Each participant’s muscle activity during walking ranged from 7% to 38%
of maximum voluntary contraction (% MVC: Maximum Voluntary Contra-
ction). According to Muller and Hettinger has a muscle strength-enhancing
effect when about 2/3 of the maximum muscle strength is exerted, but the
effect cannot be expected and no individual difference in the muscle load
amount by walking in this study. In other words, the walking motion during
this experiment was not so specific to muscle load. In addition, since the
participants with a significant bodyweight generally have a large amount of
muscle, the standardization for RMS was performed by dividing by the wei-
ght of the participants. The RMS muscle activities for bare feet and wearing
each type of shoe are shown in Fig. 3. The RMS muscle activity for bare feet
was significantly larger than that for wearing low-heeled and high-heeled
shoes. Bare feet thus allow the foot to move more freely than heeled shoes,
and the muscle activity was lower for wearing low-heeled/high-heeled shoes
than for bare feet.



Effect of the Shoe Heel Height on Lower-Limb Muscle Activity 17

Figure 4: RMS of each muscle.

RMS Activity of Each Muscle

The RMS activity of eachmuscle is shown in Fig. 4.MusclesM2/M3/M4/M6,
and M7 were less active when shoes were worn, whereas there was no dif-
ference between wearing shoes and bare feet for muscles M1/M5/M8. In
particular, the activities of muscles M2/M3 varied significantly, decreasing
in the order of bare feet, running shoes, low-heeled shoes, and high-heeled
shoes, and these muscles are thus less used when shoes are worn and the heel
increases. Meanwhile, the activity of muscle M7 increased in the order of
bare feet, running shoes, low-heeled shoes, and high-heeled shoes, and this
muscle is thus used more when shoes are worn, and the heel is high. The
results show that the use of main muscles depends on the wearing of shoes
and the heel height. Specifically, a higher heel resulted in the lower activity
of the muscles around the knee and higher activity of the muscles around the
waist, especially the gluteal muscles.

Relative RMS Activity of Each Muscle

The RMS activity of each muscle when wearing each type of shoe relative to
that for bare feet is shown in Fig. 5. An asterisk at the top of a bar indicates
a significant difference between the bare feet and shoe conditions whereas an
asterisk above a bridge indicates a significant difference between shoes. Zero
on the vertical axis is the RMS myoelectric potential (muscle activity) for
bare feet. The activities of muscles M2/M3/M4/M8 were significantly lower
when shoes were worn whereas the activity of muscle M7 was significantly
higher when low- and high-heeled shoes were worn. Satsumoto et al. reported
that the electromyogram became highest at the muscle of tibias anterior (M1
in this paper) and the gastrocnemius (M2) of 7cm heel pumps among 3/5/7
cm heeled shoes. Our M1 and M2 results showed that the higher the heel,
the less muscle activity. Considering Satsumoto’s results by age, the results
for young people were less clear than those for older people, so they were
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Figure 5: Relative RMS in each muscle to bare feet.

in good agreement with ours. Muscles M2/M4/M5/M7/M8 are all dorsal
muscles, but the muscles around the knees (M2/M4) had lower activity and
the muscles around the waist (M5/M7 but not M8) had higher activity when
all shoes were worn. As such, when heeled shoes were worn, the activities of
muscles M2/M4/M5/M7/M8 change significantly, and when the heel is high,
the dorsal muscles around the knees are not used whereas those around the
hips are used. This result is consistent with Snow’s report that the vertical
force exerted on the forefoot during standing increases with the heel height,
and a higher heel shifts the center of gravity the forward from the dorsal
(Snow et al.). It is likely that the muscles on the dorsal side become difficult
to use when wearing high-heeled shoes.

CONCLUSION

Women often wear high-heeled shoes to make their feet look slender and
tall. We focused on the muscle activity of the lower limbs and investigated
how the presence or absence of shoes and the change in heel height affect
the lower-limb muscles. The participants were eight women in their twenties,
and the lower-limb muscle activity was measured while the participants wore
running/low-heeled/high-heeled shoes. The surface myoelectric potential was
measured for eight muscles around the knee/waist using a multi-channel
telemeter as the participants walked on a treadmill. The root-mean-square
myoelectric potential and thus muscle activity were significantly higher for
bare feet than for wearing shoes. Each participant’s muscle activity during
walking ranged from 7% to 38% of maximum voluntary contraction (%
MVC: Maximum Voluntary Contraction) and no individual difference in the
muscle load amount by walking in this study. In addition, since the partici-
pants with a significant bodyweight generally have a large amount of muscle,
the standardization for RMS was performed by dividing by the weight of the
participants. The RMS/kg muscle activities for wearing low-heeled and high-
heeled shoes were significantly smaller than that for bare feet. Bare feet thus
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allow the foot to move more freely than heeled shoes, and the muscle acti-
vity was lower for wearing low-heeled/high-heeled shoes than for bare feet,
that is, suppressed muscle activity. Additionally, there was no significant dif-
ference in muscle activity between low-heeled and high-heeled shoes, but the
activity was less for these shoes than for running shoes. Thus, as the heel
height increased, the muscle activity around the knee decreased whereas that
around the lumbar spine increased. On the dorsal side, the muscles around
the knees had lower activity and the muscles around the waist had higher
activity when all shoes were worn. As such, when heeled shoes were worn,
the muscle activities on the dorsal side change significantly, such as when
the heel is high, the dorsal muscles around the knees are not used whereas
those around the hips are used. The muscles on the dorsal side become dif-
ficult to use when wearing high-heeled shoes. Assuming that the pattern of
muscle activity in bare feet is the least tiring, it is important to create pant-
yhose that do not decrease muscle activity around knee muscles and do not
increase the Gluteus Maximus muscles even when wearing shoes with heels.
In addition, to improve comfort, it is necessary to devise a good arrangement
of the pressure gradient from the toes to the waist [Mitsuno, Kai / Mitsuno,
Kondo]. The present study found that wearing shoes changes muscle activity.
In future work, to reduce fatigue of the lower limbs in walking, we intend
to use this result in developing stockings that reduce muscle activity inclu-
ding muscle fatigue (Masakado, Kiryu, Yoshida et al.) around the knees and
increase muscle activity around the waist.
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