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Abstract: Background: Changes in physical shape and body mass during pregnancy may increase
the risk of walking falls. Shoes can protect and enhance the inherent function of the foot, helping
to maintain dynamic and static stability. Methods: Sixteen women during the third trimester of
pregnancy participated in this study to investigate the effect of negative heel shoes (NHS), positive
heel shoes (PHS), and normal shoes (NS) on spatiotemporal parameters, ground reaction force (GRF),
and stability. Differences in spatiotemporal parameter, GRF, and center of pressure (COP) between
footwear conditions were examined using Statistical Parametric Mapping (SPM) and repeated mea-
sures analyses of variance (ANOVA). Results: The walking speed and step length increased with the
increase in heel-toe drop. The anterior-posterior (AP)-COP in NHS decreased significantly (p < 0.001).
When wearing NHS, peak posterior angles were significantly lower than NS and PHS (p < 0.05). Con-
clusions: The results show that changing the heel-toe drop can significantly affect the gait pattern of
pregnant women. Understanding the gait patterns of pregnant women wearing shoes with different
heel-toe drops is very important for reducing the risk of injury and equipment design.

Keywords: negative heel shoes; positive heel shoes; gait; pregnant women; OpenSim; IDEEA

1. Introduction

Pregnancy induces tremendous changes in the body to accommodate a growing
fetus [1]. During pregnancy, hormonal, anatomical, and physiological changes occur in the
female body. These changes due to pregnancy include mass redistribution, an anterior shift
in the center of gravity location, and increased joint and ligament flexibility [2—6]. These
changes during pregnancy can cause physical pain and an increased risk of falls, especially
in the third trimester [4,7]. During pregnancy, nearly a quarter of employed women sustain
a fall [8]. This fall may result in musculoskeletal injury and maternal or fetal death [9-11].

Walking is the most commonly chosen type of physical activity during pregnancy [12].
The gait parameters, balance, and center of mass of pregnant women changes during
walking and leads to a higher risk of falling [1,6,13,14]. The rate of falls during preg-
nancy is similar to that of women over 65 [6,8]. A decreased step length and cadence,
increased base of support, and longer double support time are seen with the progression of
pregnancy [15,16]; these changes provide a safer and more exploratory way for pregnant
women to walk. However, results point toward excessive deviations from the optimal ha-
bitual spatiotemporal gait pattern as a pivotal factor that may contribute to falls in pregnant
women [16]. Mei et al. studied pregnant women’s gait biomechanics, which revealed lower
limb kinematic and foot pressure alterations, and found that mean pressure in the forefoot
increased. The center of pressure (COP) trajectory highlights a fall risk, particularly in the
third trimester [4]. To improve their walking stability, pregnant women often use specially
designed products, such as daily wearing shoes.

Bioengineering 2022, 9, 241. https://doi.org/10.3390 /bioengineering9060241

https://www.mdpi.com/journal /bioengineering


https://doi.org/10.3390/bioengineering9060241
https://doi.org/10.3390/bioengineering9060241
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/bioengineering
https://www.mdpi.com
https://orcid.org/0000-0002-7634-5668
https://orcid.org/0000-0003-2187-9440
https://doi.org/10.3390/bioengineering9060241
https://www.mdpi.com/journal/bioengineering
https://www.mdpi.com/article/10.3390/bioengineering9060241?type=check_update&version=1

Bioengineering 2022, 9, 241

20f12

Shoes can protect and enhance the inherent function of the foot, helping to maintain
dynamic and static stability [17,18]. Many previous studies have focused on changing the
shape and materials of a shoe sole to reduce pregnant women’s foot discomfort [19,20].
Jang et al. designed balanced incline shoes [21] and reported that the balanced incline shoes
corrected the postures and stabilized the gait pattern.

Research about the effects of different heel-toe drop shoes on pregnant gait parameters
is lacking. Heel-toe drop is the height difference between the heel and the forefoot of
the shoe [22]. In positive heel shoes (PHS; Table 1 includes a description of abbreviations
and acronyms used), the heel is higher than the toe part. In contrast, in the negative heel
shoe (NHS), the toe part is higher than the heel [23]. Advocates of shoes with negative
inclination believe that negative heel inclination decreases lumbar lordosis, causing the
center of gravity to shift backwards [24,25]. As a result, back and hip pain can noticeably
be reduced [19]. However, the American College of Obstetricians and Gynecologists
(ACOG) recommends wearing positive heel shoes (PHS) to relieve back pain during
pregnancy [26]. However, few studies have investigated the effect of different heel-toe
drops on spatiotemporal parameters, ground reaction force (GRF), and the dynamic balance
in the third trimester of pregnancy. It is necessary to know the effects of the different heel-toe
drops to design maternity shoes and keep pregnant women healthy.

Table 1. List of abbreviations and acronyms used in this article.

Abbreviation Explanation
PHS Positive Heel Shoes
NHS Negative Heel Shoes
NS Normal Shoes
SPM Statistical Parametric Mapping
ANOVA Analyses of Variance
ACOG American College of Obstetricians and Gynecologists
GRF Ground Reaction Force
cor Center of Pressure
AP Anterior-Posterior
ML Medjial-Lateral

This study aimed to use a musculoskeletal simulation and Statistical Parametric Map-
ping (SPM)-based approach to investigate the effect of different heel-toe drops (negative
1.5 cm, 0 cm, positive 1.5 cm) on the spatiotemporal parameter, GRE, and dynamic balance
during the third trimester of pregnancy. The results can provide a theoretical basis and
ideas for the design of shoes for pregnant women in the third trimester.

2. Materials and Methods
2.1. Participants

Sixteen healthy third-trimester primigravid pregnant women (age: 28.4 + 2.30 years
and height: 1.63 £ 0.04 m and trimester: 33.43 & 3.37 w) participated in the study. Exclusion
criteria included the following medical conditions: lupus, rheumatoid arthritis, gestational
diabetes mellitus, hypertension, musculoskeletal or neurologic abnormalities, and any
other conditions affecting postural stability [5]. All participants understood the purpose
and significance of the research and signed an informed consent form. This study with
detailed guidelines for participants’ safety and experiment protocols was approved by the
Human Ethics Committee of Ningbo University.

2.2. Shoe Conditions

All participants conducted this study in shoes with a NHS, normal shoes (NS), and
PHS (Figure 1b). The NS were commercially available walking shoes. The NHS and the
PHS were self-fabricated based on the NS in our laboratory. For the three conditions, the
shoes were identical models and designs in the upper and outsole.
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Markers  Deseription-position

12 Shoulder peaks

36 External epicondyle of the humerus
475 Medial epicondyle of the humerus
78 Anterior superior iliac spine
9/12 Radial styloid process

10411 Ulnar styloid process

13/17 Upper outer thigh

14/16 Mid-front thigh

15/18 Lower outer thigh

19/20 External epicondyle of the femur
21422 Medial epicondyle of the femur
23/24 Fibular head

2526 Upper outer calf

2728 Upper front side of calf

29/32 Epicondyle of the fibula

30/31 Medial tibial condyle

33736 Lateral Midfoot

34/35 Medial side of midfoot

37/38 Filth melatarsophalangeal joint

41/42 Tirst metatarsophalangeal joint
39/40 Toes

43 Sternum

44 Bilateral middle posterior superior iliac spine
45/46 Ileel

B Motion capture camera
Capture range

o Markers

— Ground reaction force

COM

Poster inclination angle
Anterior inclnaion angle
ML inclination angle

cop

Figure 1. (a) Marking point paste location. (b) Experimental process, IDEEA position, and shoe con-
ditions between NHS (negative 1.5 cm drop), NS (no drop), and PHS (1.5 cm drop). (c) Diagrammatic
illustration of COM-COP inclination angles.

2.3. Testing Procedure

All participants walked with IDEEA (IDEEA, MiniSun, Fresno, CA, USA) ona 6.5 m
walkway at their self-selected comfortable speed to present normal gait characters, striking
their right foot on the force plate. Sensors were connected to a 32 Hz main recorder.
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Previous studies have shown the reliability of IDEEA in measuring gait parameters [27-29].
Each footwear condition was collected with three successful trials for analysis. At the same
time, an eight-camera Vicon motion capture system (Vicon Metrics Ltd., Oxford, UK) was
used to capture the motion trajectory. The embedded AMTI force plates (AMTI, Watertown,
MA, USA) recorded the GRF synchronously, with 200 Hz and 1000 Hz, respectively, as
shown in Figure 1b. The camera system was calibrated to residual errors of 2.5 mm over a
recording volume of approximately 6.5 m x 1.5m x 1.80 m (L x W x H). The force plate
was embedded in the middle of a 6.5-m walkway and covered with floor tiles to minimize
participants” awareness of its presence. The original gait-2392 model in OpenSim was used
for this study, with 23 degrees of freedom and 92 muscles (Figure 1a) [30].

2.4. Data Processing

Gait analyses were performed using a wearable intelligent analyzer (IDEEA, MiniSun,
Fresno, CA, USA) equipped with accelerometers and gyroscopes, as shown in Figure 1b.
The wearable intelligent analyzer consists of the main recorder and two secondary recorders.
The gait data were collected and transmitted to the main recorder by the sensor affixed to
the subject; each accelerometer used a proprietary algorithm [31]. The IDEEA was easy to
wear and had almost no interference with normal walking. After the data acquisition was
completed, the data were saved in the main recorder and downloaded to the computer.
IDEEA Version 3.01 (IDEEA3, MiniSun, Fresno, CA, USA) was used for analysis [27].
The software equipped with the equipment can intercept the range of gait data needed
and process it, and directly output walking speed, step frequency, stride length, and
support time.

According to Winter’s [32] description of the selected frequency for filtering biome-
chanical signals, the residual data analysis was carried out in subsets to determine the
most appropriate signal-to-noise ratio. Marker trajectories and ground reaction forces were
filtered by a zero-delay fourth-order Butterworth low-pass filter at 12 Hz and 30 Hz. A
threshold of 20 N on the vertical GRF was applied to identify the initial foot contact and
toe-off [33]. The magnitudes of each GRF component were normalized to the percentage of
the participant’s body weight, and the stance phase of each participant was normalized to
100% of their stance phase’s duration [34]. The musculoskeletal model used was the generic
OpenSim model Gait 2392 (Figure 1a), which has 23 degrees of freedom and 92 muscles [30]
and calculates the center of mass (COM) in OpenSim.

2.5. Outcome Measures

The parameters evaluated in the study were: (1) Walking speed (m/s): the distance
walked along the walkway per second. (2) Step frequency (steps/min): the number of
steps per minute. (3) Stride length (m): the distance from one heel to the same heel
touching the ground again during walking. (4) Double support time/single support time
(%): double support time refers to the time taken by the use of biped support in a gait
cycle, and single support time refers to the time spent using single foot support in a gait
cycle. Double support time/single support time reflects the stability of the participants
when walking, where the lower the ratio, the better the stability of the participants [27].
(5) Three-dimensional ground reaction forces (3D-GRF): GRF supports the body against
gravity and accelerates the center of mass during walking. GRF is included in the vertical,
anterior—posterior, and medial-lateral directions recorded from a three-dimensional force
plate [35,36]. (6) The range of COP motion, including the medial-lateral range of the COP
(ML-COP) and anterior—-posterior range of the COP (AP-COP), were derived and averaged
for all participants. (7) Center of mass (COM) and center of pressure (COP) inclination
angles: we defined COM-COP inclination angles as the angle formed by the intersection of
the line connecting the COP and COM with a vertical line through the COP [37], as shown
in Figure 1c.
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2.6. Data Analysis

Statistical analyses were performed using SPSS 16.0 (SPSS, Chicago, IL, USA) statis-
tical analysis software. One-way repeated-measures analysis of variance (ANOVA) was
performed to analyze the effects of different conditions on spatiotemporal parameters
and peak COM-COP inclination angles. In the event of a significant main effect, post-hoc
pairwise comparisons were conducted on all significant main effects, using a Bonferroni
adjustment. Statistical parametric mapping based on the SPM1D package for Matlab
(Mathworks, Natick, MA, USA) was used to compare the 3D GRF and COP statistically. In
agreement with Patakt et al., SPM was implemented hierarchically, analogous to one-way
repeated measures ANOVA (SPM F) with a post-hoc paired t-test [38]. The conditions NS
vs. NHS, NS vs. PHS, and PHS vs. NHS were chosen to compare the 3D-GRF and COP
waveforms [39,40]. The significance level was set at 0.05.

3. Results
3.1. Gait Spatiotemporal Parameters

Significant main effects were found for stride length and walking speed (Table 2).
Post-hoc tests revealed significantly higher stride length for PHS compared with NHS.
Furthermore, post-hoc tests revealed significantly lower walking speed for NHS when
compared with NS and PHS. No significant differences were found in step frequency and
double support time/single support time.

Table 2. Mean values, standard deviations, and results of the repeated measures ANOVA for
spatiotemporal parameters.

Indexes (Unit) NHS (Mean £ SD) NS (Mean = SD)  PHS (Mean + SD) F p
Stride length (m) 0.99 £ 0.08 ¢ 1.05 + 0.07 1.114+0.03a 10.24 <0.001
Walking speed (m/s) 0.76 + 0.11 bc 0.83 £0.16 a 0.90 £+ 0.08 b 5.97 <0.001
Step frequency (step/s) 1.48 £0.13 1.56 +0.21 1.56 +0.14 1.51 0.25
Double support time /single 0.32 4 0.01 0.32 4 0.02 031 + 0.01 2.02 0.16

support time (%)

Note: NHS: negative heel shoes, NH: normal shoes, PHS: positive heel shoes. Post-hoc significant differences are
marked with a (vs. NHS), b (vs. NS), ¢ (vs. PHS).

3.2. GRF

SPM analysis with repeated measures ANOVA revealed a significant difference be-
tween shoe conditions in GRF (Figure 2). Post-hoc analysis shows the NHS’s AP-GRF was
smaller than NS at 77.1-90.3% and 94.6-100% of the stance phase (p < 0.001). The AP-GRF
of NHS was smaller than PHS and was significant at 25-33.3%, 82.0-90.3%, and 94.6-100%
of the stance phase (p < 0.001).

The post-hoc analysis results showed that the ML-GRF of NS was significantly
larger than PNS during the stance phase (14.5-17.7%; 71.9-82.6%) (p < 0.001). At the
1.3-9.4% stance phases, the ML-GRF of NS was significantly more significant than the
NHS (p < 0.001). At 1.3-4.6% and 8.8-10.3% of the stance phase, the ML-GRF PHS was
significantly greater than NHS (p < 0.05).

The post-hoc analysis results showed that the vertical GRF of NHS in the third trimester
of pregnancy was significantly larger than NS during the gait stance phase (91.8-100%)
(p <0.001). At 66.3-72.4% of the stance phase, PHS was significantly lower than the NS
(p < 0.001). The vertical GRF of NHS was larger than that of PHS during 40-44%, 61-71.5%,
and 92.5-100% of the stance phase (p < 0.001).
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Figure 2. Ground reaction forces in anterior—-posterior, medial-lateral and vertical directions (mean
and SD) between NHS, NS, and PHS. The grey areas indicate significant differences between condi-
tions, followed by the time-dependent F-values of the SPM. Colored bars beneath each plot indicate
significant differences between waveforms, whereas the red, blue, and black bars represent significant
differences for NS vs. NHS, NHS vs. PHS, and NS vs. PHS, respectively.

3.3. COP Trajectory

As shown in Figure 3, the results showed no difference in ML-COP between NHS,
NS, and PHS. For AP-COP, there was a main effect. Post-hoc analysis showed that NHS
demonstrated a significantly smaller range of AP-COP in NHS vs. NS for 19-90.5% and
93-100% of the stance phase. At 14.5-53.1%, 68.5-90% and 93.5-100% of the stance phase,
the NHS posterior COP was significantly smaller than PHS (p < 0.05).

3.4. COM-COP Inclination Angles

No significant differences were found in step peak medial angles and peak anterior
angles. Significant main effects were found for peak posterior angles (Table 3). Post-
hoc tests revealed significantly lower peak posterior angles for NHS compared with NS
and PHS.

Table 3. Mean values, standard deviations, and results of the repeated measures ANOVA for peak
COM-COP inclination angle.

Indexes (Unit) NHS (Mean + SD) NS (Mean + SD)  PHS (Mean + SD) F p
Peak medial angles (°) 3.28 £091 3.38 £0.70 3.14 £0.48 0.35 0.71
Peak anterior angles (°) 16.00 £ 1.79 15.90 £ 3.31 17.00 £ 1.61 1.22 0.30

Peak posterior angles (°) 12.82 +2.61 be 1522 +2.18a 1453+ 1.72a 16.52 <0.01

Note: NHS: negative heel shoes, NH: normal shoes, PHS: positive heel shoes. Post-hoc significant differences are
marked with a (vs. NHS), b (vs. NS), and ¢ (vs. PHS).
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Figure 3. Mean cop trajectories in the x-time and y-time planes. The grey areas indicate significant
differences between conditions, followed by the time-dependent F-values of the SPM. Colored bars
beneath each plot indicate significant differences between waveforms, whereas the red, blue, and black
bars represent significant differences for NS vs. NHS, NHS vs. PHS, and NS vs. PHS, respectively.

4. Discussion

The primary purpose of this study was to investigate the differences in gait spatiotem-
poral parameters, 3D-GRE, and COP of the condition of NHS, NS, and PHS in the third
trimester of pregnancy. Compared with PHS and NS, pregnant women wearing NHS
showed a more stable gait posture in the anterior—posterior direction, with slower walking
speed and smaller peak posterior COM-COP inclination angles.

4.1. Gait Spatiotemporal Parameters

Gait parameters changed with different heel heights of shoes [41]. Although studies
have shown that 2/3 of falls during pregnancy occur due to smooth surfaces, sudden
acceleration, or moving objects [6,8], gait changes caused by pregnancy are still one of the
critical causes of falls in pregnant women [16]. Therefore, it is necessary to understand the
influence of shoes with different heels on the gait spatiotemporal parameters of pregnant
women in the third trimester.

This study found that participants wearing NHS showed decreased stride length
and speed compared to PHS. Similar to our results, Benz (1998) reported that the NHS’s
walking speed was significantly reduced due to a shorter stride length combined with
an increased cadence [42]. Li et al. reported that walking with NHSs induced the upper
body to tilt backward, which may have caused a disadvantage in the propulsion phase
compared to walking with normal shoes [41]. This may be the reason for the decrease in
stride length. PHS moved the center of gravity forward, and the forward tilt of the trunk
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assisted in moving the center of gravity outside the support area. There is more motivation
during the duration of take-off [43,44], which may be the reason for the difference in stride
length between NHS and PHS. Previous studies found that the habitual gait in the third
trimester of pregnancy is characterized by slower speed and shorter step length, which
may be caused by slow gait strategies [16]. Taking a shorter step during pregnancy reduced
the gait’s energy consumption and increased the gait’s stability [16]. This change in stride
length and speed may lead to changes in other gait parameters and may help increase gait
stability in pregnant women. On the other hand, the decreased stride length may be due
to unfamiliarity with NHS, which leads to anxiety about falls and a more conservative or
unstable gait [16,45-47].

4.2. GRF

Ground reaction force (GRF), which can measure braking and propulsive forces during
gait, is a summation of forces produced by all body segments [48]. Increases in magnitude
and variability of the peaks of GRF during the weight acceptance and push-off phases are to
be found in people with unstable locomotion [48]. Our result found that different heel-toe
drops have no significant effect on the first and second peaks of vertical GRF. Therefore, it
is reasonable to speculate that wearing NHS, NS, and PHS has little effect on the walking
stability of pregnant women in the third trimester.

The results showed no significant change in the ML-GRF during the stance phase,
except in the early stance phase, the ML-GRF of NHS was significantly smaller than PHS
and NS. Previous studies have shown that in the early stages of the stance phase (0-6%
stance phase), the maximum ground reaction of the supporting foot is directed laterally
and increases significantly with increasing walking speed [49]. This is similar to the results
of our research. Our research results show that with the increase in heel-toe drop, the
velocity also increases, which may be the reason for the difference in ML-GRE. Less energy
is expended when the body is stable on the inside. Therefore, NHS has a smaller ML-GREF,
which may be evidence of reduced energy consumption in pregnant women wearing NHS.

The AP-GREF included braking and propulsion peaks [50]. Our study found that
the AP-GRF of the NHS propulsion peak was significantly smaller than NS and PHS.
At present, there is controversy about the change in AP-GRF during pregnancy. Some
researchers believe that there is no significant difference in AP-GRF during pregnancy, and
other studies have shown that the AP-GRF decreases during pregnancy [51]. This may
be due to edema of the pregnant foot during pregnancy, which interferes with flexion by
increasing the width of the foot, resulting in reduced thrust. Our study found that it may
be due to the thickness of the front palm of the NHS, which leads to disturbance of the
flexion of the metatarsophalangeal joints, which may be the reason for the small AP-GRF
during the propulsion phase.

4.3. COP Trajectory

COP is used to describe the complex dynamic functions of the foot and foot-ground
interface during gait [52]. The COP is not only used as a dynamic stability index and
measured risk or consequence of various lower limb musculoskeletal disorders [52-55].
The lack of lateral stability is known to be a risk factor for falls [52,55]. The results showed
no significant difference in the range of ML-COP in NHS, NS, and PHS, which is consistent
with the previous study [56]. No significant differences in the range and velocity of ML-COP
were found in the flat shoes, medium heel lift shoes (16 mm), heel lift shoes (25 mm), and
heel lift shoes (34 mm) [56]. NHS and PHS may not pose a more significant biomechanical
challenge to the medial-lateral control.

The AP-COP displacement measures the fluency of the stance phase during regular
gait, with higher AP-COP displacement and gait line length indicating a more physiological
gait pattern [57,58]. The results showed that the AP-COP of NHS is significantly smaller
than NS and PHS. Previous studies have shown that AP-COP moves forward and decreases
during the stance phase in pregnant women [13,14]. Reduced COP displacement in the AP



Bioengineering 2022, 9, 241

9of 12

direction could be linked to the waddling type of gait adopted by pregnant women [13].
Raymaks et al. found that the AP-COP increases with the increase in heel height, the
AP-COP of NS is significantly smaller than that of PHS, and leg muscle activation increases
when walking in high heels [59]. The results of our study may indicate that women in the
third trimester of pregnancy have the lowest degree of muscle activation when walking
with NHS.

4.4. COM-COP Inclination Angles

The medial COM-COP inclination angle may be a sensitive measure of gait stabil-
ity [37]. Our study found that the ML-ROM and the peak medial COM-COP inclination
angles were not significantly different under different conditions, and we inferred that
changing heel-toe drop within a certain range does not change the ML stability of pregnant
women in the third trimester of pregnancy. Our findings indicate that heel-toe drop affects
the peak posterior COM-COP inclination angle in pregnant women in the third trimester
and that NHS is significantly smaller in the peak posterior COM-COP inclination angle
than NS., which may benefit the stability during the propulsion phase. Previous studies on
NHS showed that foot contact angle and the angle of the ankle NHS are significantly larger
than those of NS. This may indicate that wearing NHS may benefit stability in the front
and rear directions. Of course, this change may be related to the slower walking speed of
NHS, which has been shown to affect gait changes and COM movement [60-62].

4.5. Limitations

There are still some limitations. The acute effect of the footwear conditions was
investigated, and no conclusions can be drawn for longer-term or habituation effects. We
only investigated the impact of three different heel-toe drops on gait parameters. The
study sample will be expanded in the future, and electromyography (EMG) data will be
included to infer further what mechanisms are involved in the generation and change of
force. Future studies should explore the effects of long-term different heel-toe drops on
gait in pregnant women in different periods and the longer-term effects.

5. Conclusions

This study compared the gait spatiotemporal parameters, GRF, and balance of preg-
nant women wearing different heel-toe drop shoes in the third trimester of pregnancy.
The results are as follows: (1) NHS reduced the walking speed of women in the third
trimester of pregnancy by reducing the stride. (2) The results showed that the impact of
a heel-toe drop on the AP-GRF during the propulsion phase was relatively large, which
might be due to the various dorsiflexion of the ankle with different heel-toe drop conditions.
We inferred that changing heel-toe drop within a certain range does not change the ML
stability of pregnant women in the third trimester of pregnancy. (3) We found that peak
posterior COM-COP inclination angles are significantly smaller, so NHS may increase the
stability of the pregnant women'’s propulsion phase and help women maintain balance
in the third trimester of pregnancy. Understanding the gait differences in NHS, NS, and
PHS of pregnant women in the third trimester will provide information for future research,
evidence for the design of shoes for pregnant women, and falls prevention.

Author Contributions: Conceptualization, X.L. and Z.L.; methodology, R.X. and Y.G.; software, X.L.
and Z.L.; validation; formal analysis, X.L. and D.S.; data curation, D.S. and Z.Z.; writing original
draft preparation, X.L.; writing—review and editing, Z.L. and Z.Z. supervision, R.X. and Z.Z.; project
administration, Y.G. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Key R&D Program of Zhejiang Province China (2021C03130),
Zhejiang Province Science Fund for Distinguished Young Scholars (LR22A020002), Philosophy
and Social Sciences Project of Zhejiang Province, China (22QNYC10ZD, 22NDQN223YB), Zhejiang
Province Medical and Health Science and Technology Plan Project (2018KY710), Educational science
planning project of Zhejiang Province (2021SCG083), Ningbo Public Welfare Science and Technology
Plan Project (2019C50095), Public Welfare Science and Technology Project of Ningbo, China (20215134),



Bioengineering 2022, 9, 241 10 of 12

Basic scientific research Funds of provincial Ningbo University (SJWY2022014) and K.C. Wong Magna
Fund in Ningbo University.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Committee of Ningbo University (code RAGH20211106).

Informed Consent Statement: Written informed consent has been obtained from the participants to
publish this paper.

Data Availability Statement: The data that support the findings of this study are available on
reasonable request from the corresponding author. The data is not publicly available due to privacy
or ethical restrictions.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Haddox, A.; Hausselle, J.; Azoug, A. Changes in segmental mass and inertia during pregnancy: A musculoskeletal model of the
pregnant woman. Gait Posture 2020, 76, 389-395. [CrossRef] [PubMed]

2. Ren,S;Gao, Y Yang, Z.; Li, J.; Xuan, R; Liu, J.; Chen, X.; Thirupathi, A. The effect of pelvic floor muscle training on pelvic floor
dysfunction in pregnant and postpartum women. Phys. Act. Health 2020, 4, 130-141. [CrossRef]

3.  Gu,Y.D,Li]JS,; Lake, M.].; Zeng, YJ.; Ren, X J.; Li, Z.Y. Image-based midsole insert design and the material effects on heel plantar
pressure distribution during simulated walking loads. Comput. Methods Biomech. Biomed. Engin. 2011, 14, 747-753. [CrossRef]
[PubMed]

4. Mei, Q.; Gu, Y,;; Fernandez, J. Alterations of pregnant gait during pregnancy and post-partum. Sci. Rep. 2018, 8, 1-7.

5. Butler, E.E,; Coldn, I; Druzin, M.L.; Rose, J. Postural equilibrium during pregnancy: Decreased stability with an increased reliance
on visual cues. Am. J. Obstet. Gynecol. 2006, 195, 1104-1108. [CrossRef]

6.  Inanir, A.; Cakmak, B.; Hisim, Y.; Demirturk, F. Evaluation of postural equilibrium and fall risk during pregnancy. Gait Posture
2014, 39, 1122-1125. [CrossRef]

7. Kesikburun, S.; Giizelkiigiik, U.; Fidan, U.; Demir, Y.; Ergiin, A.; Tan, A K. Musculoskeletal pain and symptoms in pregnancy: A
descriptive study. Ther. Adv. Musculoskelet. Dis. 2018, 10, 229-234. [CrossRef]

8. Dunning, K.; LeMasters, G.; Levin, L.; Bhattacharya, A.; Alterman, T.; Lordo, K. Falls in workers during pregnancy: Risk factors,
job hazards, and high risk occupations. Am. |. Ind. Med. 2003, 44, 664—672. [CrossRef]

9. Dyer, L; Barclay, D.L. Accidental trauma complicating pregnancy and delivery. Am. ]. Obstet. Gynecol. 1962, 83, 907-929.
[CrossRef]

10.  Crosby, W.M. Traumatic injuries during pregnancy. Clin. Obstet. Gynecol. 1983, 26, 902-912. [CrossRef]

11. Fildes, J.; Reed, L.; Jones, N.; Martin, M.; Barrett, . Trauma: The leading cause of maternal death. |. Trauma 1992, 32, 643-645.
[CrossRef] [PubMed]

12.  Connolly, C.P; Conger, S.A.; Montoye, A.H.; Marshall, M.R.; Schlaff, R.A.; Badon, S.E.; Pivarnik, ].M. Walking for health during
pregnancy: A literature review and considerations for future research. J. Sport Health Sci. 2019, 8, 401-411. [CrossRef]

13.  Bertuit, ].; Leyh, C.; Rooze, M.; Feipel, F. Pregnancy-related changes in centre of pressure during gait. Acta Bioeng. Biomech. 2017,
19, 95-102.

14. Lymbery, ].K.; Gilleard, W. The stance phase of walking during late pregnancy: Temporospatial and ground reaction force
variables. . Am. Podiatr. Med. Assoc. 2005, 95, 247-253. [CrossRef]

15. Forczek, W.; Staszkiewicz, R. Changes of kinematic gait parameters due to pregnancy. Acta Bioeng. Biomech. 2012, 14, 113-119.
[PubMed]

16. Blaszczyk, J.W.; Opala-Berdzik, A.; Plewa, M. Adaptive changes in spatiotemporal gait characteristics in women during pregnancy.
Gait Posture 2016, 43, 160-164. [CrossRef] [PubMed]

17. Shi, Z.; Sun, D. Conflict between Weightlifting and Health? The Importance of Injury Prevention and Technology Assistance.
Phys. Act. Health 2022, 6, 1-4. [CrossRef]

18. Nigg, B.; Hintzen, S.; Ferber, R. Effect of an unstable shoe construction on lower extremity gait characteristics. Clin. Biomech. 2006,
21, 82-88. [CrossRef]

19. Dimou, E.; Manavis, A.; Papachristou, E.; Kyratsis, P. A conceptual design of intelligent shoes for pregnant women. In Proceedings
of the Workshop on Business Models and ICT Technologies for the Fashion Supply Chain, Florence, Italy, 20-22 April 2016;
pp- 69-77.

20. Gimunova, M.; Zvonaf, M.; Sebera, M.; Turé¢inek, P.; Kolafova, K. Special footwear designed for pregnant women and its effect on
kinematic gait parameters during pregnancy and postpartum period. PLoS ONE 2020, 15, €0232901. [CrossRef]

21. Jang,S.I;Lee, Y.R; Kwak, H.S.; Moon, K.S.; Shin, J.-C.; Kim, J.-H. The effect of balanced incline shoes on walking and feet for the
pregnant women. Korean . Obstet. Gynecol. 2010, 53, 988-997. [CrossRef]

22. Mo, S;; Lam, W.-K; Ching, E.C.; Chan, Z.Y.; Zhang, ] H.; Cheung, R.T. Effects of heel-toe drop on running biomechanics and

perceived comfort of rearfoot strikers in standard cushioned running shoes. Footwear Sci. 2020, 12, 91-99. [CrossRef]


http://doi.org/10.1016/j.gaitpost.2019.12.024
http://www.ncbi.nlm.nih.gov/pubmed/31927359
http://doi.org/10.5334/paah.64
http://doi.org/10.1080/10255842.2010.493886
http://www.ncbi.nlm.nih.gov/pubmed/21390937
http://doi.org/10.1016/j.ajog.2006.06.015
http://doi.org/10.1016/j.gaitpost.2014.01.013
http://doi.org/10.1177/1759720X18812449
http://doi.org/10.1002/ajim.10318
http://doi.org/10.1016/0002-9378(62)90088-1
http://doi.org/10.1097/00003081-198312000-00013
http://doi.org/10.1097/00005373-199205000-00017
http://www.ncbi.nlm.nih.gov/pubmed/1588654
http://doi.org/10.1016/j.jshs.2018.11.004
http://doi.org/10.7547/0950247
http://www.ncbi.nlm.nih.gov/pubmed/23394129
http://doi.org/10.1016/j.gaitpost.2015.09.016
http://www.ncbi.nlm.nih.gov/pubmed/26480840
http://doi.org/10.5334/paah.158
http://doi.org/10.1016/j.clinbiomech.2005.08.013
http://doi.org/10.1371/journal.pone.0232901
http://doi.org/10.5468/kjog.2010.53.11.988
http://doi.org/10.1080/19424280.2020.1734868

Bioengineering 2022, 9, 241 11 of 12

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.
48.

49.

50.

51.

52.

53.
54.

Li, J.X.; Hong, Y. Kinematic and electromyographic analysis of the trunk and lower limbs during walking in negative-heeled
shoes. J. Am. Podiatr. Med. Assoc. 2007, 97, 447-456. [CrossRef] [PubMed]

Baaklini, E.; Angst, M.; Schellenberg, F.; Hitz, M.; Schmid, S.; Tal, A.; Taylor, W.R.; Lorenzetti, S. High-heeled walking decreases
lumbar lordosis. Gait Posture 2017, 55, 12-14. [CrossRef] [PubMed]

Russell, B.S. The effect of high-heeled shoes on lumbar lordosis: A narrative review and discussion of the disconnect between
Internet content and peer-reviewed literature. J. Chiropr. Med. 2010, 9, 166-173. [CrossRef] [PubMed]

Ferguson, B. ACSM’s guidelines for exercise testing and prescription 9th Ed. 2014. J. Can. Chiropr. Assoc. 2014, 58, 328.

Lu, Z; Sun, D.; Xu, D.; Li, X; Baker, ].S.; Gu, Y. Gait Characteristics and Fatigue Profiles When Standing on Surfaces with Different
Hardness: Gait Analysis and Machine Learning Algorithms. Biology 2021, 10, 1083. [CrossRef]

Sun, J; Liu, Y;; Yan, S.; Wang, S.; Lester, D.K,; Zeng, J.; Miao, J.; Zhang, K. Clinical gait evaluation of patients with lumbar spine
stenosis. Orthop. Surg. 2018, 10, 32-39. [CrossRef]

Zhang, H.H.; Yan, S.H.; Fang, C.; Zhang, K. To evaluate the operation effect of total hip arthroplasty with portable gait analyzer.
J. Med. Biomech. 2015, 6, E361-E366.

Delp, S.L.; Anderson, EC.; Arnold, A.S.; Loan, P.; Habib, A.; John, C.T.; Guendelman, E.; Thelen, D.G. OpenSim: Open-source
software to create and analyze dynamic simulations of movement. IEEE Trans. Biomed. Eng. 2007, 54, 1940-1950. [CrossRef]
Saremi, K.; Marehbian, J.; Xiaohong, Y.; Regnaux, J.-P.; Elashoff, R.; Bussel, B.; Dobkin, B.H. Reliability and validity of bilateral
thigh and foot accelerometry measures of walking in healthy and hemiparetic subjects. Neurorehabilit. Neural Repair 2006, 20,
297-305. [CrossRef]

Winter, D.A. Biomechanics and Motor Control of Human Movement; John Wiley & Sons: Hoboken, NJ, USA, 2009.

Xinyan, J.; Huiyu, Z.; Wenjing, Q.; Qiuli, H.; Baker, ].S.; Gu, Y. Ground Reaction Force Differences between Bionic Shoes and
Neutral Running Shoes in Recreational Male Runners before and after a 5 km Run. Int. |. Environ. Res. Public Health 2021, 18, 9787.
Hasan, C.Z.C,; Jailani, R.; Tahir, N.M; Ilias, S. The analysis of three-dimensional ground reaction forces during gait in children
with autism spectrum disorders. Res. Dev. Disabil. 2017, 66, 55-63. [CrossRef]

Tucker, C.A. Measuring Walking: A Handbook of Clinical Gait Analysis; Mac Keith Press: London, UK, 2014.

Lin, Y,; Qichang, M.; Liangliang, X.; Wei, L., Mohamad, N.L; Istvan, B.; Fernandez, J.; Yaodong, G. Principal Component Analysis
of the Running Ground Reaction Forces With Different Speeds. Front. Bioeng. Biotechnol. 2021, 9, 629809.

Lee, H.J.; Chou, L.S. Detection of gait instability using the center of mass and center of pressure inclination angles. Arch. Phys.
Med. Rehabil. 2006, 87, 569-575. [CrossRef] [PubMed]

Pataky, T.C.; Robinson, M.A.; Vanrenterghem, J. Vector field statistical analysis of kinematic and force trajectories. J. Biomech.
2013, 46, 2394-2401. [PubMed]

Buehler, C.; Koller, W.; De Comtes, F.; Kainz, H. Quantifying Muscle Forces and Joint Loading During Hip Exercises Performed
With and Without an Elastic Resistance Band. Front. Sports Act. Living 2021, 223. [CrossRef]

Pataky, T.C. One-dimensional statistical parametric mapping in Python. Comput. Methods Biomech. Biomed. Eng. 2012, 15, 295-301.
[CrossRef]

Jing, L. Gait and metabolic adaptation of walking with negative heel shoes. Res. Sports Med. 2003, 11, 277-296.

Benz, D.A.; Stacoff, A.; Balmer, E.; Durrer, A.; Stuessi, E. Walking pattern with missing-heel shoes. J. Biomech. 1998, 1001, 132.
[CrossRef]

Leroux, A.; Fung, ].; Barbeau, H. Postural adaptation to walking on inclined surfaces: I. Normal strategies. Gait Posture 2002, 15,
64-74.

Lange, G.W.; Hintermeister, R.A.; Schlegel, T.; Dillman, C.J.; Steadman, J.R. Electromyographic and kinematic analysis of graded
treadmill walking and the implications for knee rehabilitation. J. Orthop. Sports Phys. Ther. 1996, 23, 294-301. [CrossRef] [PubMed]
Woollacott, M.H.; Tang, P.-F. Balance control during walking in the older adult: Research and its implications. Phys. Ther. 1997, 77,
646-660. [CrossRef] [PubMed]

Winter, D.A ; Patla, A.E.; Frank, ].S.; Walt, S.E. Biomechanical walking pattern changes in the fit and healthy elderly. Phys. Ther.
1990, 70, 340-347. [CrossRef] [PubMed]

Sudarsky, L. Gait disorders in the elderly. N. Engl. ]. Med. 1990, 322, 1441-1446.

Hollman, J.H.; Brey, R H.; Bang, T.J.; Kaufman, K.R. Does walking in a virtual environment induce unstable gait?: An examination
of vertical ground reaction forces. Gait Posture 2007, 26, 289-294. [CrossRef]

John, C.T.; Seth, A.; Schwartz, M.H.; Delp, S.L. Contributions of muscles to mediolateral ground reaction force over a range of
walking speeds. |. Biomech. 2012, 45, 2438-2443. [CrossRef]

Wannop, ].W.; Worobets, ].T.; Stefanyshyn, D.]. Normalization of ground reaction forces, joint moments, and free moments in
human locomotion. J. Appl. Biomech. 2012, 28, 665-676. [CrossRef]

Mocecellin, A.; Driusso, P. Adjustments in static and dynamic postural control during pregnancy and their relationship with
quality of life: A descriptive study. Fisioterapia 2012, 34, 196-202. [CrossRef]

Sole, G.; Pataky, T.; Sole, C.C.; Hale, L.; Milosavljevic, S. Age-related plantar centre of pressure trajectory changes during barefoot
walking. Gait Posture 2017, 57, 188-192. [CrossRef]

Winter, D.A. Human balance and posture control during standing and walking. Gait Posture 1995, 3, 193-214. [CrossRef]

Sims, K.; Brauer, S. A rapid upward step challenges medio-lateral postural stability. Gait Posture 2000, 12, 217-224. [CrossRef]


http://doi.org/10.7547/0970447
http://www.ncbi.nlm.nih.gov/pubmed/18024839
http://doi.org/10.1016/j.gaitpost.2017.03.035
http://www.ncbi.nlm.nih.gov/pubmed/28407504
http://doi.org/10.1016/j.jcm.2010.07.003
http://www.ncbi.nlm.nih.gov/pubmed/22027108
http://doi.org/10.3390/biology10111083
http://doi.org/10.1111/os.12367
http://doi.org/10.1109/TBME.2007.901024
http://doi.org/10.1177/1545968306287171
http://doi.org/10.1016/j.ridd.2017.02.015
http://doi.org/10.1016/j.apmr.2005.11.033
http://www.ncbi.nlm.nih.gov/pubmed/16571399
http://www.ncbi.nlm.nih.gov/pubmed/23948374
http://doi.org/10.3389/fspor.2021.695383
http://doi.org/10.1080/10255842.2010.527837
http://doi.org/10.1016/S0021-9290(98)80266-2
http://doi.org/10.2519/jospt.1996.23.5.294
http://www.ncbi.nlm.nih.gov/pubmed/8728527
http://doi.org/10.1093/ptj/77.6.646
http://www.ncbi.nlm.nih.gov/pubmed/9184689
http://doi.org/10.1093/ptj/70.6.340
http://www.ncbi.nlm.nih.gov/pubmed/2345777
http://doi.org/10.1016/j.gaitpost.2006.09.075
http://doi.org/10.1016/j.jbiomech.2012.06.037
http://doi.org/10.1123/jab.28.6.665
http://doi.org/10.1016/j.ft.2012.03.004
http://doi.org/10.1016/j.gaitpost.2017.06.016
http://doi.org/10.1016/0966-6362(96)82849-9
http://doi.org/10.1016/S0966-6362(00)00077-1

Bioengineering 2022, 9, 241 12 of 12

55.

56.

57.

58.

59.

60.

61.

62.

Maki, B.E.; Mcllroy, W.E. Control of rapid limb movements for balance recovery: Age-related changes and implications for fall
prevention. Age Ageing 2006, 35, ii12-iil18. [CrossRef] [PubMed]

Zhang, X.; Li, B. Influence of in-shoe heel lifts on plantar pressure and center of pressure in the medial-lateral direction during
walking. Gait Posture 2014, 39, 1012-1016. [CrossRef] [PubMed]

Hesse, S.; Luecke, D.; Jahnke, M.; Mauritz, K. Gait function in spastic hemiparetic patients walking barefoot, with firm shoes, and
with ankle-foot orthosis. Int. J. Rehabil. Res. 1996, 19, 133-141. [CrossRef] [PubMed]

Robain, G.; Valentini, F.; Renard-Deniel, S.; Chennevelle, J.; Piera, ]. A baropodometric parameter to analyze the gait of hemiparetic
patients: The path of center of pressure. Ann. Readapt Med. Phys. 2006, 49, 609-613. [CrossRef]

Nag, P; Nag, A.; Vyas, H.; Shukla, P.S. Influence of footwear on stabilometric dimensions and muscle activity. Footwear Sci. 2011,
3,179-188. [CrossRef]

Orendurff, M.S.; Segal, A.D.; Klute, G.K.; Berge, ].S.; Rohr, E.S.; Kadel, N.J. The effect of walking speed on center of mass
displacement. J. Rehabil. Res. Dev. 2004, 41, 829-834. [CrossRef]

Xiang, L.; Mei, Q.; Wang, A.; Shim, V.; Fernandez, J.; Gu, Y. Evaluating function in the hallux valgus foot following a 12-week
minimalist footwear intervention: A pilot computational analysis. J. Biomech. 2022, 132, 110941. [CrossRef]

Xu, D.; Quan, W.; Zhou, H.; Sun, D.; Baker, J.S.; Gu, Y. Explaining the differences of gait patterns between high and low-mileage
runners with machine learning. Sci. Rep. 2022, 12, 2981. [CrossRef]


http://doi.org/10.1093/ageing/afl078
http://www.ncbi.nlm.nih.gov/pubmed/16926197
http://doi.org/10.1016/j.gaitpost.2013.12.025
http://www.ncbi.nlm.nih.gov/pubmed/24440428
http://doi.org/10.1097/00004356-199606000-00004
http://www.ncbi.nlm.nih.gov/pubmed/8842827
http://doi.org/10.1016/j.annrmp.2006.05.002
http://doi.org/10.1080/19424280.2011.637078
http://doi.org/10.1682/JRRD.2003.10.0150
http://doi.org/10.1016/j.jbiomech.2022.110941
http://doi.org/10.1038/s41598-022-07054-1

	Introduction 
	Materials and Methods 
	Participants 
	Shoe Conditions 
	Testing Procedure 
	Data Processing 
	Outcome Measures 
	Data Analysis 

	Results 
	Gait Spatiotemporal Parameters 
	GRF 
	COP Trajectory 
	COM-COP Inclination Angles 

	Discussion 
	Gait Spatiotemporal Parameters 
	GRF 
	COP Trajectory 
	COM-COP Inclination Angles 
	Limitations 

	Conclusions 
	References

