Abstract:
The locomotor economy of females during pregnancy would have been an important
selection pressure through human evolution, as evidenced by females in modern foraging
societies that travel long distances when gathering food and contribute a large proportion of
calories to the diet. This study aims to identify the effects of pregnancy on pelvic and shoulder
rotations in human walking, and explore the possible implications of these variables for
locomotor economy. A weighted vest with an anterior load was used to simulate pregnancy and
vests with equally distributed weight to determine that any differences found were the result of
weight distribution, and not the added weight alone. There was a decrease in hip rotation and
stride length due to carrying an anterior load, which supports the hypothesis that a wider pelvic
breadth in females may be advantageous to counteract these effects. While not significant, there
was a smaller decrease in shoulder rotation when carrying an anterior load as opposed to an
equally distributed load which may be due to the altered inertia of the trunk. Further research is
needed with pregnant subjects to better understand these findings and to rule out any effects
caused by the mechanics of the weighted vests.
Introduction:
During pregnancy, not only does body mass increase, but the distribution of mass
changes as the low anterior load increases from the weight of the fetus, amniotic fluids, and
placenta (Jensen et al. 1996). Mass at the lower anterior trunk increases until its maximum in
third trimester (Jensen et al. 1996). These changes can affect kinematics, kinetics, and
spatiotemporal characteristics of gait (Blaszczyk et al. 2016; Forczek and Staskiewicz 2012; Foti
et al. 2000), posture, (Whitcome et al. 2007; Yoo et al. 2015), and stability (Oliveira et al. 2009;
Jang 2008). Women in foraging societies must maintain mobility during pregnancy as they

provide a high proportion of the diet through gathering (Hurtado et al. 1985; Hilton and Greaves
2008). Furthermore, women in foraging societies have been documented as carrying heavier
loads than men relative to body weight (Hilton and Greaves 2008). Therefore, it is important to
understand the effects of carrying loads and carrying the fetal load on locomotion, which may
give insight into anatomical and biomechanical adaptations during the evolution of bipedalism.
Walking during the third trimester of pregnancy is characterized by the “waddling” gait,
including a lower velocity, shorter steps, longer duration in double support, and a wider base of
support (Blaszczyk et al. 2016; Forczek and Staskiewicz 2012). While increasing the base of
support would increase energetic costs (Forczek and Staskiewicz 2012), taking shorter steps
would reduce energy costs by reducing center of mass displacement (Blaszczyk et al. 2016). In
obese women, time in swing phase is decreased, time in stance phase and double-support is
increased, and there is no effect on preferred gait velocity and stride length (Blaszczyk et al.
2011). This comparison indicates that the decrease in preferred velocity and decrease in step
length during pregnancy may not be explained by the increase in body mass alone, but may have
more to do with the redistribution of mass and the anterior shift of the body’s center of gravity.
In contrast, Foti et al. (2000) did not find evidence of the “waddling” gait in pregnant
women. While a wider base of support was thought to compensate for instability or may be due
to the widening of the pelvis during pregnancy, Foti et al. (2000) found that greater hip adduction
during stance kept foot centered under the body to compensate for a wider pelvis. This may be a
more energy efficient way of walking, to avoid increasing oscillations of the center of mass,
which would also eliminate the need to take shorter steps for greater energy efficiency. It was
also found that there was no significant difference in pelvic rotation in the transverse plane for

females during pregnancy (Foti et al. 2000), while other researchers have found a decrease in
pelvic rotation during pregnancy (Wu et al. 2004; Gilleard 2013).
Thus, the literature does not provide clear and consistent data showing how changes in
the distribution of body mass during pregnancy affect gait. The goal of this study was to
investigate how the anatomical changes during pregnancy affect the rotation of the hips and
shoulders during walking gait, and the possible implications for locomotor economy. I compared
these variables at different walking speeds under the conditions of wearing anteriorly loaded
weight to simulate pregnancy, weight evenly distributed on the torso, and wearing no additional
weight.
Methods:
Ten recreationally fit (no reported musculoskeletal injuries or pain) nulligravida females
aged 20-35 participated in this study. Data from two females were unusable due to technical
issues and were not included in the analysis. The mean age for females included in the analysis
was 24.5 +/- 4.5 years. All subjects wore spandex pants and a t-shirt, and walked without shoes
in the trials. Before participating, subjects were given details of the study and informed consent
was provided. All procedures were approved by the University of Arizona Institutional Review
Board.
Four conditions (no vest, 9 kg pregnancy vest, and evenly distributed weight vests at 9.4
kg and 17.3 kg) were tested at three speeds (1.0, 1.33, 1.66 m/sec) in this study. To simulate third
trimester pregnancy, a vest was outfitted with 9 kg of weight placed anteriorly on the torso
(Pregnancy Profile®, includes use of sand bag and water bladder to simulate weight and shape of
carrying a pregnancy). To determine whether any differences observed were due to the anterior
placement of the weight, not the addition of weight alone, subjects also performed trials at each

speed wearing a vests with 9.4 kg and 17.3 kg evenly distributed between the anterior and
posterior of the torso.
Kinematic data were collected using a Vicon high speed motion capture system.
Reflective markers were placed bilaterally on the greater trochanter, lateral femoral epicondyle,
lateral malleolus, distal first metatarsal, calcaneus, and laterally on the shoulder. Subjects were
instructed to walk on a treadmill for trials of approximately sixty seconds at each speed in each
condition, with the speeds and weights randomized for each subject. During the trial three ten
second clips were recorded using the Vicon camera system.
The variables analyzed were maximum angles of rotation for the hip and the shoulder in
the transverse plane, maximum angle of rotation between the hip and shoulder in the transverse
plane, angle of knee flexion at heel contact, and stride length. For each participant, the mean for
the maximum angles of rotation for shoulder and hip, the mean for the maximum angles of knee
flexion, and the mean of stride length were taken for one of the ten second trials. The variables
were analyzed for differences as a result of increase in walking speed, increases in body weight,
and the asymmetrical loading of weight to the anterior torso as opposed to evenly distributed
increases in body weight using a linear mixed effects model. A random variable was added to the
mixed model to control for the individual differences of each subject.
Results:
Overall, increases in speed increased the maximum angles of rotation for the shoulders
and hips, while also increasing stride length and flexion of the knee. Significant differences were
found for each tested kinematic variable as a result of speed increases. The results are reported in
changes per increase in speed category (1.0, 1.33, 1.66 m/sec). The maximum angle of rotation
between the shoulder and hip was found to increase by 3.1949 deg. (P < 2e-16). Maximum hip

rotation increased by 2.0062 deg. (P < 2e-16). Maximum shoulder rotation increased by 0.7598
deg. (P = 1.01e-05). Stride length increased by 0.151844 mm. (P < 2e-16). Flexion angle of the
knee increased by 0.7944 deg. (P = 6.06e-05).
Increasing body mass resulted in a decrease of angles of rotation for the shoulders and
hips, while increasing the angle of flexion in the knee and decreasing stride length. Body weight
increases showed a significant effect on each of the variables. The results are reported as changes
for a one-hundred percent increase in body weight. The maximum angle of rotation between the
shoulder and hip was found to decrease by -30.9519 deg. (P < 2e-16).). For a one-hundred
percent increase in body weight, hip rotation decreased by 10.3878 deg. (P = 2.07e-13), and
shoulder rotation decreased by 12.9297 deg. (P = 2.07e-13). Stride length decreased by 0.141865
mm (P = 0.00179) and flexion angle of the knee increased by 12.2507 deg. (P = 1.67e-12).
The addition of the pregnancy vest adding an anterior load to the body resulted in an
overall decrease in angles of rotation for the shoulder and hip, while also decreasing stride length
and increasing flexion of the knee upon heel contact. Comparing this variable to the increase in
body weight alone, a significant difference was found for the variables of angles of hip to
shoulder rotation, hip rotation, and stride length. The asymmetrical loading of body weight
resulted in a decrease in hip rotation by 1.1948 deg. (P = 7.07e-05), a decrease in stride length by
0.031188 mm (P = 0.00411, and the maximum angle of rotation between the shoulder and hip
decreased by 1.0878 deg. (P = 0.0127) over the addition of body weigh alone. Shoulder rotation,
which increased by 0.4845 deg. (P = 0.116), and angle of knee flexion, which increased by
0.5198 deg. (P = 0.146672), did not show a significant difference from the addition of body
weight alone.

Table 1. Effects of speed, body weight Increase, and asymmetry of body weight on kinematic
variables.

Shoulder-Hip Rotation (degrees)
Hip Rotation (degrees)
Shoulder Rotation (degrees)
Stride Length (mm)
Knee Angle (degrees)

Speed*
3.1949
2.0062
0.7598
0.151844
0.7944

P value
< 2e-16 †
< 2e-16 †
1.01e-05 †
< 2e-16 †
6.06e-05 †

Increased Body
Weight (Even
Distribution)**
-30.9519
-10.3878
-12.9297
-0.141865
12.2507

P value
< 2e-16 †
2.07e-13 †
2.22e-16 †
0.00179 †
1.67e-12 †

Asymmetry
of Body
Weight***
-1.0878
-1.1948
0.4845
-0.031188
0.5198

P value
0.0127 †
7.07e-05 †
0.116
0.00411 †
0.146672

* Change per increase in speed category (1.0, 1.33, 1.66 m/sec)
** Change per 100% increase in evenly distributed body weight
*** Change due to increase in anteriorly loaded body weight opposed to the increase in body
weight alone
† Significant value
See Appendix One for Figures.
Discussion:
Limitations
The mechanics of the vests that were used in this study may have had effects on gait,
possibly restricting movement in the shoulders or hips. The vests may have fit differently
depending on the frame size of the individual. Furthermore, treadmills were used which may
affect pelvis kinematics (Vogt et al. 2002), but did allow for comparable data over discrete speed
categories.
Overall effects of walking speed
Walking speed was shown to significantly affect all kinematic variables studied. The
increase in walking speed increased hip and shoulder rotations, as well as the angle of rotation
between the shoulder and hip. Pelvic rotation is one of the major determinants of human gait,
reducing the vertical oscillations of the center of mass for greater locomotor efficiency (Saunders
et al. 1953). However, pelvic rotation has also been shown to have an important relationship to
stride length. Liang et al. (2014) found that as walking speed increases, pelvic rotations are
responsible for a greater proportion of stride length. The observed increase in stride length,

pelvic rotation, and knee flexion as walking speed increases is consistent with this previous
research suggesting that pelvic rotation is having a greater influence on stride length at higher
walking speeds. Whitcome et al. (2017) found that at higher walking speeds pelvic rotations
accounted for a higher proportion of stride length, but also that subjects with shorter legs, but
negligible differences in pelvic width, rotated their pelvis at a greater degree and that this
accounted for a higher proportion of the stride length than people with longer legs. Research also
shows that increased stride length as a result of greater pelvic rotation does not increase energy
costs (Wall-Scheffler 2017). This suggests that increases in pelvic rotation and stride length
when walking at faster speeds could be an alteration in gait to increase efficiency and maintain
walking faster speeds.
The shoulders rotate opposite the pelvis (Elftman, 1939), and shoulder rotations were
shown to increase with speed along with pelvic rotation. Research has shown that shoulder
rotation, along with arm swing, moving out-of-phase from the lower limb reduces angular
momentum of the trunk (Herr and Popovic 2008). This has also been shown to reduce energy
consumption when compared to walking with the arms constrained (Umberger 2008).
Weight increase, asymmetry of load, and the reduction of hip rotation and stride length
The results show that adding weight to the anterior and posterior of the trunk reduce hip
rotation and decrease stride length. Furthermore, weight added to the anterior of the trunk alone
reduces the rotation of the hips and reduces stride length more than the addition of evenly
distributed weight. A decreased stride length would also decrease the center of mass
displacement during walking (Gordon et al. 2009), which may have an increased effect at
improving energy efficiency due to the extra weight carried anteriorly during pregnancy.

The change in mass distribution during pregnancy shifts the center of mass anterior to the
hips (Whitcome et al. 2007), while also increasing moment of inertia and angular momentum of
the trunk (Jensen et al. 1996; Gilleard 2013). The increase in moment of inertia of the lower
trunk while carrying a low anterior load (Jensen et al. 1996) may be an explanation for the
decreased rotation of the pelvis and shorter stride length, as these alterations to gait may serve to
reduce angular momentum of the lower trunk.
The anterior load of pregnancy can also cause instability and the posture may change to
compensate for the redistribution of mass (Whitcome et al. 2007; Oliveira et al. 2009). Pregnant
women will compensate for the displacement of the center of mass by increasing lumbar lordosis
by as much as 60%, shifting the center of mass back over the hips (Whitcome et al. 2007). The
increase in lumbar lordosis may also affect hip biomechanics. For example, an anterior pelvic tilt
can reduce range of motion in the hip joint (Ross et al. 2014), which may explain reduction in
pelvic rotation.
These findings also support the hypothesis presented by Wall-Scheffler (2017), that the
wider pelvic breadth in women increases energy efficiency in locomotion by increasing the
moment arm of the pelvis and therefore stride length to offset the effects of load carrying on
locomotion. Wall-Scheffler (2017) compared energy costs of locomotion for males and females
when carrying an infant on the hips, and found that females have a lower energy expenditure per
stride than males. The results of this study show that carrying an anterior load has an increased
effect on reducing stride length than carrying loads alone, supporting the hypothesis that
pregnancy may favor increased mediolateral pelvic breadth in females to increase locomotor
efficiency (Wall-Scheffler 2017).

Weight increase, asymmetry of load, and shoulder rotation
Weight increase significantly decreased shoulder rotation, and while asymmetry of the
load added to the trunk did not yield a significant difference, the p-value was small and is worth
considering for further research. The difference found indicates a smaller decrease in shoulder
rotation when weight is added only anteriorly than when it is added evenly to the anterior and
posterior of the trunk.
While the mechanics of the evenly distributed weight vest may have some affect
restricting the movement of the shoulders, there is the possibility that the pregnancy load has a
mechanical effect on upper body kinematics. Herr and Popovic (2008) found that during bipedal
locomotion the segments of the body have large angular momentums, while the whole body
angular momentum is small. So the difference seen in shoulder rotation between equally
distributed weight and anteriorly added weight may be due to the upper body balancing the
increased angular momentum of the lower trunk, as moment of inertia increases in the lower
trunk during pregnancy (Jensen et al. 1996).
Upper body kinematics in walking gait during pregnancy has not been widely studied, as
most research has focused on lower body kinematics and kinetics, so further research is
warranted on this topic. Utilizing a larger sample size will help determine if there is any
significant difference due to the anterior placement of the weight, and testing this with pregnant
subjects would eliminate the possible error due to the mechanics of the vests used in the study.
Conclusion:
The decrease in hip rotation and stride length due to carrying an anterior load support that
the evolution of a wider pelvic breadth in females may have been selected for greater locomotor
efficiency. While not significant, the increase in shoulder rotation when carrying an anterior load

as opposed to an equally distributed load may be due to the altered inertial properties of the
trunk. Further research is needed with pregnant subjects to better understand these findings and
to rule out any effects caused by the mechanics of the weighted vests.
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Appendix One: Figures
Figure 1. Effects on maximum angle between shoulder and hip.

Figure 2. Effects on maximum angle of hip rotation.

Figure 3. Effects on maximum angle of shoulder rotation.

Figure 4. Effects on stride length.

Figure 5. Effects on maximum angle of knee flexion at heel contact.

