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Abstract 

 

In 2021, over three and a half million women entered the postpartum period in the United 

States [1]. Despite their prevalence, postpartum health is a largely overlooked area. After 

delivery, 25% of women within this population experience lumbopelvic or pelvic pain 

during the typical postpartum period [3], up to 8 weeks post-delivery, and research has 

found these women may continue to experience pain years after delivery [4]. Persistent 

pelvic region pain in postpartum women may result in lower limb load asymmetry. 

Additionally, external loading from carrying a child may alter the degree of asymmetric 

loading that exists in the lower limbs. Therefore, the first purpose of this study was to 

investigate the effect of daily tasks on lower extremity load symmetry using metrics that 

have successfully identified load asymmetry in other populations. Load symmetry was 

found to differ between task, with the largest asymmetry occurring between limbs during 

the sit-to-stand task  for the peak impact force (PIF = 9.08% symmetry) and during the 

stair descent task for the average loading rate (ALR = 15.43% symmetry). The increase in 

asymmetry during these tasks may be attributed to increased muscle activation and force 

production. The second purpose of this study was to investigate the effect of an external 

child load on lower extremity load asymmetry during a 14-meter level walking task. A 

significant increase was found between the no load and both child load conditions for PIF 

and ALR (p <0.001 for both metrics). No statistically significant differences in symmetry 

were found between carrying the child centrally in a carrier and carrying on one side of 

the body without a carrier. The lack of difference in asymmetry during child carrying 

conditions may indicate mothers naturally compensate for the external child load as both 

ALR and PIF values increased during these conditions, but asymmetry was not impacted. 

Our results indicate the need to continue to examine different carrying conditions in 

postpartum women to better understand risk factors for pain or injury and provide 

evidence-based recommendations for postpartum activity progression.  
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Differences in Load Symmetry of the Lower Extremities in Postpartum Women During 

Daily Tasks and Childcare Loading Conditions 

 

General Audience Abstract 

 

In 2021, over three and a half million women entered the postpartum period in the United 

States [1]. Despite their prevalence, postpartum health is a largely overlooked area and 

25% of women experience low back or pelvic pain past the typical postpartum period of 

8 weeks post delivery [3]. Research has found women may continue to experience this 

pain years after delivery and result from the lower limbs being loaded unequally. The 

extra weight from carrying a child may also impact the amount of unequal loading placed 

onto the lower limbs. The first purpose of this study was to investigate the effect of daily 

tasks on load symmetry in the lower limbs using measures that have successfully 

identified unequal load distribution in non-pregnant individuals. Load symmetry was 

found to differ between task, with the largest asymmetry occurring between limbs during 

the sit-to-stand task for the force applied to lower limbs during initial contact of the feet 

and during the stair descent task for the rate that force was applied to lower limbs. The 

second purpose of this study was to investigate the effect of an external child load on 

lower extremity load asymmetry during a 14-meter level walking task. A significant 

increase was found between the no load and both baby load conditions for force applied 

during initial contact of the feet and rate this force was applied. No difference was found 

between child carrying external loading condition when evaluating asymmetry. Our 

results indicate the need to continue to investigate the unique loading patterns of 

postpartum women to better understand the specific risk factors for pain or injury 

development within this population. 
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Chapter 1: Introduction 

 

Motivation 

 

In 2021, there were 3,664,292 births in the United States with almost 97% of the births 

being a single baby [1]. In the same year, over three and a half million mothers entered 

the postpartum period [1]. This period typically lasts six to eight weeks post birth but 

may last up to 6 months depending on the restoration of physiological and anatomical 

changes from pregnancy [2]. During pregnancy, 45% of women experience lumbopelvic 

or pelvic pain and 25% continue to experience this pain into the postpartum period [3]. 

Additionally, a study examining the long-term prevalence of persistent postpartum pain 

found that 7.3% of women reported pain and 6.1% reported significant pain in the lower 

abdomen, pelvis, or lower back related to delivery at an average of 2.3 years postpartum 

[4].  As most mothers in the United States have a single postpartum appointment with 

their doctor six weeks after delivery [5], continued pain past this six-week appointment 

could indicate a need for additional medical evaluation and potential interventions.  

Potential causes of persistent pain include asymmetric ligament mobility surrounding the 

sacroiliac joint (SIJ) or asymmetric pelvic alignment [6]. During pregnancy, the hormone 

relaxin is produced in greater amounts to increase ligamentous laxity, relax pelvic joints, 

and widen the hips in preparation for birth [2]. Increased ligamentous laxity may be 

associated with lower limb injury in pregnant and postpartum individuals due to the 

increased range of joint motion [8]. As such, low back pain and high levels of relaxin 

during late pregnancy are correlated, suggesting relaxin may play a role in the 

reorientation of the pelvis during pregnancy [9].  

 

Another potential cause of persistent pain in postpartum women is load asymmetry in the 

lower limbs. Unequal loading between lower limbs has been linked to self-identified pain 

in the lower back, pelvis, and hips [10] as well as with muscle imbalance resulting from 

joint degeneration or injury [11]. Unresolved physiological changes from pregnancy 

could increase load asymmetry in postpartum women [6].  Furthermore, many of the 

daily tasks performed by postpartum women include the additional weight of a child 

which is a significant risk factor for developing musculoskeletal pain or injury [12]. 
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Mothers often carry their child on one side of the body which could exacerbate any 

asymmetric lower extremity loading present. Additionally, it would increase the risk of 

developing a musculoskeletal injury as repetitive asymmetrical loading is correlated with 

overuse and chronic injuries [13]. 

 

Load symmetry in the lower limbs can be quantified using force plates, pressure plates, 

pressure sensing insoles, and force sensing insoles. Pressure sensing insoles often require 

cabling and participants to wear a belt or backpack that may influence the load 

distribution in the lower limbs [14]. Force and pressure plates are only able to measure 

ground reaction forces for certain steps and over limited distances for specific tasks. 

Force sensing insoles are a good alternative as they don’t require extra cabling, allow 

participants to walk longer distances, and to perform a variety of tasks such as stair 

ambulation. Additionally, research has demonstrated that these inserts have excellent 

validity and reliability when compared against force plates [15]. In this study, loadsol® 

(Novel Electronics, Pittsburg, PA) were used to measure the normal force between the 

foot and the shoe during 5 different tasks: quiet stand, sit to stand, 14-meter level walk, 

stair ascent, and stair descent. 

 

The normal force was used to calculate the peak impact force (PIF) and average loading 

rate (ALR) during each trial. These metrics were selected as they have successfully 

evaluated symmetry in lower limb loading in anterior cruciate ligament reconstruction 

(ACLR) patients [16] where the surgical limb is loaded less than the non-surgical limb 

[17]. Postpartum women may also experience this loading abnormality as asymmetric 

support of the lower limbs could relate to lower limb dysfunction, joint and muscle pain, 

or due to the development of poor motor patterns [11]. 

 

Therefore, the purpose of this research was to quantify load symmetry in the lower limbs 

of postpartum women during daily childcare child carrying conditions while performing 

daily activities. Understanding loading and load asymmetry in common daily tasks and 

carrying scenarios can provide insight on potential mechanisms of and interventions for 

persistent pain in postpartum women. Load symmetry was evaluated using the 
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Normalized Symmetry Index (NSI) for peak impact force and average loading rate during 

each movement task. The NSI was chosen as it allows for comparison of symmetry 

across a range of data from multiple trials of different lengths in addition to its ability to 

account for cases where other symmetry indices have difficulty [19]. Specifically, this 

work aims to:   

 

Specific Aim 1: Determine if lower extremity load symmetry measured beneath the 

feet in postpartum women differs between tasks without an additional load. 

 

Hypothesis 1a: A difference in PIF NSI (asymmetry) will exist between sit to stand, level 

walking, stair ascent, and stair descent with larger asymmetry occurring during stair 

ascent and descent. 

 

Hypothesis 1b: A difference in ALR NSI will exist between sit to stand, level walking, 

stair ascent, and stair descent with a larger loading rate asymmetry occurring during stair 

ascent and descent. 

 

Specific Aim 2: Determine the differences in load symmetry in postpartum women 

during simulated child carrying tasks during level walking (no load, baby, baby in 

carrier) 

 

Hypothesis 2a: A significant difference will exist in load symmetry based on the carrying 

task with a greater asymmetry during the baby load on hip condition when compared to 

the no load condition during level walking. 

 

Hypothesis 2b: A significant difference will exist in load symmetry based on the carrying 

task with a greater loading rate asymmetry during the baby load on hip condition 

compared to the no load walking trials. 
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Background 
 

Levels of relaxin increase drastically during the first 13 weeks of pregnancy, remain 

steady until late pregnancy, and begin to decrease after delivery [1]. This hormone allows 

for relaxation of the pelvic ligaments which is essential for pregnancy and delivery [15]. 

Increased pelvic laxity results in altered collagen structure in the surrounding area which 

allows for the separation of the pubic symphysis [15]. Separation of pubic symphysis 

allows the pelvic bones to widen during delivery and following delivery, around 30% of 

pregnant women report symptoms of symphysis pubis dysfunction where they experience 

pain, or their pelvis feels unstable [37]. Additionally, 20% of pregnant women experience 

pelvic girdle pain (PGP) which is the second most common reason for sick leave, after 

fatigue and sleep problems [21]. PGP is defined as pain around the pelvic joints, lower 

back, hips, and thighs [2]. It can occur from a combination of ligament laxity and 

abnormal motor control, resulting in malalignment and instability of the pelvis or lower 

limb joints which could be a major factor in pain development [2]. Relaxin levels begin 

to decrease after birth but may take up to 12 months to reach pre-pregnancy levels [2]. 

The continued influence of relaxin during the postpartum period could increase the risk 

of developing a musculoskeletal disorder or experiencing pain due to increased 

ligamentous laxity [2]. 

 

The origin of pain or impairments can be identified through clinical assessments. The 

assessments can identify unresolved changes or injuries from pregnancy like rectus 

abdominis muscle separation, limited range of motion within the hips, PGP, lumbopelvic 

instability, and weakened hip abductor strength. Separated abdominal muscles are 

indicative of weakened abdominals which may result in PGP, LBP, and UI [50]. It is 

important to differentiate between LBP and PGP as they result in different pains and 

musculoskeletal impairments [51]. LBP can be identified through limited range of motion 

within the hips which may result in altered lumbopelvic mechanics [52]. PGP can be 

identified through weak hip abductors which may result in a pelvic tilt in the coronal 

plane and indicate increased joint laxity [53]. Furthermore, weakness in the pelvic girdle 

can be identified through poor pelvic stability and difficulty with load transfer through 

the pelvis [5]. The results of these assessments can be used to evaluate a postpartum 
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women’s healing process, if there are unresolved changes from pregnancy, and the origin 

of any pain they may experience. 

 

In addition to the pain postpartum women may experience from increased levels of 

relaxin, there are multiple childcare tasks that may increase the risk for increased pain or 

injury. These high-risk childcare activities are defined as tasks that place a high 

biomechanical stress on the body and increase the potential for injury from repetition, 

prolonged duration, or the weight of the child [59]. Such tasks include carrying a child in 

a car seat, carrying a child on one hip, holding a child while bending down, lifting a child 

on or off a changing table, and lifting a child up from the floor [2]. Musculoskeletal 

injury or pain could result from these kinds of motions depending on the frequency or 

weight of the child and could prevent postpartum women from fully recovering after 

delivery [59].  

 

Many women develop musculoskeletal disorders during the postpartum period due to the 

continued influence of relaxin and the ergonomic stresses of childcare tasks [7]. 

Peripheral nerves are susceptible to injury in pregnant and postpartum women from 

compression, traction, ischemia, and laceration [7]. Furthermore, pregnancy related 

swelling increases compressive forces on peripheral nerves during childcare activities [7]. 

Common disorders include low back pain, pelvic pain, osteitis pubis, pubic symphysis 

pain, carpal tunnel syndrome, peripheral edema, lateral femoral cutaneous neuropathy, 

and DeQuervain’s tenosynovitis [7]. Of these disorders, back and pelvic pain are the most 

prevalent [7]. Back pain is described as a dull pain in the lumbar region and is 

experienced when an individual is in forward flexion and there is restriction of lumbar 

movement [25]. PGP pain is described as stabbing, shooting, dull, or a burning sensation 

[25]. During the postpartum period, 30 to 45% of women experience low back pain 

which can be attributed to forward rotation of the pelvis or hyperlordosis from increased 

laxity in the sacroiliac ligaments [7]. Additionally, it is estimated that 22% of women 

experience PGP during pregnancy, labor, or while postpartum and up to 8% experience 

disability from the pain [3]. PGP is defined as pain in the symphysis pubis, sacroiliac 

joints, and pain in the gluteal region [25]. This pain may radiate past the gluteal fold and 
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into the posterior thigh [25]. Additionally, PGP pain is recurring, and symptoms can be 

aggravated by simple daily activities like walking, sitting, stair climbing, or standing 

[25]. Unequal weight bearing on the legs is a factor for this type of pain development 

[25].  

 

To better understand PGP, it is important to know the anatomy of the pelvis. The anterior 

portion of the pelvis, the pelvic girdle or pubic bone, is comprised of the pubis, ischium, 

and ilium which connects posteriorly to the spine [68]. There are two pubic bones within 

the pelvis, one on the left and one on the right, that are connected to the pubic symphysis 

anteriorly and the sacrum posteriorly [68]. Both pubic bones, the ischial bone, and the 

iliac bone all joint together through connective tissue [68]. Misalignment of these bones 

often occurs when tissues are stressed beyond normal levels and result in asymmetric 

pelvic alignment from tissue adaptation in bone and surrounding muscle mass [67]. 

Pelvic asymmetry can be defined as asymmetric alignment of the pubic bones in the 

frontal, sagittal, or transverse plane relative to the vertical axis [67]. Research has found 

asymmetrical alignment of pubic bones within postpartum women, where either left or 

right pubic bone was rotated to a greater external angle [31]. This results in one rotational 

abnormality in the ilium, as seen in Figure 2, and may result in anterior hip pain due to 

 

Figure 1: Anatomy of female pelvis [76] 
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Figure 2: External rotation of pubic bone from ariel view [77] 

 

During pregnancy, relaxin is produced in increased quantities by the corpus luteum and 

uterine decidua to prepare the body for delivery [17]. This results in greater ligament 

laxity, particularly in the pelvis, as relaxin alters properties of cartilage and tendons by 

activating collagenase [17]. Ligament laxity is attributed to greater range of joint motion, 

which is associated with musculoskeletal injuries due to altered kinematics, especially in 

the lower extremities [26]. For example, increased pelvic tilt occurs during pregnancy 

due to increased levels of relaxin and weakened abdominal muscles [27]. Increased levels 

of relaxin allow the pelvis to tilt forward as the body mass increases and center of mass 

shifts forward [28]. Pelvic tilt begins to decrease after childbirth and as relaxin levels 

begin to decline but could lead to asymmetric alignment of the pelvis if not fully resolved 

[29]. Even if the pelvic tilt resolves, abdominal and pelvic floor musculature may require 

additional healing time or directed exercise as these muscles have been significantly 

stretched and potentially torn during vaginal delivery [22]. Pelvic floor muscles consist of 

two main muscles, the levator ani and coccygeus, that are intertwined [70]. They work to 

counteract gravitational forces, intra-abdominal pressure, and provide support to pelvic 

organs [71]. Weakness in the pelvic floor muscles from excessive stretching during 

pregnancy and delivery may result in musculoskeletal injury from asymmetry in strength 

and length of these muscles [69]. Both malalignment of the pelvis and increased ligament 

laxity may be major factors in the development of pelvic pain [2]. Asymmetric pelvic 
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alignment increases tightness in the surrounding ligaments and muscles of the sacroiliac 

joint which may result in pelvic pain like PGP or lumbopelvic pain [2]. Furthermore, 

studies have reported increased levels of relaxin in pregnant women with pelvic joint 

instability and in those who experience PGP or pelvic floor dysfunction [17].  

 

Similarly, pelvic alignment is different amongst never pregnant, pregnant, and 

postpartum individuals [3]. Pelvic asymmetry is higher in pregnant and postpartum 

individuals compared to never pregnant individuals [30]. Even at 3 to 5 months 

postpartum, pelvic asymmetry may still be prevalent due to increased levels of relaxin 

[30]. In healthy adults, pelvic asymmetry could be caused by carrying a load on only one 

shoulder or sitting cross legged for extended periods of time [30]. Postpartum individuals 

often carry their child on one side of their body for prolonged periods which could further 

exacerbate any pelvic asymmetry they already experience. This asymmetry within the 

pelvis could result in low-back pain among pregnant and postpartum individuals [31]. It 

has been found that asymmetry in joint mobility at the sacroiliac joint (SIJ) is correlated 

with moderate to severe posterior pelvic pain [31]. Additionally, asymmetric SIJ mobility 

during pregnancy can predict prolonged pelvic pain during the postpartum period in 

individuals with moderate to severe posterior pelvic pain [31]. A clinical study of 460 

pregnant women found that 9% of participants continued to experience daily pelvic pain 

2 years after childbirth [3]. Furthermore, only 5% of the postpartum women who 

experience lumbopelvic pain visited a physician to seek help [32]. Medical treatment for 

this pain includes anti-inflammatory drugs, steroid injections into the sacroiliac joints, 

physical therapy, or surgery [32]. It has been reported that individuals who experience 

back pain 6 to 7 months postpartum are twice as likely to develop symptoms of 

depression indicating the importance of managing such pain early in the postpartum 

period [3]. 

 

Several clinical metrics and scales exist to evaluate musculoskeletal pain and/or 

dysfunction.  Metrics specific to pelvic health and strength are beneficial for evaluation 

of the postpartum population given the common prevalence of PGP and low back pain. In 

this study, impairments were identified with the Oswestry Disability Index (ODI), urinary 
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incontinence, a pelvic evaluation, and load symmetry in the lower limbs. The ODI is a 

self-reported measure that evaluates low back pain (LBP) and its impact on an 

individual’s quality of life (QOL) [19]. Research has found ODI scores to be reliable and 

valid for measurement of disability amongst individuals with lower back pain [35]. 

Scores range from 0 to 100 with higher scores indicating a larger negative impact on 

QOL due to pain [19]. The different categories of interest included in this study were pain 

intensity, personal care, lifting, walking, sitting, social life, sleeping, and standing [19]. 

Research has found the average ODI score for asymptomatic individuals to be around 8.7 

and the score for individuals with a disability from LBP to be around 12 [36]. ODI scores 

for postpartum women who seek treatment for persistent PGP are higher than scores for 

postpartum women who don’t experience pain [20]. Women who have greater ODI 

scores may also experience asymmetrical loading of the lower limbs due to persistent 

back or pelvic pain. 

 

Another way musculoskeletal impairments have been identified was through the urinary 

incontinence (UI) questionnaire.  This questionnaire identified a participants’ history of 

involuntary loss of urine and potentially weakened pelvic floor muscles [17]. Many 

women experience urinary incontinence (UI), involuntary loss of urine, or stress urinary 

incontinence (SUI), involuntary loss of urine from increased intraabdominal pressure, 

while pregnant or postpartum [17]. UI occurs from either damaged pelvic floor muscles 

that hold the bladder in place or increased levels of relaxin, both leading to involuntary 

loss of urine [17]. UI is considered an injury from pregnancy/delivery and may develop 

after childbirth, especially for vaginal deliveries [18]. It is estimated that 31% of women 

suffer from UI and 70% from SUI during their third trimester [18]. It is also estimated 

that 7% of postpartum women experience SUI at three months postpartum [18]. Women 

who experience UI or SUI during the postpartum period may have weakened pelvic floor 

muscles or increased levels of relaxin [18]. 

 

Loading changes drastically throughout pregnancy and following childbirth. On average, 

pregnant women gain 15 kg from both the weight of the fetus and overall weight gain 

[42]. Weight from the fetus is anteriorly centered around the abdomen during this period. 
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After giving birth, an average of 4.5 to 6 pounds are lost from the baby’s weight and 

amniotic fluid [42]. The weight of the child is no longer centered around the abdomen 

and may be asymmetrically distributed depending on how the mother chooses to carry the 

child. Even in nulliparous populations, changes in loading may lead to overuse injuries 

due to the musculoskeletal system’s inability to cope with a mechanical load, either from 

repetitive loading, increased weight of an applied load, or abrupt changes in load 

distribution [4]. Injuries are categorized as stress fractures in bones, stress injuries in the 

musculoskeletal system, and muscle fatigue due to mechanical overload from repetitive 

or heavy loading [4].  

 

Repetitive exercise or a heavy load placed on the body can result in inadequate time for 

recovery of the collagen tissues, tendons, and ligaments, from the deformation [13]. Lack 

of recovery results in a reduction of the cross-sectional area in the affected tissue which 

increases stress concentration, lowers stress tolerance, and increases injury risk [13]. The 

short-term effect of heavy or repetitive loading in muscles operating a specific joint 

fatiguing at different rates due to inconsistent activation [12]. Muscle fatigue is defined as 

the decrease in maximal force or power generation of the muscle [44]. Fatigue hinders a 

muscle's ability to reduce dynamic loads placed on the human musculoskeletal system 

which may result in injury to the area [45]. The long-term effect of heavy or repeated 

loading may result in joint kinematics that differ from the optimum and natural loading 

kinematics of the joint [12] due to abnormal strain or bending of the bone [47]. Similarly, 

repetitive loading from carrying a child may result in abnormal strain on the lumbar 

spine, pelvis, or lower limbs and result in abnormal function of these regions. 

Furthermore, postpartum women may be at a greater risk for developing a 

musculoskeletal injury from increased level of relaxin and ligament laxity present during 

repetitive or heavy loading [48]. Laxity decreases tension in ligaments which reduces 

joint stability and increases injury risk factors [48]. Increased laxity results in a longer 

rest period being required between loading for full recovery [48]. Accumulation of 

improper recovery time may result in greater injury risk [48]. In this study, participants 

completed daily tasks with an external baby load in a chest worn baby carrier that 

symmetrically distributed weight to simulate increased symmetric loading. This 
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symmetric load combined with repetitive loading of the lower limbs during daily tasks, 

like walking or stair ambulation, could result in increased risk of injury [48]. 

 

In contrast to symmetrical loading, where muscle activation is uniform, asymmetrical 

loading results in unbalanced muscle activation [18]. The high biomechanical demand 

from asymmetrical childcare tasks could further exacerbate asymmetries mothers already 

experience from laxity or muscle impairment [2]. An asymmetrical load causes center of 

mass shifts which results in spine lateral flexion and asymmetrical trunk muscle 

activation [18]. As the weight of the asymmetrical load increases, postural instability also 

increases due to less efficient loading/unloading mechanisms in the hip [18]. Repeatedly 

asymmetrical loading increases shear and compressive forces in the spine and can result 

in lumbar pain [18]. It has been hypothesized that repetitive asymmetrical loading during 

gait could correlate to overuse or chronic injuries [13]. In a kinetic symmetry study done 

on female runners with and without prior tibial stress fractures, the study suggested that 

loading asymmetry while running may influence the side that becomes injured [13]. 

Mothers who carry their child predominantly on one side may be at a greater risk for 

developing injury or pain due to repetitive asymmetrical loading [13]. This loading 

combined with reduced joint stability from ligament laxity may further exacerbate 

asymmetries in muscle activation in postpartum women [48]. In this study, participants 

completed tasks with a baby carried on the hip to simulate asymmetric external loading. 

This asymmetric load combined with repetitive loading of the lower limbs during daily 

tasks could result in unequal muscle activation, pain, or chronic injury [48][13]. 

 

Asymmetric loading of the pelvis could make it difficult and painful for postpartum 

individuals to perform daily tasks such as walking for prolonged periods as well as 

ascending, or descending the stairs [4]. Research has found pregnant women with PGP 

take shorter steps with less pelvic movement compared to nulliparous women [38]. 

Taking shorter steps results in a longer double support phase during the gait cycle, 

decreasing time spent in single limb stance where forces are asymmetrically loaded 

through pelvic [38]. Shorter steps may suggest impaired weight bearing abilities of the 

pelvis in individuals with PGP and possible asymmetries in lower limb loading due to 
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these pelvic impairments [38]. Unfortunately, it is currently unknown what percentage of 

asymmetry is typical, what is considered too high, and what percentage is dangerous for 

hip/spine loading [18]. There is still potential for even a low degree of asymmetric 

loading of the lower limbs to cause low back pain or issues with hip joints [11]. 

Repetitive loading of one hip combined with increased joint mobility from relaxin could 

result in a misaligned pelvis and or pelvic pain. 

 

Many of the daily tasks postpartum women perform are completed while carrying a child. 

Activities that involve carrying a child in a car seat or carrying a child on one hip are 

considered high risk activities due to the high biomechanical stress they put on the body 

from repetition, prolonged duration, or the weight of the child [59]. Additionally, the 

weight of the child may be distributed asymmetrically based on the carrying method 

chosen by the mother. Carrying a child on the chest or back using a baby carrier will 

result in load being symmetrically distributed. An added external symmetric load may 

increase the force applied to lower limbs when completing tasks and make any 

asymmetric loading between the lower limbs more apparent [55].  Conversely, carrying a 

child on the hip will result in load being asymmetrically distributed. Research has shown 

that external asymmetrical loads result in non-uniform muscle activation which may 

result in unequal loading of the lower limbs or compound any asymmetric loading 

already present [55]. Evaluation of these loading conditions is important as they may 

influence the load distribution between the lower limbs during daily activities. 

Furthermore, external asymmetric loading may result in different load symmetry between 

the lower limbs when compared to external symmetric loading from the body 

compensating for the load through lateral spine flexion and asymmetrical trunk muscle 

activation [18]. 

 

There are multiple ways to quantify symmetry between the lower limbs. The most 

common indexes include the Symmetry Index (SI), Ratio Index (RI), Gait Asymmetry 

(GA), Symmetry Angle (SA), and Normalized Symmetry Index (NSI) [19]. For subjects 

who have undergone lower limb surgery, the lower limbs are referred to as surgical (X­S) 
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and nonsurgical (X­NS). For healthy individuals, limbs are referred to as the non-

dominant (X­ND) and dominant limb (X­ND).  

 

The RI uses the ratio of measured values for the nonsurgical and surgical limb as the 

index of symmetry [19]. Values for this index can range from 0%, full symmetry, to 

greater than 100%, full asymmetry [19]. Additionally, the value may be negative if X­NS 

< X­S. 

Eq. 1                                           𝑅𝐼  =   (1 −
𝑋𝑁𝑆

𝑋𝑆
) ⋅ 100 

Eq. 2                                            𝑅𝐼  =   (1 −
𝑋𝑁𝑆

𝑋𝑆
) ⋅ 100 

 

 

The SI is the most often used index and a generalization of the values obtained from the 

RI [19]. Similarly to RI, values can range from 0, full symmetry, to over 100%, full 

asymmetry and values may be negative if X­NS < X­S [19]. 

 

Eq. 3                                     𝑆𝐼  =   ( 𝑋𝑁𝑆−𝑋𝑠

0.5(|𝑋𝑠|+|𝑋𝑁𝑆|)
) ⋅ 100 

 

The SA evaluates symmetry within angular data on a scale from 0, full symmetry, to 

100%, full asymmetry [19]. 

 

Eq. 4                                   
𝑆𝐴  =   (

45°−arctan(
𝑋𝑆
𝑋𝑁𝑆

)

90°
) ⋅ 100

 

 

The GA is a logarithmic transform of the ratio index ranging from 0, full symmetry, to 

100%, full asymmetry [19]. GA is difficult to use when the measured variable can result 

in both negative and positive values as the ration between the two limbs can only be 

positive [19]. 

 

Eq. 5                             𝐺𝐴  =   ln (𝑋𝑁𝑆

𝑋𝑆
) ⋅ 100𝐺𝐴  =   ln (𝑋𝑁𝑆

𝑋𝑆
) ⋅ 100  
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Eq. 6                                            𝑅𝐼  =   (1 −
𝑋𝑁𝑆

𝑋𝑆
) ⋅ 100 

Eq. 7                                            𝑅𝐼  =   (1 −
𝑋𝑁𝑆

𝑋𝑆
) ⋅ 100 

Indexes with no upper bound for asymmetry, like SI or RI, make it difficult to define 

maximum asymmetry [19]. Additionally, indices tend to behave asymptotically and never 

reach either fully symmetry or asymmetry (return non-linear results) [19]. The NSI can 

address the limitations of the SI by returning linear values, normalizing variable 

magnitude, and bounding the index results from 0 to 100% asymmetry [19]. The 

maximum range of values within a dataset, seen in the denominator, is used to normalize 

data and return values between 0 and ±100%, representing full symmetry to full 

asymmetry respectively [19].  

   

Eq. 8                 𝑁𝑆𝐼  =  
𝑋𝑁𝐷,𝑡−𝑋𝐷,𝑡

max
𝑡=1:𝑛

(max(0, 𝑋𝑁𝐷,𝑡 , 𝑋𝐷,𝑡))−min
𝑡=1:𝑛

(min(0, 𝑋𝑁𝐷,𝑡, 𝑋𝐷,𝑡))
⋅ 100 

 

The numerator represents the difference between the non-dominant and dominant limb 

for a specific metric during a single trial, indicated by the subscript t. The denominator 

represents the maximum and minimum values for specific metric across n trials, where n 

is at least three trials. NSI was chosen to quantify symmetry in this study because it 

accounts for shortcomings in the other indexes as discussed above. The NSI scales the 

level of symmetry within a sample to variation within data from multiple trials which can 

account for cases of high asymmetry and low variable magnitude where the other indices 

have trouble [3]. The sign of the NSI value, positive or negative, indicates which limb has 

greater values for a specified metric. A negative NSI value indicates larger values on the 

dominant limb whereas a positive value would indicate larger values on the non-

dominant limb. Additionally, the absolute value of the NSI can be used to investigate the 

degree of asymmetry between limbs.  

 

Load symmetry in the lower limbs can be quantified using force plates, pressure plates, 

pressure sensing insoles, and force sensing insoles. Pressure sensing insoles require 
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cabling from the insoles that the research participant must carry in a backpack and may 

influence loading in the lower limbs [67]. Force and pressure plates are only able to 

measure ground reaction forces for specific distances in a laboratory setting. Force 

sensing insoles are a good alternative to these other options as they don’t require extra 

cabling and capture continuous data in natural environments. For example, participants of 

this study walked up and down 13 stairs in a stairwell adjacent to the lab instead of 

performing these tasks on stairs attached to force plates.  In this study, loadsol® (Novel 

Electronics, St. Paul, Minnesota, USA) where the force sensing insoles used. Research 

has found that data measured at 100 Hz with these insoles have excellent validity and 

reliability compared to force plates when evaluating walking or running [67].  

 

Figure 3: The loadsol® and sample data (left) [16], loadsol inside shoe (right) [78] 

 

Metrics used to analyze human movement in the lower limbs include both kinematic and 

kinetic variables. When evaluating lower limb asymmetries, three main approaches 

include: movement competency, dynamic, isolated muscular assessments, and dynamic 

force production [5]. Movement competency evaluates the range or quality of movement, 

but assessment must be performed by a trained observer and there has been debate about 

the reliability of the scoring system [57]. Isolated muscular assessments measure force 

output, but only for the selected muscle group that have been isolated [56]. Dynamic 

force production evaluates force production in lower limbs during discrete tasks [56] 

where kinetic metrics that can be taken from these force values. Metrics include peak 

impact force, peak push off force, loading rate, and impulse [15].  

 



 

22 

 

In this study, asymmetry in lower limb loading was determined by calculating the NSI for 

the peak impact force (PIF) and average loading rate (ALR) from the normal forces 

captured with a force sensing insole. These two metrics have successfully evaluated 

symmetry in ACLR patients and healthy adults [16]. Loading abnormalities may occur in 

postpartum women and be identified through ALR and PIF. A lack of side-to-side 

symmetry in the normal forces between the foot and the shoe has been linked with 

muscle imbalance in the musculoskeletal system from joint degeneration, injury, or 

asymmetrical loading of the body from an external weight [18] 

 

 

Motivation, Purpose, and Hypothesis  

 

Over three million women give birth and enter the postpartum period each year [1]. 

Despite the size of this population, postpartum health has been largely overlooked with 

women only receiving one check up with their medical provider at 6 weeks postpartum.  

One quarter of postpartum women experience lumbopelvic or pelvic pain from the 

adaptations their bodies went through during pregnancy [3]. This pain may result from 

asymmetrical pelvic alignment and increased levels of relaxin still present postpartum 

[6]. Investigation of differences in load symmetry of the lower limbs among postpartum 

women could highlight unresolved pregnancy changes and improve postpartum health. 

The purpose of this study was to investigate load symmetry during different child related 

tasks and carrying conditions amongst postpartum women. The first hypothesis was that a 

difference in PIF NSI and ALR NSI would exist between tasks with larger values 

occurring during the stair ambulation tasks. The second hypothesis was that a difference 

in PIF NSI and ALR NSI would exist between loading conditions with larger values 

occurring when the participant was carrying a baby. Differences in load symmetry during 

different tasks or loading conditions may indicate unresolved physiological and 

anatomical changes from pregnancy and may make women more susceptible to 

developing a musculoskeletal injury or experiencing prolonged pain. 
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Chapter 2: The Effect of Task on Loading Symmetry in Postpartum Women 

 

Abstract 

 

Improvements in identification of pain in the lower back and pelvis pain of postpartum 

women is possible through research into the loading symmetry of the lower limbs in this 

population during child care related activities. Load symmetry can be evaluated through 

PIF NSI and ALR NSI from GRFs. It has been proven that asymmetrical loading of the 

lower limbs is linked to self-identified pain in the lower back, pelvis, or hips [18]. Further 

understanding if asymmetrical loading is present during the daily activities of postpartum 

women could indicate unresolved changes from pregnancy and potentially correlate to 

high levels or pain in the pelvic region. Therefore, the purpose of this study was to 

analyze if asymmetrical loading of the lower limbs is present during child care activities, 

what tasks asymmetries were present during, and if it can be linked to pain in the pelvic 

region. It was hypothesized a difference will exist in PIF NSI and ALR NSI between four 

daily tasks (sit to stand, level walking, stair ascent, and stair descent) with larger NSI 

values occurring during stair ascent and descent. 16 participants were recruited for this 

study and completed three trials of quiet stand, sit to stand, 14 meter level walk, stair 

descent, and stair ascent. Peak impact force (PIF) and average loading rate (ALR) was 

calculated using custom MATLAB script, Load Analysis Program (LAP), from normal 

force values measured by loadsol® shoe inserts. Corresponding normalized symmetry 

index (NSI) values were calculated for both PIF and ALR and used to determine the 

effect of task on lower extremity load asymmetry through a linear mixed effects model 

(LMEM) (RStudio, Boston, Massachusetts). Our results showed that the PIF and ALR 

metric differed between tasks with concentric muscle contraction, rising from a chair, 

resulting in the smallest values and stair descent, eccentric muscle contraction, resulting 

in the largest values. Furthermore, NSI values for both PIF and ALR were found to vary 

between tasks. The sit to stand task had the largest PIF NSI value (average PIF NIS = 

9.08% symmetry) whereas stair descent had the largest ALR NSI value (average ALR 

NSI = 15.18% symmetry). Our results indicate more resulting tasks result in increased 

load asymmetry in the lower limbs, which is consistent with current research evaluating 

lower limb loading asymmetry. 
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Introduction 

 

In 2021, over three and a half million women entered the postpartum period in the United 

States [1]. Nearly a quarter of these women experienced lumbopelvic or pelvic pain [3]. 

Research has found this low back and pelvic pain can persist years after completion of 

the typical postpartum period [3], defined as 6 to 8 weeks post-delivery [2]. Potential 

sources for this musculoskeletal pain are increased levels of relaxin, asymmetrical pelvic 

alignment, and asymmetric loading of the lower limbs. Increased levels of relaxin results 

in a greater and unnatural range of joint motion which may put pregnant or postpartum 

women at a higher risk of developing a musculoskeletal injury or pain [8]. Furthermore, 

relaxin allows for pelvic tilt to occur during pregnancy as body mass increases and center 

of mass shifts forward [2]. After delivery, pelvic tilt begins to decrease but misalignment 

may occur if the tilt is not fully resolved [28]. Asymmetric pelvic alignment could further 

any pelvic girdle pain (PGP) or lumbopelvic pain due to increased tightness in 

surrounding ligaments and muscles [29]. Research has found greater pelvic asymmetry in 

nulliparous individuals who experience lower back pain [57]. Given the pelvis’s 

proximity to the lower limbs, asymmetries in the pelvic alignment may be consistent with 

asymmetries in the lower limbs [5]. Consistently loading this asymmetric misalignment 

may also result in persistent pain in the lower back, pelvis, and hips [18]. Pain in these 

regions could cause asymmetrical loading of the lower limbs [10] which may lead to 

muscle imbalance resulting from joint degeneration or injury [11].  

 

When evaluating lower limb asymmetries, dynamic force production can be used to 

evaluate force production between limbs and calculate metrics like peak impact force 

(PIF), peak push off force (PPF), average loading rate (ALR), or impulse (IMP) [15]. 

ALR and PIF are two metrics that have been found to successfully evaluate symmetry in 

anterior cruciate ligament reconstruction (ACLR) patients and healthy adults [16]. 

Asymmetrical loading of the lower limbs is common in individuals who have gone 

through ACLR where surgical limb is loaded less than non-surgical limb [17]. In this 

study, ALR and PIF were the metrics chosen to be evaluated in this study as loading 

abnormalities may also occur in postpartum women. A lack of symmetry in normal forces 



 

25 

 

between lower limbs has been linked with muscle imbalance in the musculoskeletal 

system from joint degeneration, injury, or asymmetrical loading of the body from an 

external weight [18] 

 

Research has found an imbalance in muscle activation in the lumbar region for 

individuals with chronic lower back pain [59]. Muscle force production may be inhibited 

due to the presence of lower back pain which is likely limited due to fear of reinjuring the 

area or experiencing pain [59]. Postpartum women who experience low back pain (LBP) 

may have lower PIF values as their force production is limited due to pain. Furthermore, 

PIF normalized symmetry index (NSI) values may be larger in individuals with LBP if 

pain is not evenly distributed across lower limbs. In addition, research has found pregnant 

women with PGP have lower walking velocity and a shorter stride compared to pregnant 

women who don’t experience pain [60]. Shorter steps result from longer double support 

phase during the gait cycle and less time spent in single leg stance where forces are 

asymmetrically distributed through the pelvis [60]. Shortened steps and slower walking 

velocity may indicate impaired weight bearing abilities on painful or most painful side 

[60]. Postpartum women who experience PGP may have larger ALR values due to 

decreased time between heel strike and toe off. Larger ALR values may also lead to 

increased NSI values as a greater loading rate could amplify any asymmetries present.  

 

Between tasks, PIF may differ as different levels of muscle activation and movement are 

required between tasks. For example, stair tasks will result in larger PIF values as 

increased load is placed on lower limbs from body weight [61]. Larger PIF may also 

result in larger PIF NSI values during stair tasks. In patients with knee osteoarthritis, stair 

ambulation is a better indicator of lower limb asymmetries compared to level walking 

because it is a more demanding activity and results in larger loading values [61]. 

ALR may differ between tasks as time between heel strike (HS) and toe off (TO) changes 

with task. For example, time between HS and TO will be longer during the sit to stand 

task compared to level walking as movements are performed at different cadences. 

Furthermore, PIF and ALR will differ between loading conditions.  
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To track the normal forces during each trial, loadsol® (Novel Electronics, St. Paul, 

Minnesota, USA) were chosen as they can measure forces during tasks where other 

measure system struggle. Pressure sensing insoles require cabling or participants to carry 

backpack which influences the load distribution in the lower limbs [14]. Force and 

pressure plates are only able to measure forces for shorter distances and level tasks. For 

example, the force plates available in the lab would not have been able to measure the 

entire 14 meter level walk nor the stair ascent or descent task. Research has found data 

collected at 100 Hz from loadsol® have excellent validity and reliability compared to 

force plate data [14]. 

 

Weight and load distribution drastically shifts throughout the pregnancy and postpartum 

period. While pregnant, women gain around 15 kg with the added weight of from the 

fetus being anteriorly centered around the abdomen and moving the women’s center of 

mass [4]. After delivery, the weight of the child is no longer centered around the 

abdomen and may be asymmetrically distributed depending on the carrying method a 

mother chooses. Asymmetrical carrying of a child, like carrying a child on the hip or in 

an infant care seat, is considered a high risk activity due to the increased biomechanical 

demand and nonuniform loading [2]. An external asymmetric load results in center of 

mass shifting, spine lateral flexion, and asymmetrical trunk muscle activation [18]. 

Lumbar pain may become present from repetitive asymmetric loading due to increased 

shear and compressive forces placed on the spine [18].  Furthermore, as the weight of this 

load increases, postural instability increases due to less efficient weight transfer through 

the hips [10]. Asymmetric loading of the pelvic may make it difficult and painful for 

postpartum women to complete daily tasks like walking for prolonged periods, 

ascending, or descending stairs [49]. 

 

It is important for postpartum women to maintain symmetric loading of the lower limbs 

because asymmetric loading can result in musculoskeletal injury or pain [10, 11]. Even in 

nulliparous individuals, repetitive loading, increased weight of applied load, or abrupt 

changes in load distribution may result in overuse injuries due to the musculoskeletal 

system’s inability to cope with loading [43]. Heavy or repetitive loading results in joint 
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kinematics differing from the optimum and natural loading kinematics of a joint [C] 

which puts surrounding ligaments at a higher risk of injury [46]. Increased loading 

combined with increased ligament laxity results in a greater chance of injury due to 

ligament elongation from load combined with greater joint motion [4]. Furthermore, 

asymmetric loading combined with increased ligament laxity may result in a misaligned 

pelvis or pelvic pain. Research has found a correlation between ligament laxity, 

asymmetric mobility of the SI joint, and persisting pelvic pain during the postpartum 

period [50]. 

 

The aim of this study was to determine if lower extremity load symmetry differs between 

task in postpartum women without an additional load. This study hypothesized that a 

difference in PIF NSI and ALF NSI will exist between sit to stand, level walking, stair 

ascent, and stair descent. A difference in values may occur as loading and muscle 

activation required by the lower limbs may vary between tasks and affect the level of 

symmetry. Research has found tasks that require greater muscle activation from lower 

limbs are a better indicator of asymmetries between limbs [61]. Furthermore, the study 

hypothesized larger PIF NSI and ALR NSI values will occur during stair ascent and 

descent due to these tasks requiring greater muscle activation from the lower limbs [61]. 

 

Methods 

 

Participants: 

 

Sixteen women between six to twelve months postpartum were recruited for this study 

approved by the university Institutional Review Board (IRB #24-159). All participants 

signed consent forms prior to the completion of this study. To meet study inclusion 

criteria, participant’s most recent birth had to have been a vaginal delivery, had to wear a 

women’s size 5.5 to 9.5 shoe, and be between the ages of 18 and 40. Postpartum 

participants were excluded if they had sustained an injury in the last three months that 

limited their physical activity for more than two days, had a prior serious lower extremity 

injury or surgery, and if they were currently pregnant.  
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Testing Procedure: 

 

Participants were each given neutral cushioned running shoes with loadsol® sensors 

placed inside their respective sizes during the study. The loadsol® sensors are force 

sensing insoles that were used to record the normal force between the foot and the shoe 

while data is sampled at 100 Hz. They have been validated with the gold standard force 

plates for repeatability and reproducibility with data sampled at 100 Hz [67]. The neutral 

running shoe, Nike Zoom Pegasus (Nike, Inc., Beaverton, OR, USA), was used to 

standardize footwear between subjects. Limb dominance was then determined by asking 

participants which hand they prefer to write with [63]. Additionally, preferred carrying 

side (C) and non carrying side (NC) were determined by which hip the participant 

naturally carried their own child on. Participants were asked to complete five different 

activities of daily living which included: quiet stand, 14-meter walk, sit to stand, stair 

ascent, and stair descent. Participants were instructed to do all activities at a self-selected 

pace and there was no time limit to completing each task.  Additionally, participants were 

told they could rest between trials if they felt fatigued from any of the tasks. This rest 

period was not timed, and the length of the rest period was up to the participant’s 

discretion. All tasks were performed unloaded. 

 

Quiet Standing: 

 

Figure 4: Participant performs quiet standing 
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Participants stood with spine straight, looking forward, legs straight, and with hands at 

their side for 30 seconds. 

 

Sit to Stand: 

 

Figure 5: Participant performs sit to stand 

 

Participants started sitting in a chair, rose from the chair until standing, and then sat back 

down. Participants were instructed to repeat this motion five times consecutively at a 

natural pace. 
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Fourteen Meter Walk: 

 

Figure 6: Participant performs fourteen meter level walk 

 

Participants walked fourteen meters across a level surface at a self-selected pace as if 

walking through the grocery store.  

 

Stair Ascent: 

 

Figure 7: Participant performs stair ascent (A), Participant performs stair descent (B) 

 

Participant started at the bottom 13 stairs and walked to the top of stairs at self-selected 

pace as if climbing home stairs. 
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Stair Descent: 

 

Participant started at the top 13 stairs and walked to the bottom of stairs at self-selected 

pace as if descending home stairs. 

 

Data analysis: 

 

The loadsol® data was then processed in a custom MATLAB script, Load Analysis 

Program (https://github.com/GranataLab/LAP), to extract PIF and ALR, both normalized 

to body weight. PIF is the maximum force exerted onto the feet during the first 30% of 

the ground contact time, the time between heel strike and toe off [6]. ALR is the speed at 

which the forces impact the body [25]. The loading rate was calculated by dividing the 

change in force between heel strike to peak impact by the respective time [64]. This study 

calculated the ALR from 20 to 80 percent of the time between heel strike and the peak 

impact force [64]. For level walking and stair tasks, initial contact was defined as the 

point in time the force measured by loadsol® sensors exceeded 60 N. Similarly, toe off 

was defined as the time point where measured force was less than 60 N. For sit to stand 

task, initial contact was defined as the period when subject began to rise from chair and 

toe off when subject sat back down in chair. 

 

NSI was used to assess symmetry [66]. The NSI was chosen because it scales the level of 

symmetry within a sample to variation within data from multiple trials which can account 

for cases of high asymmetry and low variable magnitude where other symmetry indices 

have trouble [66]. An NSI value of zero represents perfect symmetry whereas a value of 

100 represents perfect asymmetry [66]. The equation below illustrates how NSI is 

calculated. This equation was adapted from Queen et al. [6] to reference non preferred 

carrying side (NC) and preferred carrying (C) side for participants. The sign of the NSI 

value indicates which side, either NC or C, had greater values for a specific metric. 

However, in this study we took the absolute value of the NSI values for each participant 

as we were interested in evaluating the degree of asymmetry during all conditions and not 

on the direction of the asymmetry. 
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Statistics: 

 

A linear mixed effects model (LMEM) (RStudio, Boston, Massachusetts) was used in this 

study to determine the effect of task and loading condition had on the two NSI metrics 

[67]. This model was chosen because it allows for both random and fixed effects [67]. In 

this study, the random effect was subjects, and the fixed effects was task. The statistical 

significance of effects was evaluated using p-value where values lower than 0.05 are 

considered statistically significant [67]. If LMEM detected a main effect in loading 

condition, post-hoc pairwise comparison was preformed to identify individual effects 

between conditions. 

 

Results: 

 

Table 1: PIF Values 

 Sit to Stand Walk Ascent Descent p-value 

Carrying 

Side (BW) 

0.566 ± 

0.058 

1.094 ± 

0.150 

1.091 ± 

0.132 

1.321 ± 

0.193 
<0.001 

Non 

Carrying 

Side (BW) 

0.575 ± 

0.077 

1.096 ± 

0.158 

1.107 ± 

0.132 

1.346 ± 

0.244 
<0.001 

 

Table 2: ALR Values 

 Sit to Stand Walk Ascent Descent p-value 

Carrying 

Side (BW/s) 

2.224 ± 

0.619 

6.325 ± 

1.827 

6.211 ± 

2.046 

9.276 ± 

2.703 
<0.001 

Non 

Carrying 

Side (BW/s) 

2.154 ± 

0.605 

6.658 ± 

2.313 

5.893 ± 

1.580 

9.141 ± 

2.898 
<0.001 
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Figure 8: PIF NSI across task, star ( ) indicates p <0.001 and plus ( ) indicates p 

<0.050 

 

PIF NSI Values 

PIF NSI was found to differ between task (p <0.001). A statistically significant difference 

was comparing the sit to stand task PIF NSI values with the level walk task (p <0.001) 

and the ascent task (p <0.001) NSI values. Similarly, a statistically significant difference 

was found when comparing the level walk task NSI values with the descent (p <0.001) 

and ascent (p = 0.037) task values. Finally, a statistically significant difference was found 

between the stair descent and stair ascent values (p = 0.042). The largest PIF NSI values, 

largest degree of asymmetry, were present during the sit to stand task (average PIF NSI = 

9.08%) and smallest during the level walk task (average PIF NSI = 5.05%).  
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Figure 9: ALR NSI across task, plus ( ) indicates p <0.050 

 

ALR NSI Values 

ALR NSI was found to differ between tasks (p = 0.015). A statistically significant 

difference was found during when comparing the sit to stand task NSI values with the 

stair descent (p = 0.018) task values. Additionally, a statistically significant difference 

was found between the walk task and stair descent (p = 0.021) task values. The largest 

ALR NSI values were present during stair descent task (average ALR NSI = 15.43% 

symmetry) and smallest during the sit to stand task (average ALR NSI = 9.93% 

symmetry). 

 

Discussion 

 

The purpose of this study was to determine if differences in load symmetry existed 

between different daily tasks in postpartum women. Many statistically significant 

differences were found between tasks for NSI or both the PIF and ALR values. For PIF 

NSI, the sit to stand task was found to have the greatest level of asymmetry in PIF values 
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and have significantly different values from the level walk task and stair ascent task. For 

ALR NSI, the stair descent task was found to have the highest level of asymmetry in 

ALR values and found to be statistically different compared to the walk and sit to stand 

task.  These results support our original hypothesis that a difference will exist in lower 

extremity load symmetry between tasks with no additional load. Additionally, the stair 

descent task resulted in the greatest ALR NSI values, supporting our original hypothesis, 

but the sit to stand task resulted in the greatest PIF NSI values, contradicting our original 

hypothesis. All the results from this study support the notion that different tasks 

postpartum women perform result in different levels of lower extremity loading and 

asymmetry, implying increased effort, or muscle activation, necessary to complete a 

specific task may result in higher levels of asymmetry in loading of the lower limbs. 

 

For the PIF values, the sit to stand task resulted in the smallest values (average PIF = 

0.566 BW) and were statistically different compared to the other three tasks. During the 

beginning of the sit to stand task, concentric muscle contraction is required by the lower 

limbs as participants rise from a chair to a standing position, where the peak impact force 

is identified [73]. During concentric contraction muscle fibers shorten to increase muscle 

tension and combat gravitational forces [73]. PIF values were largest during the stair 

descent (average PIF = 1.321 BW) and were statistically different compared to the other 

three tasks. Stair descent requires eccentric muscle contraction where the muscle-tendon 

complex lengthens to decelerate the body from gravitational forces [73]. Even though 

perceived effort is smaller during eccentric contraction [73], research has found this 

contraction generates greater force compared to concentric contraction. Our PIF findings 

support this notion as the PIF are smallest during the sit to stand task, concentric 

contraction, and greatest during the stair descent task, eccentric contraction. 

 

The ALR values followed the same trend as the PIF values with the sit to stand task 

having the smallest ALR values (average ALR = 2.224 BW/s) and stair descent having 

the greatest values (average ALR = 9.276 BW/s). ALR is determined by dividing 20-80% 

of forces between the beginning of the stand to the peak impact with the corresponding 

time interval. It is understandable that the ALR values followed the same trend as the PIF 
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values as the force values leading up to the PIF impact the calculation of ALR. For 

example, the task deemed more demanding in the previous paragraph, stair descent, 

resulted in both the greatest PIF and ALR values across all tasks. Speed, or time between 

initial contact to PIF, for each task differed given the nature of each unique movement. 

Based on the results in Table 1 and Table 2, it seems both the rate of loading, speed, and 

amount of loading increased for the more demanding tasks. 

 

The PIF NSI values showed multiple statistically significant differences in asymmetry 

between tasks. The largest NSI value for PIF, highest level of asymmetry, was found 

during the sit to stand task (average PIF NSI = 9.08% symmetry) and smallest during the 

level walk task (average PIF NSI = 5.05% symmetry). This result contradicts our original 

hypothesis that the greatest asymmetry would be identified during the stair ascent and 

descent task. However, the second largest NSI PIF values were during the stair descent 

task (average PIF NSI  = 7.97% symmetry). Research suggests that tasks with larger PIF, 

such as stair ambulation tasks, result in larger PIF NSI values as they are considered more 

demanding tasks [61]. Stair ascent and descent showed a statistically significant 

difference when compared to the level walking task but were still smaller than the PIF 

NSI values during the sit to stand task. Compared to literature involving a healthy cohort, 

ages 18 to 30, the magnitude of asymmetry in postpartum women during the sit to stand 

task was found to be comparable [80]. Additionally, literature has found the sit to stand 

task to result in the greatest magnitude of asymmetry across walking, stair ascent, stair 

descent, and sit to stand [80]. The literature found asymmetry in healthy adults to be 

10.07% [80] whereas this study found asymmetry to be 9.08% symmetry for PIF during 

the sit to stand task. However, the literature used the absolute symmetry index (ASI) 

which has no upper bound for asymmetry and makes it difficult to define maximum 

asymmetry [19]. This difference in symmetry indices used may account for the difference 

in asymmetry values found between our study and literature results [80]. 

 

The ALR NSI values showed statistical differences between stair ascent, level walk, and 

sit to stand task. ALR NSI values were largest during stair descent (average ALR NSI = 

15.43% symmetry), second largest during stair ascent (average ALR NSI = 12.80% 
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symmetry), and smallest during sit to stand (average ALR NSI = 9.93% symmetry). 

These results support our original hypothesis that the stair ascent and descent tasks will 

result in the largest ALR NSI values. For the sit to stand task, NSI values for both PIF 

and ALR were fairly consistent, but the other tasks had increased NSI values for the ALR 

metric. Compared to literature evaluating ALR asymmetry of healthy individuals, ages 18 

to 30, the sit to stand task was found to have the greatest magnitude (25.42%), followed 

by stair descent (13.89%) [80]. This differs from our results as sit to stand was found to 

have an average asymmetry much smaller, but the stair descent task resulted in a 

symmetry value similar to what literature has found [80]. The difference in magnitude of 

symmetry during the sit to stand task compared to literature may be attributed to 

postpartum women having smaller magnitudes for both PIF and ALR values compared to 

the four tasks. Furthermore, NSI values may have increased for ALR as the metric values 

were larger and had greater variation compared to the PIF metric. Increased ALR NSI 

values could indicate which postpartum women are more susceptible to injury or pain and 

during what tasks.  

 

Although this study was able to identify numerous statistical differences between tasks, 

limitations exist that future work could address and improve upon. For example, this was 

a pilot study and had a relatively small sample size of 16 participants. A larger sample 

size may better represent the postpartum population and detect differences in loading 

patterns between tasks. Furthermore, a nulliparous cohort could provide direct 

comparison of loading patterns and level of asymmetry during each task between groups 

as this study is only able to compare between tasks amongst postpartum women. In this 

study, a neutral running shoe, Nike Zoom Pegasus, was used to standardize footwear 

across participants. However, participants may not have been familiar with this shoe and 

altered their natural movement. 

 

The effect of daily task on load symmetry in the lower limbs of postpartum women had 

not been yet investigated. Quantifying load symmetry in the lower limbs identified 

asymmetries in loading and indicate which women have not returned to their pre 

pregnancy state or have an increased risk of developing pain in the pelvic region. It is 
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evident both the PIF and ALR metrics differ between tasks in addition to their 

corresponding NSI values. Overall, postpartum women showed to have the increased NSI 

PIF values during the sit to stand task and increase NSI ALR values during the stair 

ambulation tasks. This information can be used in future work to compare lower limb 

load symmetry in a postpartum and nulliparous cohort to potentially identify altered load 

mechanics between groups. It would be beneficial to compare groups as altered load 

mechanics in postpartum women may indicate malalignment of the pelvis or lower limb 

joints and be a major factor in pain development [22].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

39 

 

Chapter 3: The Effect of Child Carrying Conditions on Loading Symmetry in 

Postpartum Women During Level Walking Task 

Abstract 

 

Understanding how child carrying positions during level walking effect load symmetry in 

the lower limbs of postpartum women is important for identifying unnatural loading 

patterns and potential unresolved changes from pregnancy. External loading from a child 

may influence lower extremity loading as carrying position impacts center of mass, spine 

lateral flexion, and trunk muscle activation [18]. The purpose of this study was to 

investigate the differences in lower extremity load asymmetry during simulated child 

carrying while level walking. Three simulated child carrying conditions no load, child 

carrying on the preferred hip, child carrying in a frontal baby carrier) were used during a 

series of walking trials. It was hypothesized that carrying a child on the hip would result 

in the greatest asymmetry in both peak impact force (PIF) and average loading rate 

(ALR). For this study, 16 postpartum participants were recruited and completed three 14 

meter level walking trials, one trial for each carrying condition. PIF and ALR were 

calculated using the normal forces under each foot measure with the loadsol® (Novel 

Electronics, Pittsburg, PA) shoe inserts. Additionally, normalized symmetry index (NSI) 

values were calculated for both metrics and a linear mixed effects model (LMEM) 

(RStudio, Boston, Massachusetts) was used to determine the effect of loading condition 

on level walking asymmetry. Gait speed was not found to differ between loading 

conditions (p = 0.936), so it was not factored into the LMEM as a covariant. The 

difference in the PIF and ALR values across both child load conditions were statistically 

significant compared to the no load condition (p < 0.001 for both metrics) with values for 

both metrics being higher during the child load conditions. While there were differences 

in the ALR and PIF between carrying conditions, side-to-side symmetry was not different 

based on the carrying condition  
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Introduction 

 

Of the three and a half million mothers who entered the postpartum period in 2021 [1], 

around 25% continued to experience lumbopelvic pain from pregnancy [3]. Research has 

shown this pain persists, with 7.3% of postpartum women continuing to experience 

lumbopelvic pain from pregnancy up to 2.3 years postpartum [4]. Potential sources for 

this musculoskeletal pain are asymmetrical pelvic alignment from increased levels of 

relaxin, weakness in pelvic floor musculature, and asymmetric loading of the lower 

limbs.  

 

Increased ligamentous laxity, due to greater levels of relaxin, may be associated with 

lower limb injury in pregnant and postpartum individuals due to increased joint mobility 

[8]. Increased ligamentous laxity allows for essential relaxation of the pelvic ligaments in 

preparation for delivery. Relaxation of pelvic ligaments may influence pelvic position 

during pregnancy as low back pain and high levels of relaxin during late pregnancy are 

correlated [9]. During pregnancy, relaxin allows for pelvic tilt as the fetus grows and 

center of mass changes [2]. Pelvic tilt begins to decrease post-delivery, but misalignment 

may occur if tilt is not fully resolved [28] and asymmetric alignment of the pelvis could 

increase any pain or tightness in the pelvis, lumbopelvic, or surrounding regions [29]. 

Additionally, abdominal and pelvic floor musculature may involve prolonged healing 

time or require directed exercises even if pelvic tilt resolves postpartum [22]. Weakness 

in these muscles may occur from excessive stretching during pregnancy and increase risk 

for injury in postpartum women from asymmetry strength and length of these muscles 

[60]. Pelvic alignment, muscle weakness, and increased ligament laxity are all major 

factors in the development of pelvic pain in this population [2]. Research has found 

repetitive loading of asymmetric pelvic floor musculature results in persistent pain [18] 

and influence asymmetrical loading of lower limbs [10] combined with increased 

external loading from a child may increase risk of musculoskeletal injury or experiencing 

pain [15] 

 

When carrying a child, women may use a frontal baby carrier, where external weight is 

symmetrically loaded through pelvis, or on a hip, where weight is asymmetrically loaded 
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through pelvis. When carrying a child on the hip, the center of mass shifts and results in 

lateral spine flexion and asymmetric trunk muscle activation [18]. Repetitive asymmetric 

loading of the pelvis increases the shear and compressive forces applied to the spine and 

could result in lumbar pain [18] or chronic injury [13]. Additionally, asymmetries in 

muscle activation may be further exacerbated from increased ligament laxity and reduced 

joint stability during repetitive loading [48]. Carrying a child on the hip may result in 

chronic pain or difficulty for postpartum women to complete daily tasks such as walking 

for prolonged periods, ascending, or descending stairs [4]. Postpartum women who 

experience pelvic girdle pain (PGP) have shown to take shorter steps and spend less time 

in single support phase during the gait cycle where forces are asymmetrically loaded 

through pelvis [38]. Shorter steps suggest impaired weight bearing abilities of the pelvis 

for postpartum women with PGP due to presence of pain [38] which may lead to 

asymmetric of the lower limbs. Research has found individuals with chronic low back 

pain have a similar gait pattern where they take shorter steps and have higher weight 

bearing asymmetry compared to healthy individuals [75]. Furthermore, carrying a child 

may influence weight distribution in the pelvis and load asymmetry in the lower limbs. 

Added weight from a symmetric load, baby in a frontal carrier, may result in more 

apparent asymmetries between limbs due to increase forces applied [55]. Conversely, 

carrying a child on the hip will result in an asymmetrically distributed external weight 

between lower limbs and potentially compound on any asymmetric load already present 

[55]. External asymmetric loading may result in different load symmetry compared to 

external symmetric loading due to compensation for load through lateral spine flexion 

and asymmetrical trunk muscle activation [18]. Evaluation of both external symmetric 

and asymmetric loading is important as they may influence load distribution between 

lower limbs during daily activities. 

 

The aim of this study was to determine if lower extremity load symmetry differs between 

different carrying conditions in postpartum women during a 14-meter level walking task. 

This study hypothesized that load asymmetry will exist between the three carrying 

conditions (no load, baby on preferred hip, and baby frontal in carrier) with greater larger 

load asymmetry during the baby on preferred hip condition due to the asymmetric trunk 
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activation and lateral spine flexion that may occur to compensate for the external 

asymmetric load [18]. 

 

Methods: 

 

Nineteen women between six to twelve months postpartum were recruited for this 

Virginia Tech Institutional Review Board (IRB#24-159) approved study and signed 

informed consent prior to completion of the study. For participants to meet the study 

inclusion criteria, their most recent birth had to have been a vaginal delivery, had to wear 

a women’s size 5.5 to 9.5 shoe, and be between the ages of 18 and 40. Participants were 

excluded if they had sustained an injury in the last three months that limited their 

physical activity for more than two days, had a prior serious lower extremity injury or 

surgery, and were currently pregnant. For the study, participants were given neutral 

running shoes, Nike Zoom Pegasus (Nike, Inc., Beaverton, OR, USA), with loadsol® 

sensors of their respective size placed inside. Participant’s limb dominance was 

determined by which hand they stated they preferred to write with [63]. Participants 

completed a 14-meter level walking task with three carrying conditions while loadsol® 

sensors measured the normal force between the food and ground. Participants were 

instructed to walk naturally, as if walking through a grocery store. The conditions 

included no external load, baby on the preferred hip, and baby in a frontal carrier. A 

pediatric mannequin was used to simulate the weight and size of a nine month old infant 

(8.55 kg which represents the 50th percentile weight for a nine month old infants). 

Participants initially walked with no additional load and then randomly selected between 

the other two carrying conditions (baby on the preferred hip or baby in a frontal carrier) 

for the second trial followed by the completion of the third condition. During the task, the 

time to complete the 14 meter distance was recorded with a stopwatch and used to 

calculate gait speed for each participant. 

 



 

43 

 

Figure 10: Participant with no additional load (A), baby on preferred hip loading 

condition (B), and baby in frontal carrier loading condition (C) 

 

Data analysis: 

 

The loadsol® sensors were used to record the normal force between the foot and the shoe 

while data was sampled at 100 Hz and have been validated with the gold standard force 

plates for reproducibility with data sampled at 100 Hz [67]. A custom MATLAB script, 

Load Analysis Program (https://github.com/GranataLab/LAP), was used to calculate the 

peak impact force (PIF) and average loading rate (ALR) normalized to body weight from 

the loadsol® data [67]. PIF was defined as the maximum force exerted within the first 

30% of ground contact, the period between heel strike and toe off [67]. ALR was defined 

as the speed at which the forces impact the body [25] and was calculated as the slope of 

the line between 20% and 80% of the time between ground contact and the peak impact 

force [64]. Initial contact with the ground was defined as the point where the force 

measured by the sensor exceeded 60 N and toe-off was defined as point where these 

forces dropped lower than 60 N. For the level walk, stair scent, and stair descent task, the 

first and last step was removed from the trial as cadence was either increasing or slowing 

during these two phases and participants were not moving at a steady state. The 
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remaining middle steps were used to calculate PIF, ALR, and symmetry of the two 

metrics. The number of steps differed during the 14 meter level walk depending on 

cadence of participant, but average step count was 9. The number of steps during stair 

ascent and descent remained fairly consistent as all participants walked up and down the 

same 13 steps. Average step count for stair ascent and descent was and for stair descent 

was 6. For the sit to stand task, all repetitions were kept as cadence was kept consistent 

throughout the length of the task. 

 

The Normalized Symmetry Index (NSI) was used to evaluate PIF and ALR symmetry 

between the carrying and non-carrying side [6]. The NSI is a universal index for 

assessing asymmetry and risk for injury in humans [66]. This index was chosen as it 

accounts for variation between subjects by scaling symmetry within a sample with 

multiple repetitions [66]. In the 14-meter level walking task, the NSI is able to account 

for variation between each step. This is useful in steps where high asymmetry exists 

between limbs, but the corresponding normal force magnitudes are low, a scenario where 

other symmetry indices have trouble [66]. An NSI value of zero indicates perfect 

symmetry between lower limbs whereas a value of 100 indicates perfect asymmetry [6]. 

The equation below, adapted from Queen et al. [6], demonstrates how NSI is calculated 

in reference to participant’s preferred carrying side (NP) and preferred carrying side (P). 

The sign of the NSI value represents which side an asymmetry exists on, either the NP 

side if positive or the P side if negative. The absolute value was taken for the NSI values 

as this study evaluated the degree of asymmetry in the lower limbs, not which side 

asymmetry existed on. 

 

 

Statistics analysis: 

 

A custom linear mixed effects model (LMEM) (RStudio,Boston, Massachusetts) was 

used to compare the effect of carrying condition during a level walking task on PIF, 

ALR, and their corresponding NSI values. A LMEM was chosen as it allows for 
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comparison of both random and fixed effects [67]. In this study, the fixed effects were 

carrying condition and gait speed, and random effect was subject. p-values were used to 

determine the statistical significance of each effect with values lower than 0.05 

representing statistical significance [67]. If LMEM detected a main effect in loading 

condition, post-hoc pairwise comparison was preformed to identify individual effects 

between conditions.  

 

Results: 

 

Participants of this study were an average age of 31 ± 3.0 years old, weight of 68.4 ± 12.2 

kg, and height of 164.5 ± 5.0 cm. Participants had between 1 to 3 children, with an 

average number of 1.7 ± 0.8 children. Participants ranged from 6.5 to 12 months 

postpartum, at an average of 8.91 ± 1.7 months postpartum. Participant’s youngest child 

had an average weight of 8.45 kg, which differs by 0.1 kg compared to the weighted baby 

mannequin. Participants had an average Oswestry Disability Index (ODI) score of 3.86 ± 

6.63 and scores ranged from 0 to 20. ODI scores indicate the impact low back pain has on 

the quality of one’s life with scores 20 and above indicating moderate disability [79]. The 

difference in leg length was minimal across participants at an average of 0.95 ± 0.7 

centimeters difference. Lastly, 75% of participants preferred to carry their child on the 

hip opposite of their dominant upper extremity.  

 

Table 3: Participant Demographics 

Age (yrs) 31.25 ± 2.96 

Weight (kg) 68.43 ± 12.22 

Height (cm) 164.56 ± 5.06 

Number of Children 1.69 ± 0.79 

Months Postpartum 8.91 ± 1.71 

Weight of youngest child (kg) 8.45 ± 1.77 

ODI Score (%) 3.86 ± 6.63 

Leg length difference (cm) 0.95 ± 0.73 

Preferred Carrying Side (Upper 

Extremity) 

Dominant: 4, Non-Dominant:12 
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Gait Speed 

 

Gait speed was not found to differ between carrying conditions (p = 0.936). Gait speed 

was found to be the fastest during the no load condition (average speed = 0.968 m/s ± 

0.11) and slowest during the baby on preferred hip load condition (average speed = 0.953 

m/s ± 0.10). 

 

 

Figure 11: Gait speed across carrying conditions 

 

 

PIF Values 

 

PIF was found to differ between loading conditions for both the preferred carrying side 

and the non carrying side (p <0.001 for both sides). On the preferred carrying side, the 

difference between the no load and baby on hip condition was found to be significantly 

different (p <0.001). Additionally, the difference between the no load and the baby in 

carrier conditions was found to be significantly different (p <0.001). The non carrying 

side followed this same trend with a statistical difference between the no load and baby 

on hip condition (p <0.001) as well as the no load and baby in carrier condition (p 

<0.001). The difference between PIF values for the baby on hip and baby in carrier 
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condition where not found to be significantly different for either side (p = 0.725 for 

carrying side, p = 0.675 for non carrying side). PIF was found to be the greatest during 

the baby in frontal carrier load (average PIF = 1.25 BW ± 0.18) and the smallest during 

the no load condition (average PIF = 1.08 BWW ± 0.13) on the carrying side. On the non 

carrying side, PIF was the same for both the baby on hip and baby in carrier loading 

conditions (average PIF = 1.25 BW ± 0.18). 

 

Figure 12: Carrying and Non-Carrying side PIF across loading condition, star ( ) 

indicates p <0.001 

 

 

ALR Values 

 

ALR was found to differ between loading conditions for both the carrying and non 

carrying side (p <0.001). On the carrying side, the difference in ALR values between the 

no load and baby on hip condition was found to be significantly different (p <0.001). The 

difference between no load and baby in carrier condition was also found to be significant 

on this side (p <0.001). On the non carrying side, a significant difference was found 

between the no load and baby on hip condition (p <0.001) as well as the no load and baby 

in carrier condition (p <0.001). The difference between ALR values for the baby on hip 
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and baby in carrier condition were not found to be significantly different for either side (p 

= 0.881 for carrying side, p = 0.424 for non carrying side). On the carrying side, ALR 

was found to be the greatest during the baby in carrier condition (average ALR = 7.28 ± 

2.73 BW/s) and the smallest during the no load condition (average ALR = 6.32 ± 2.33 

BW/s). On the non carrying side, ALR was also found to be the greatest during the baby 

in carrier condition (average ALR = 7.90 ± 2.56 BW/s) and the smallest during the no 

load condition (average ALR = 7.04 ± 2.15). 

 

 

Figure 13: Carrying and Non-Carrying side ALR across loading condition, star ( ) 

indicates p <0.001 

 

PIF NSI 

 

PIF NSI was not different between loading conditions for both the carrying and non 

carrying side (p = 0.200). PIF NSI was found to be the greatest during the baby in carrier 

load (average PIF NSI = 4.88 ± 3.38 N) and the smallest during the baby on hip load 

condition (average PIF NSI = 4.54 ± 3.33 N). 
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Figure 14: PIF NSI across loading conditions 

 

ALR NSI 

 

The difference between loading conditions was not found to be statistically significant (p 

= 0.459). ALR NSI was found to be the greatest during the baby in carrier condition 

(average ALR NSI = 5.20 N/s) and the smallest during the baby on hip load condition 

(average ALR NSI = 4.87 N/s). 

 

Figure 19: ALR NSI across loading conditions 
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Discussion 

 

The purpose of this study was to determine load asymmetry between simulated child 

carrying tasks during the 14-meter level walking task. Identifying asymmetries in limb 

load with child carrying tasks could help to establish if postpartum women are at a higher 

risk for developing chronic pain or experiencing a musculoskeletal injury due to 

unnatural loading of the lower limbs [11]. Although PIF did not differ between baby on 

hip and baby in carrier condition, PIF asymmetry was improved when holding the baby 

on hip compared to centrally loaded in the carrier. This differs from our original 

hypothesis that PIF asymmetry would increase during both loading conditions. Similarly, 

ALR asymmetry was also improved with the baby on hip condition compared to the 

centrally loaded carrier condition even though ALR did not differ between these two 

conditions. This too differs from our original hypothesis that ALR asymmetry would 

increase during both loading conditions.  

 

In this study, gait speed was calculated by dividing the distance, 14 meters, by the time it 

took each participant to complete the distance. The gait speed values ranged from 0.763 

to 1.227 m/s. Research has found healthy women between the ages of 30 and 39 years 

have an average gait speed of 1.38 m/s with a range between 1.28 and 1.63 m/s [73]. In 

healthy women 18 to 29, the average gait speed is also 1.38 m/s. But the range is larger 

from 1.08 to 1.58 m/s [73]. The average age of participants in this study was 31.25 years 

old, and the average gait speed for the no load condition fell under what research has 

found for this age range by 0.412 m/s. Research comparing the gait speed of pregnant 

(average of 32.25 weeks pregnant and 29 years old) compared to non pregnant 

individuals found walking speed to decrease by 0.34 m/s [74]. Our results show a similar 

decrease in gait speed and may also indicate alterations in other gait characteristics such 

as shorter steps or longer double support time [74]. This decrease in gait speed when the 

pelvis is asymmetrically loaded may relate to altered pelvic or hip mechanics due to 

unequal forces being transferred through this area. This is consistent with research as 

decreased walking speed results in decreased hip flexion [72]. Additionally, even though 

no significant difference was found between gait speed, this metric was factored into the 

LMEM as it may impact ALR, PIF, and their corresponding NSI values.  
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Both PIF and ALR on the participant’s preferred carrying side had significant difference 

between no load and both child loading conditions. This finding is consistent with 

research as increased external loading results in increased muscle activation and 

increased ground reaction forces [12]. Similarly, the baby on hip load resulted in values 

on a magnitude comparable to the baby in carrier load. Research has not investigated the 

effects on external symmetric and asymmetric load carrying on lower limb loading, but it 

has been found that an external asymmetric load results in altered coordination during 

gait compared to an external asymmetric load [74]. Coordination of gait is related to the 

function of the lower extremities and proximal muscles. Our results differ as both loading 

conditions resulted in a similar magnitude of PIF and ALR. This may be attributed to the 

weight of the mannequin remaining constant, even though placement differed. Overall, 

these results demonstrate both child loads impact the PIF and ALR of postpartum women 

and may increase risk for injury as repetitive loading combine with increased ligament 

laxity requires longer rest period between loading to recover from deformation [48]. 

 

No significant difference was found between loading conditions for both PIF and ALR 

NSI values. This differs from our original hypothesis that frontal carrier load condition 

and baby on preferred hip load condition would result in greater asymmetry values 

compared to the no load condition. The lack of difference between loading condition 

suggests the two child loading conditions do not impact the symmetry between lower 

limbs during level walking. Also, it may indicate mothers can naturally compensate for 

the external child load conditions as both ALR and PIF values increased during these 

conditions, but asymmetry was not impacted. As discussed above, research has found that 

different external loading conditions, an asymmetric or symmetric load, resulted in a 

difference in interlimb coordination during level walking in healthy college students [74]. 

Our results differ and may be attributed to the difference in focus populations as research 

has shown postpartum women experience altered musculoskeletal mechanics during gait 

and influenced by infant carrying method [75]. Furthermore, repetitive carrying has been 

shown to increase risk for chronic and overuse injuries [13] due to the musculoskeletal 

system’s inability to cope [43], regardless of asymmetry in loading of lower limbs.   



 

52 

 

 

Several limitations warrant discussion. The project was a pilot study and had a relatively 

small sample size, and it is likely some comparisons are under powered. (can include 

some power estimates here to back up). Additionally, a never pregnant cohort could 

provide comparison in loading patterns between either group. Future work could assess 

altered loading symmetry or patterns between these two groups during the different child 

carrying loads. Weight of the mannequin also may have impacted the results as it may 

have differed from the weight of the participant’s real baby. The average weight of the 

participant’s real baby was 8.452 kg whereas the mannequin baby was weighted to 8.55 

kg. Asymmetric loading of the lower limbs was only evaluated during the level walking 

task, where PIF and ALR values were the smallest. It would be beneficial to continue this 

evaluation during the other tasks where increased values were present, such as the stair 

descent or sit to stand task. This may highlight any significant differences present in 

loading asymmetry during the different child carrying conditions for the tasks requiring 

more muscle activation to complete. Finally, the frontal child carrier chosen for this study 

may have differed from the carrier participants used in their daily life. This may have 

influenced their natural loading as they adjusted to the frontal carrier. 

 

Overall, postpartum women showed to have increased ALR, and increased PIF values 

with the child load conditions (in the frontal carrier and on preferred hip) during level 

walking. Furthermore, it is evident that external loading from a child, whether it is on the 

hip or in a frontal carrier, has an impact on the mother’s movement. These altered loading 

patterns may increase the risk for postpartum mothers to develop musculoskeletal injury 

or chronic pain due to repetitive loading. Despite no significant difference being found in 

lower limb loading asymmetry during child load conditions, repetitive loading from a 

child still puts postpartum mothers at an increased risk for developing chronic or overuse 

injuries [13]. Research has not defined a percentage of asymmetric loading between 

lower limbs to result in injury or chronic pain [18], so there is a potential for even a low 

degree to impact injury or pain [11].  
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Chapter 4: Conclusion 

 

Research has found individuals who experience lower back pain also have greater pelvic 

asymmetry compared to pain free individuals [57]. Given the articulation of the pelvis to 

the lower limbs, asymmetries in pelvic alignment may be associated with asymmetries in 

lower limb loading [5]. Furthermore, pain in the lower back, pelvis or hips may result in 

asymmetrical lower limb loading [10] which may lead to muscle imbalance from joint 

degeneration and injury [18]. Additionally, force production may be inhibited due to the 

presence of pain [59] and may indicate impaired weight bearing abilities [60]. Depending 

on the amount of asymmetry during daily task, postpartum women may have an increased 

risk for developing musculoskeletal injury or pain [10,11]. 

 

The first purpose of this study was to examine the effect of task with no additional 

external load on load symmetry in the lower limbs of postpartum women. The daily tasks 

consisted of a sit to stand, 14-meter level walk, stair ascent, and stair descent. Our results 

indicated that load symmetry differed across tasks, with the sit to stand task having the 

greatest PIF asymmetry and the stair descent task having the greatest ALR asymmetry. 

Additionally, both the PIF and ALR metrics differed between tasks, with stair descent 

resulting in the largest ALR and PIF values. Overall, postpartum women had greater NSI 

PIF values during the sit to stand task and increase NSI ALR values during the stair 

ambulation tasks. Our results indicate the need to continue to examine different carrying 

conditions in postpartum women to better understand potential risk factors for 

musculoskeletal pain and injury and to provide evidence-based recommendations for 

postpartum activity progression. 

 

Repetitive loading with the weight of a child may influence risk of injury or pain in 

postpartum women as increased ligament laxity requires longer rest periods between 

loading for tissues to recover from deformation [48]. Weight distribution of the child may 

also influence pain or injury as carrying a child on the hip results in lateral spine flexion 

and asymmetric trunk muscle activation [18]. Carrying a child on one hip is considered a 

high-risk activity due to the increased biomechanical stress to the musculoskeletal system 
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[59]. Repetitive loading combined with asymmetric load distribution of the child may 

further exacerbate any unequal muscle activation present due to increase ligament laxity 

and decreased joint stability [48].  

 

The second purpose of this study was to examine the effect of carrying an external child 

load on lower extremity load symmetry in postpartum women. Our results indicate that 

postpartum women had lower gait speed compared to non pregnant individuals within the 

same age range found in published literature [73]. Furthermore, both child carrying 

conditions, carrying on the hip or in a frontal carrier, resulted in increased ALR and PIF 

values compared to no load during level walking. Contrary to our original hypothesis, a 

significant difference in asymmetry between loading conditions was not apparent. This 

suggests postpartum mothers may have become habituated to baby carrying on the hip 

and in the frontal carrier condition. However, given this is a preliminary study with a 

sample size of 16, a post-hoc power analysis indicates the need to collect 66 participants 

for the study to be powered to detect a difference between carrying conditions. 

Regardless of load asymmetry, repetitive loading from either child carrying condition 

exposes mothers to an increased risk of chronic or overuse injury [13]. These results 

highlight the altered loading patterns of postpartum women when carrying a child on the 

hip or in a frontal carrier.  

 

In the future, it would be beneficial to develop a study that includes both a nulliparous 

and postpartum cohort to determine differences in loading mechanics. This would aid in 

understanding the effect of both task and external child load condition on load symmetry 

of the lower limbs in postpartum women. Additionally, a larger sample size may more 

accurately represent the postpartum population as it would better detect differences in 

loading symmetry across task and carrying conditions. Limitations of this study include 

the absence of a nulliparous cohort, discrepancy between the participant’s own child and 

the weighted mannequin used, and unfamiliarity with the frontal carrier. However, 

findings from this study do indicate the need to continue to examine altered loading 

mechanics of postpartum women during different carrying conditions and tasks to better 

identify risk factors for pain or injury development. Identified risk factors could be used 
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to influence recommendations for postpartum activity progression and child carrying 

techniques.  
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