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ABSTRACT

Background: During pregnancy, significant physiological, morphological, and hormonal changes profoundly
affect women’s biomechanics, increasing the risk of falls and musculoskeletal complaints, especially in the third
trimester. To understand movement adaptations and musculoskeletal disorders in pregnant women, kinetic
analysis using pregnant-specific multi-segment or musculoskeletal models is essential. This review aims to
evaluate the development, applications and limitations of such models intended for kinetic analysis in
pregnancy.

Methods: Following the Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) state-
ment, PubMed, Web of Science, Scopus, and IEEE Xplore databases were searched systematically for kinetic
studies involving the pregnant-specific multi-segment models. Quality assessment was completed to assess the
methodological quality of the selected studies.

Results: A total of 14 different pregnant-specific multi-segment models (including musculoskeletal models) used
within 19 kinetic studies were included in this review. Currently, most scaling methods are marker-based and
limited by pregnancy-related soft tissue artifacts. Segment inertial parameter estimations were largely based on
regression models, which may not adequately capture the high degree of individual variability among pregnant
women. Most existing models focus on analyzing lower-limb or lumbar kinetics during daily activities, yet many
remain unvalidated and lack detailed lumbopelvic representations. Pregnant-specific musculoskeletal models are
scarce and primarily rely on static optimization for lumbar muscle force estimation, which overlooks trunk co-
contraction.

Conclusion: Future research should focus on developing more detailed and validated pregnant-specific models,
alongside advanced workflows for more accurate model personalization, to more accurately capture the
biomechanical changes across different pregnancy stages and support clinically relevant kinetic analysis.

1. Introduction

relaxin hormone [4], and altered postural control and movement pat-
terns [5] of pregnant women all have the potential to influence the

During pregnancy, women experience substantial changes in their
physiology, morphology, and hormonal systems. These changes pro-
foundly impact the musculoskeletal system and consequently the
biomechanics of the human body [1,2]. The disproportional changes in
body mass [3], joint laxity caused by the seven to ten-fold increased
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stresses placed on the musculoskeletal system. As a result, pregnant
women face an elevated risk of falls with an estimated incidence of
17 %-39 % [6], and a variety of musculoskeletal disorders [7], such as
back pain [8], pelvic pain [9], lower extremity pain [10], muscle cramps
and peripheral neuropathies [11], especially during the third trimester
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[71.

To better understand the mechanisms of pregnant-related movement
adaptation and musculoskeletal disorders from a biomechanical
perspective, it is crucial to perform human kinetic analysis. Multi-
segment models represent the human body as rigid segments articu-
lated through joints, which are effective and efficient for estimating joint
moments during kinetic analysis [12]. Musculoskeletal models are
advanced multi-segment models that incorporate muscle-tendon actu-
ators, allowing further estimation of muscle forces and joint contact
forces [13-15]. Kinetic analysis based on these models enables the
quantification of internal parameters that cannot be measured in vivo
non-invasively, and has proven to be a versatile and effective method for
studying a wide range of biomechanical and clinical conditions [13].

For instance, in gait pathology research, assessments of bilateral
asymmetry and center of mass (COM) trajectory have been used to
characterize balance impairments that may elevate fall risk [16-18]. In
clinical studies of musculoskeletal pain, estimated muscle activations
and joint contact forces have provided insights into abnormal loading
patterns potentially underlying pain symptoms [19,20]. Given the high
prevalence of falls and musculoskeletal disorders during pregnancy,
applying multi-segment modeling to pregnant populations holds sig-
nificant promise for both research and clinical applications. To enhance
model accuracy and population representativeness, multi-segment
models have been frequently adapted for specific cohorts, such as in-
dividuals with limb amputation [21], obesity [21], neuromuscular dis-
order [22,23], or post-surgical conditions [24]. Likewise, developing
pregnant-specific models can further improve the physiological rele-
vance and predictive accuracy of such analyses, providing a deeper
understanding of gestational biomechanics and associated health risks.
For clinical application, an accurate model may serve as a screening tool
to predict pain development or falling risk and guide perinatal reha-
bilitation or ergonomic interventions for pain management or fall pre-
vention [25].

At present, however, there is a scarcity of studies proposing detailed
musculoskeletal or multi-segment modeling methods specifically
designed for pregnant women, whether a generic pregnant-specific
model to scale, or a workflow to build a subject-specific one [3]. In
this study, the term "generic model" refers to a scalable baseline model
constructed from averaged anthropometric and anatomical data. Given
the increasing need for tailored healthcare in pregnant women, and to
provide direction for future modeling, it is crucial to evaluate existing
pregnant-specific models. Therefore, this review aims to investigate the
characteristics, applications, limitations and challenges of
pregnant-specific multi-segment modeling used in prior kinetic analysis,
specifically focusing on how these models have been developed for
pregnant women.

2. Methods

This study followed a systematic review methodology adhering to
PRISMA guidelines [26] (literature search; assessment of study quality;
data collection of study characteristics; analysis and interpretation of
results; recommendations for practice and further research).

2.1. Search strategy

PubMed, Web of Science, Scopus, and IEEE Xplore databases were
searched without any date restriction. We used the following terms:
(musculoskeletal model OR computational model OR biomechanical
model OR kinetic* OR multi-body OR multi-segment* OR multibody OR
multisegment*) AND (pregnan* OR gestation* OR perinatal OR prenatal
OR antenatal) AND (women OR woman) search strategy in the field of
Full text to search databases. Searching was from inception to 22/08/
2024. Manual searching of reference lists and the ‘Cited by’ tool on
Google Scholar were used to identify additional articles.
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2.2. Study selection

Titles and abstracts of potentially eligible studies were screened by
two authors (JC, XL) separately. Full text of all studies that were not
excluded after initial title and abstract screening were retrieved and
assessed for eligibility by the lead author (JC) and independently
checked by a co-author (XL). Disagreements between researchers during
full-text screening were resolved through discussion with all other co-
authors. Studies were included if multi-segment models were used for
kinetic analysis for pregnant women. Papers were excluded if: (i) con-
tent was unavailable in English; (ii) content was not peer-reviewed or
unavailable in full-text format; (iii) they did not use multi-segment
models for the purpose of kinetic analysis for pregnant women; (iv)
they did not introduce details of the modeling process of the multi-body
model; (v) no pregnant-specific modifications were made to the model
beyond general anthropometric scaling. Fig. 1 shows the PRISMA
flowchart used in finding relevant studies.

Note that the term *pregnant-specific model’ in this review refers to
models that incorporate modifications directly reflecting pregnant-
related anatomical or physiological changes. These may include, but
are not limited to, the addition or remodeling of segments such as the
uterus or fetus, adjustments to segment inertial properties, or changes to
joint definitions or muscle paths that account for pregnancy-induced
postural adaptations. Although pregnant-related morphological
changes are significant, the skeletal structure is basically the same as
regular people [27]. Therefore, scaling alone was considered a
subject-specific process rather than a pregnant-specific process, unless
the model incorporates new segments such as the uterus or other
pregnancy-related anatomical changes.

2.3. Quality assessment

A customized checklist was developed based on previous reviews in
the field of biomechanics modeling topics to assess the methodological
quality of the selected studies [28-30]. Each question was rated as two
(satisfying description or justification), one (limited details) or zero (no
information). The 15-item quality checklist used in this review was:

Q1: Are the research objectives clearly stated?

Q2: Is the study design clearly described?

Q3: Is the scientific context clearly explained?

Q4: Is the original multi-segment model clearly described?

Q5: Were the pregnant-specific alterations of the model clearly
described?

Q6: Were participant characteristics (including pregnancy trimester)
adequately described?

Q7: Were movement tasks, equipment design, and setup clearly
defined?

Q8: Was the evaluation strategy appropriately justified?

Q9: Was the joint kinetic analysis methodology clearly described?
Q10: Were the statistical methods justified and appropriately
described (other than descriptive statistics)? Q11: Were the direct
results easily interpretable?

Q12: Were the main outcomes clearly stated and supported by the
results?

Q13: Were the limitations of the study clearly described?

Q14: Were key findings supported by other literature?

Q15: Were conclusions drawn from the study clearly stated?

Two authors (JC, XL) reviewed all included studies independently.
Discrepancy between these reviewers was resolved by a meeting in
which consensus was found between authors.

2.4. Data extraction

A customized data extraction form was developed to extract key
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- L i scaling (n=2).
e 16 studies included plus 3 studies from man-
% ual searching.
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~

Fig. 1. The PRISMA flowchart of identification, screening, eligibility, and study inclusion of previously published studies.

details from each selected study. The lead author (JC) extracted data
from included studies; data were checked by a co-author (XL), and
conflicts were resolved after discussion with all other co-authors. Data
extraction included the first author’s name, year of publication, study
focus, pregnant trimester simulated, original model characteristics
(model type, software and included segments), pregnant-specific mod-
ifications (segment geometric parameters, segment inertial parameters,
muscle parameters), evaluation of new model, kinematic and kinetic
input, simulation workflow and kinetic outcomes measured.

2.5. Data analysis

A descriptive summary and analysis were performed. Results were
categorized and reported based on the general and specific character-
istics outlined in the previous section (author’s name, year of publica-
tion, study focus, pregnant trimester simulated, original model
characteristics, pregnant-specific modifications, evaluation of model,
kinematic and kinetic input, simulation workflow and kinetic
outcomes).

3. Results
3.1. Search strategy yield

Of 5074 studies identified, 837 were duplicates. A further 4164
studies were removed after screening by title and abstract. After the
eligibility assessment of 73 full-text articles, 57 additional studies were
excluded due to: 1) full text not available or not peer-reviewed (n = 4);
2) full text written in languages other than English (n = 2); 3) did not
use multi-segment models for the purpose of kinetic analysis for

pregnant women (n = 36); 4) contained no details about modeling
process of the multi-body model (n = 13); 4) made no additional
pregnant-specific modifications to the model beyond scaling (n = 2).
Quality assessment results and data extraction are reported
(Supplementary Table S1, S2 and Table 1).

3.2. Quality assessment

The selected studies were of high quality, with scores ranging be-
tween 80 % and 100 % and a mean score of 91 % (Supplementary
Table S1). However, several questions were only partially answered, for
example:

1. Validation of the model was not explicitly mentioned in most
research;

2. Detail of the original model was not always explicitly mentioned in
certain research;

3. Pregnant-specific alterations were not adequately mentioned in
certain research;

4. Some selected studies reported descriptive statistics other than sta-
tistical methods (i.e. mean, standard deviation, root mean square
error, correlation).

All noted limitations were reflected in the quality assessment scores.
3.3. Original multi-segment model characteristics
In the 19 included studies that met selection criteria, there were 14

different pregnant-specific multi-segment models used for kinetic anal-
ysis. Most models (11 out of 14, Fig. 2) were developed since 2010, and
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Table 1
Overview of pregnant-specific multi-segment models, modeling methods and biomechanical research questions to address.
Study Research Focus Original Model Pregnant-specific Modifications Evaluation Kinematic Simulation

& Focused . of Model and Kinetic Workflow

. Model Included Pregnant- Pregnant-specific Pregnant- L
Trimester . . . . Input & Kinetic
Characteristics Segments specific Segment  Segment Inertial specific Outcomes
Geometry Parameters Muscle Measured
Parameters
Haddox Changes in body  Software: 12 No Yes No Yes Stance phase D
etal. [3] segmental mass OpenSim segments Details: BSIPs of gait of a Joint moments
(2020) and inertia 3D (92 calculated by an healthy of the ankle,
during / Dynamic muscles elementary shape person from knee, hip, and
pregnancy / full-body [31]) model built based OpenSim lumbar

Trimester: 1-3 T  musculoskeletal on anthropometric dataset [31]

model data of military (gait2354)
women [32]
Nakashima 1. Muscle load of ~ Software: 21 Yes Yes Yes Yes Standing 1D, SO
etal. [33, the erector AnyBody segments Details: Details: COM of Details: straight, Muscle force of
34] (2010  spinae during 3D (464 Modeling of an uterus estimated Modeling bending the erector
& 2014) standing and / muscles) extra segment of  in the center of of forward and spinae

sitting tasks Static&Dynamic the uterus [35, enlarged abdomen  stretched bending

during / full-body 36] & Manual [35]. Increased abdominal backward;

pregnancy [33] musculoskeletal modification of weight of breast muscles Sitting on a

(2010) model other segments added to thorax, [35,39] seat with a

Trimester: 3 T [35,37]. increased weight backrest

2. Muscle load of 25 of other body parts Sit-to-stand 1K, ID, SO

the erector segments added to with Muscle force of

spinae during (581 abdomen, arms comfortable, the erector

chair-rise for muscles) and legs [35,38]. fast and slow spinae
pregnant women speeds

[34] (2014)

Trimester: 3 T

Michnik Effect of the Software: 69 Yes Yes Yes No Standing SO
et al. [40] growing fetuson  AnyBody segments Details: Manual Details: A force Details: with Muscle forces of
(2022) lumbopelvic 3D (1000 modification vector Modeling pregnant- erector spinae,
loads during / Static muscles) based on representing of specific transversus
standing / full-body anthropometric increased weight stretched anterior abdominis,

Trimester: 1-3 T  musculoskeletal data [41,42]. of uterus added to abdominal pelvic tilt biceps femoris
model abdominal area muscles [41,42] longum and

[43]. [43] iliopsoas;
resultant,
compression,
and shear forces
in L5-S1 and hip
joint

Morino et al. 1. The co- Software: 36 Yes Yes Yes Yes Sit-to-stand 1K, ID, Genetic
[44,45] contraction of Biomechanics of ~ segments Details: Manual Details: Adding Details: algorithm
(2017 & trunk muscles Bodies in Matlab (666 modification weight gain of Modeling Muscle torque
2020) during chair-rise 3D muscles) based on breast, abdomen, of of the rectus
for pregnant / Dynamic anthropometric arms, and legs, stretched abdominis and
women [45] / full-body data [37]. and estimating abdominal erector spinae

(2017) musculoskeletal COM of lower muscles

Trimester: 3 T model trunk [33,46] [35,39]

2. Relationships based on the

between motion, model with female

muscle load, and mass distribution

the severity of [46].

LBP during

chair-rise [44]

(2020)

Trimester: 3 T

Schroder Impact of Software: NA Probably Yes Yes No No Isometric Static
et al. [47] pregnancy on 3D 7 Details: Details: Vertebral trunk flexion,  equilibrium-
(2016) back pain and / Static segments Modification of body mass derived extension, based analysis
spinal posture / Spinal trunk length from literature lateral methods

Trimester: biomechanic measured by [50]. flexion, and (Formula)

1-3 T, PP model with Video raster rotation Muscle force of
musculus erector stereography the erector
spinae [48] and vertebral spinae

body heights
[49].
Aguiar et al. 1. The gait Software: Visual 7 Yes Yes NA No Walking 1K, ID
[51,52] pattern during 3D segments Details: Scaled Details: Calculated Joint moments
(2014 & the 2 T of 3D by markers. by regression of the ankle,
2015) pregnancy [51] / Dynamic equations based knee, and hip
(2014) / lower-limb on anthropometric

Trimester: 2 T

model

data [53].

(continued on next page)
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Table 1 (continued)
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Study Research Focus Original Model Pregnant-specific Modifications Evaluation Kinematic Simulation
& F ocused Model Included Pregnant- Pregnant-specific Pregnant- of Model and Kinetic Wor.kﬂo.w
Trimester . . ) . Input & Kinetic

Characteristics Segments specific Segment  Segment Inertial specific Outcomes

Geometry Parameters Muscle
Measured
Parameters

2. Gait Yes
adaptations Details: Calculated
related with by regression
increased trunk equation [36].
mass during
pregnancy [52]
(2015)
Trimester: 2 T

Branco et al. 1. Gait kinetics Software: Visual 7 Yes Yes NA No Walking 1K, ID
[54-56] from the 3D segments Details: Scaled Details: Calculated Joint moments
(2015 & beginning of 3D by markers. by anthropometric and powers of
2016) pregnancy until / Dynamic data [57]. the ankle, knee,

the postpartum / lower-limb and hip
[54] (2015) model
Trimester:

1-3 T, PP

2. Differences of
gait kinetics
between 2,3 T
and non-
pregnant group
[56] (2015)
Trimester: 2-3 T
3. Relationships
between
maternal
anthropometry,
body
composition and
gait kinetics
[55] (2016)
Trimester:

1-3 T, PP

Catena etal.  Biomechanical Software: Cortex 13 Yes Yes NA No Standing & IK, ID
[58] costs of v8 segments Details: Scaled Details: Calculated walking Joint moments
(2021) gestational 3D by markers. by regression and powers of

lumbopelvic / Static & equations based the ankle, knee,

curvature Dynamic on anthropometric and hip,

change during / full-body data [59-61]. mechanical

standing and model energy

walking requirements

Trimester: 2-3 T and balance
control of
walking and
standing

Hemmerich Pelvic loads of Software: Visual 7 Yes Yes NA No Childbirth 1K, ID
etal. [62] dynamic 3D segments Details: Scaled Details: Calculated movements Joint moments
(2018) movements 3D by markers. by digitized body (including of hip and

during / Dynamic segments guided squatting, all-  lumbosacral
childbirth / lower-limb by the reflective fours and joint
Trimester: 3 T model markers [63] supine)

Howard Compare three Software: 28 Yes Yes NA No Target- 1K, ID
etal. [27] different SNOPT [64] segments Details: Manual Details: COM of reaching Average torque
(2012) physics-based 3D modification of uterus as a point tasks while in each spinal

posture / Dynamic the size of the force applied at sitting joint
prediction / full-body abdomen sphere the center of the
formulations for model segment based abdomen segment;
the prediction of on Mass, COM of
seated postures anthropometric other segments are
of pregnant measurements. computed by
women Other segments regression
Trimester: 3 T are scaled by equations [65].
markers. Moments of
inertia are
ignored.

Jensen et al.  Changes in body  Software: NA 16 Yes Yes NA No Sit-to-stand Intersegmental
[36] segmental mass 2D segments Details: Not Details: Calculated dynamic
(1996) and inertia / Dynamic mentioned by digitized body analysis

during / full-body segments Hip moments
pregnancy model orthogonal front

Trimester: 2-3 T

(continued on next page)
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Table 1 (continued)
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Study Research Focus Original Model Pregnant-specific Modifications Evaluation Kinematic Simulation
& F ocused Model Included Pregnant- Pregnant-specific Pregnant- of Model and Kinetic Wor.kﬂo.w
Trimester . . ) . Input & Kinetic
Characteristics Segments specific Segment  Segment Inertial specific Outcomes
Geometry Parameters Muscle
Measured
Parameters
and right side
photographs [66].
Lou et al. Kinetics of chair-  Software: 4 Yes Yes NA No Sit-to-stand 1K, ID
[67] rise at different laboratory- segments Details: Scaled Details: Calculated Moments of
(2001) periods of developed by markers. by anthropometric ankle, knee, and
pregnancy software data [68]. hip joints
Trimester: 1-3 T 2D
/ Dynamic
/ full-body
model
Paul et al. Effect of a Software: NA 9 Yes Yes NA No Bolt-winding Static
[69] standing task on 2D segments Details: Manual Details: Segment tasks while equilibrium-
(1996) hip kinetics / Static modification of masses were standing based analysis
during / full-body the segment estimated by methods (Free
pregnancy model length based on volumes body diagram)
Trimester: 1-3 T the proportion calculated from Hip joint
of measured body dimensions moments
bone length [68, based on
70]. regression [71].
Pregnant-specific
mass increase was
divided among all
segments [72],
and segment
COMs were
estimated [68,70,
73].
Sunagaetal.  Inertial Software: Body 15 Yes Yes NA No Sit-to-stand, IK, ID
[39] parameters of Builder segments Details: Scaled Details: BSIPs of picking up Lower trunk
(2016) the lower trunk 3D by markers. lower trunk were plates, moment
in pregnant / Dynamic estimated by 3D turning to the
women / full-body motion capture right, and
Trimester: 1-3 T  model system; other walking a
segments refer to few steps

literature [74].

The definition of the abbreviations: T (trimester), PP (postpartum), LBP (low back pain), BSIP (body segment inertial parameter), COM (center of mass), IK (inverse
kinematic), ID (inverse dynamic), SO (static optimization). A detailed table of extensive information is provided in Supplementary Table S2.

only three models were developed before 2010 [36,67,69].

3.3.1. Software

A variety of software packages were utilized across the reviewed
studies to develop pregnant-specific multi-segment models (Fig. 2).
Motion analysis software was the most frequently used tool, including
four models developed in Visual 3D [51,54,62], one developed in Body
Builder [39], and one developed in Cortex v8 [58]. Musculoskeletal
models were developed using specialized biomechanical software such
as OpenSim (one model) [3] and AnyBody (two models) [33,40].
Additionally, mathematical and optimization software like Matlab (one
model) [45] and SNOPT (one model) [27] were also used. One model
was based on laboratory-developed software [67]. Three studies did not
report the software that was used for model development [36,47,69].

3.3.2. 3D/2D

The majority (11 out of 14) are 3-dimensional models [3,27,33,39,
40,45,47,51,54,58,62], with only three models being 2-dimensional
[36,67,69].

3.3.3. Static/dynamic

Most models (11 out of 14) were used to simulate dynamic condi-
tions [3,27,33,36,39,45,51,54,58,62,67], and three models were only
used to simulate static conditions [40,47,69].

3.3.4. Segments
The number of segments in the multi-body models ranged from four

to 69. Most models (10 out of 14) are full-body models [3,27,33,36,39,
40,45,58,67,69], including segments of the lower limbs, pelvis, trunk
and upper limbs. Several models (three out of 14) are lower-limb
models, only including the pelvis, thigh, shank, and foot segments
[51,54,62]. One model was limited to the torso, which included the rib
cage, L1-L5, and pelvis segments [47].

3.3.5. Muscles

Approximately one-third of the models (five out of 14, Fig. 2) are
musculoskeletal models, containing musculotendon actuators ranging
from 86 to 1000 [3,33,40,45,47].

3.4. Pregnant-specific modifications

3.4.1. Body segment lengths

Most models (eight out of 14) [27,39,51,56,58,62,67,69] utilized
marker-based scaling to custom segment geometry for pregnant women.
Three models were manually scaled based on anthropometric data from
the pregnant-related literature [33,40,45]. One model applied a com-
bination of scaling methods with some parameters from the literature
and some from experimental measurements [47]. One model did not
incorporate pregnant subject-specific scaling [3], and another did not
document details of scaling [36].

3.4.2. Body segment inertial parameters
All included models made pregnant-specific modifications to the
body segment inertia parameters (BSIPs), although the degree of detail
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Movement and Posture Types Investigated
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The definition of the abbreviations: T (trimester), PP (postpartum).

Fig. 2. Visual summary of pregnant-specific multi-segment modeling methods and applications.

provided varied widely. BSIPs of many models (seven out of 14) were
estimated by regression equations, which may require anthropometric
data as input [27,51,52,54,58,67,69]. Some models (four out of 14)
were numerically computed by 3D digital shape models [3,36,39,62].
Others were estimated roughly based on anthropometric data from
relevant literature [33,40,45].

3.4.3. Muscle paths and musculotendon parameters

To avoid confusion, we use “muscle path” to refer only to the geo-
metric trajectory of the muscle (via points, wrapping surfaces, etc.), and
“musculotendon parameters” to refer to mechanical or physiological

properties such as optimal fibre length, tendon slack length, and
maximum isometric force.

Of the five musculoskeletal models, three made pregnant-specific
modifications in musculotendon actuators other than just scaling, by
changing the stretched abdominal muscle paths [33,40,45]. None
changed the musculotendon parameters.

3.4.4. Evaluation of new model

Few (three out of 14) modified pregnant-specific models were eval-
uated or validated [3,33,45]. Two models were validated for their
ability to simulate muscle forces by comparing them with
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electromyography (EMG) data [33,45]. Another model was only vali-
dated for the rationality of the body segmental mass by comparing it
with previous measurements [3].

3.5. Applications of pregnant-specific models for kinetic analysis

3.5.1. Research Focus

Some research (eight out of 19, Fig. 2) utilized pregnant-specific
models to explore lower-limb kinetics during gait or other daily activ-
ities during pregnancy [51,52,54-56,58,67,69]. Other studies (seven
out of 19, Fig. 2) applied pregnant-specific models to evaluate lumbo-
pelvic loads during various activities [33,34,39,40,44,47,52,62]. Two
studies specifically examined the mass distribution of body segments in
pregnant women and developed models with detailed pregnant-specific
BISPs [3,36]. One model was employed to compare different posture
prediction formulations for simulating pregnant women with experi-
mentally measured kinematics [27], and another model was employed
to evaluate a genetic algorithm (GA) method to estimate the
co-activation of abdominal and lumbar muscles [45].

3.5.2. Pregnant trimester

Half of the studies (eight out of 19) encompassed the entire preg-
nancy period (Ist to 3rd trimesters) [3,39,40,47,54,55,67,69]. Six
studies focused exclusively on the 3rd trimester [27,33,34,44,45,62].
Three studies investigated both the second and third trimesters [36,56,
58], while two studies only examined the second trimester [51,52].
Notably, three studies extended their investigation beyond pregnancy to
include the postpartum period [47,54,55] (Fig. 2). In total, most studies
(17 out of 19, Fig. 2) included the 3rd trimester of pregnancy.

3.5.3. Simulated movements

More than one-third of these studies (eight out of 19, Fig. 2) included
pregnant-related gait analysis [31,39,51,52,54-56,58]. Sit-to-stand
movements were also simulated in many studies (six out of 19, Fig. 2)
[34,36,39,44,45,67]. Some studies (four out of 19, Fig. 2) examined
standing posture [33,40,58], or in conjunction with some specific tasks
while standing [33,69]. Several studies (two out of 19, Fig. 2) investi-
gated sitting posture [33], or movements with task-specific activities
performed while sitting [27]. Additionally, one study investigated
movements associated with childbirth, such as squatting,
hands-and-knees (all-fours), and the supine position [62] (Fig. 2).
Complex tasks, like picking up items while sit-to-stand and turning right
while walking, were included in one study [39].

3.5.4. Simulation Workflow

Most studies (13 out of 19) used inverse kinematics (IK) to calculate
joint kinematics during movements [34,44,45,51], while only one study
[39] manually modified pregnant-specific static postures based on
relevant literature, and three studies used 2D photographic recording
[33,36,69]. One study directly imported the gait movements of a
non-pregnant individual other than the gait of pregnant women [3].

Most studies (15 out of 19) utilized inverse dynamics (ID) to compute
joint moments [3,33,34,39], especially in 3D simulations. Among the 2D
simulating studies, one study used equilibrium-based analysis methods
to evaluate static conditions [69], whereas the other two studies
analyzed dynamic situations using laboratory-developed software [67]
or intersegmental dynamic analysis [36]. Three of the five 3D muscu-
loskeletal model studies employed static optimization (SO) to estimate
muscle forces [33,34,40], while other studies applied the GA [44,45].

3.5.5. Kinetic outcomes

More than half of the studies (11 out of 19) investigated lower-limb
kinetics (ankle, knee, and hip) during pregnancy [3,51,54]. Most of
these studies reported joint moments [3,51,52], with some also
providing joint power as an output [54,55]. Approximately half of
studies (9 out of 19) investigated spinal kinetics, particularly lumbar
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kinetics, with four studies reporting spinal joint moments [3,27,39,62]
and one reporting lumbar joint contact forces [40]. Furthermore, six
studies examined muscle forces or torque in the lumbar region [33,34,
40,44,45,47]. All six studies included the erector spinae muscles, while
three studies also analyzed abdominal muscles [40,44,45].

4. Discussion
4.1. Overall observation

The findings indicated that 14 different pregnant-specific multi-
segment models (including five musculoskeletal models) were used
across 19 kinetic studies, as some models were utilized in multiple
pregnancy-related investigations [33,34,44,45]. The majority of these
models were developed after 2010 [3,40], potentially being driven by
the developments in biomechanical modeling and simulation platforms
and motion capture techniques in recent years. Increased public atten-
tion to the health and well-being of pregnant women may also have
contributed to the growing interest in developing pregnant-specific
models [75]. Motion analysis software like Visual 3D was the most
commonly used tool due to its practical focus and suitability for studies
without complex modeling [51,52,62]. More complicated musculo-
skeletal models were developed using OpenSim or AnyBody [3,33,34],
which are advanced biomechanical modeling tools with abundant
available non-pregnant generic models that can be easily adapted [14,
15].

Most included studies utilized 3D modeling [3,33,34], enabling more
complex simulations across three spatial planes. Those limited to 2D
modeling tended to be earlier research before or around 2000 [36,67,
69], likely due to the limited availability and capability of 3D modeling
software at the time. Most models were able to simulate dynamic con-
ditions (e.g., walking and sit-to-stand) [3,44,45]. Static analysis has also
been conducted in some studies (e.g., standing and bending) [40,47,69],
as pregnant-specific postural changes are significant and, when com-
bined with changes in mass distribution, will impact joint kinetics
significantly. Lower-limb models were most common for studies which
aimed to investigate pregnant-specific gait kinetics [51,54,62]. How-
ever, given that changes in trunk mass are significant during pregnancy
and some studies explored lumbopelvic loads, full-body models have
been most frequently used [3,33,39,45,58], which can provide a more
comprehensive representation of the biomechanical changes occurring
throughout the body. In total, only five pregnant-specific musculoskel-
etal models were found [3,33,40,45,47], with most related studies
aimed at estimating the lumbar and abdominal muscle loads [33,34,44,
45].

4.2. Pregnant-specific multi-segment modeling

Based on non-pregnant generic multi-segment models, pregnant-
specific modifications are necessary for biomechanical investigation.
Body segment parameters are essential to understanding human
biomechanics in multi-segment models, including body segment lengths
and body segment inertial parameters (BSIPs) [76]. BSIPs include body
segment masses, COM locations with respect to the segment reference
frame, and segment moments of inertia about a specific point [76].

4.2.1. Body segment lengths

During pregnancy, the body experiences notable changes in mass
distribution, posture, and movement patterns, while the segment
lengths may remain relatively unaffected [27]. Therefore, the modifi-
cation of body segment lengths is, to some extent, a subject-specific
rather than a pregnant-specific process. However, given that accurate
segment lengths play a crucial role in musculoskeletal model simula-
tions, and considering the significant morphological and postural
changes that occur during pregnancy, it is worth exploring whether
current scaling methods are appropriate for pregnant populations.
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Most pregnant-specific models relied on marker-based linear scaling
(proportional scaling of the segment lengths based on the marker
placements) to determine body segment lengths [51,52,54-56]. Some
studies manually modified the model segment lengths by using
anthropometric data from literature or experimental measurements [33,
40,45]. The marker-based motion capture system is currently considered
the gold standard method of measurement for 3D kinematics measure-
ments [77]. Compared to anthropometric data, marker-based scaling
may provide a personalized model and record kinematics efficiently.
However, anthropometric data is also useful for calculating BSIPs
through regressions in some studies beyond scaling [69].

Given the insignificant body length change during pregnancy,
generating a pregnant-specific model using standard marker-based
scaling methods, as employed in most studies, is feasible in principle.
However, pregnant individuals often experience edema (water reten-
tion), particularly in the lower limbs, with this issue becoming more
pronounced in the third trimester [78,79]. Excess weight gain is another
common occurrence during pregnancy [80]. The added soft tissue may
contribute to discrepancies between the real anatomical marker posi-
tions and the virtual positions assumed by the model in pregnant women
compared to non-pregnant individuals [81,82]. Similar issues have been
noted in obese populations, highlighting the importance of
population-specific scaling approaches [82]. Some studies have pro-
posed modified pelvic marker placements to reduce errors caused by an
enlarged abdomen during pregnancy, while the reliability of this marker
set has yet to be validated [83,84]. Future research is warranted to
develop and validate marker sets that better fit pregnant women,
potentially by learning from the obesity-specific marker protocol [82].

Alternative scaling or modeling approaches may also hold promise
for pregnancy applications. While magnetic resonance imaging (MRI)
offers a gold-standard and radiation-free method for personalized
musculoskeletal modeling, its application during pregnancy has been
largely restricted to uterine modeling due to the inconvenient acquisi-
tion and complex post-processing [85,86]. With adequate imaging
datasets, statistical shape modeling could support nonlinear,
pregnant-specific scaling [87,88]. Additionally, 3D body scanning pro-
vides a radiation-free, efficient method for capturing external body
shape, presenting another promising solution for scaling during preg-
nancy [89]. Optimization-based scaling is another approach that is safe
for the pregnant population, relying on dynamic trials to adjust the
model’s geometry by minimizing the error between experimental and
model marker positions [90].

4.2.2. Body segment inertial parameters

Compared with kinematic analysis, BSIPs are required for kinetic
analysis of movements, to calculate variables such as the COM location,
joint moments, and joint powers. Accurate segmental COM location is
crucial for studying balance control and fall risk during pregnancy,
while joint moments and powers can help understand pregnancy-related
musculoskeletal pain [3]. Some studies emphasized the need for accu-
rate BSIP estimations for estimations of joint kinetics [91,92]. However,
the available BSIP estimates used in most existing models are not
applicable to pregnant women, who have a distinctively different mass
distribution compared to non-pregnant subjects [3].

Half of the pregnant-specific models estimated BSIPs using regres-
sion models, which may require anthropometric data as input [51,52,
58]. One limitation of these studies is that some of the regression models
used are not designed specifically for pregnant women [65,71]. One
study compared the accuracy of two sets of regression equations in
estimating inertia parameters for pregnant individuals, and surprisingly,
found that the regression developed for older populations was more
accurate than that designed specifically for pregnant women [36,60].
This discrepancy may be due to the coarse predictive capability of the
pregnant-specific regression [36], which relied on limited anthropo-
metric input, or it may reflect the high degree of individual variability
among pregnant women [60]. These findings highlight the potential
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limitations of estimating BSIPs using regression models, even those
tailored for pregnancy.

In other pregnant-specific models, BSIPs have been estimated using
3D digital shape models derived from anthropometric data [3,52,93] or
image-based modeling techniques (e.g., projecting and digitizing of 2D
images) [36,62]. Assuming constant segmental density, the BSIPs of
each segment can be computed based on the closed triangular surface
mesh using the divergence theorem [3,36]. In this situation, the accu-
racy of 3D shape models determines the accuracy of the estimated in-
ertial parameters to a large extent. However, the generalizability of
these models may be limited by the source population. For example, the
shape modeling data of Haddox et al. came from the average anthro-
pometry of military pregnant women, which means the estimated in-
ertial data may not be representative of non-military groups and lack
subject specificity [3].

Using the 3D motion capture system is another way to estimate BSIPs
with no undesirable effects on the mother or fetus [39]. It can be
regarded as a simplified method by establishing 3D digital shape models,
but with limited accuracy since it relies solely on markers as geometric
vertices for polyhedral shape modeling.

4.2.3. Muscle paths and musculotendon parameters

Most existing pregnant-specific musculoskeletal models have modi-
fied abdominal muscle paths to accommodate an enlarged uterus in
pregnant women [33,40,45]. This is understandable, as the geometric
changes in abdominal muscles are the most pronounced during preg-
nancy. Among existing musculoskeletal models, none have adjusted
musculotendon parameters for pregnant women, primarily due to the
lack of research that has quantitatively or systematically investigated
changes in muscle active or passive properties throughout pregnancy,
considering the ethical sensitivity of the pregnant population.

Most existing pregnant-specific musculoskeletal models have
attempted to investigate the loads on the lumbar and abdominal muscles
as the most significant biomechanical changes during pregnancy occur
in the lower trunk [40,44,45], and lumbar pain is the most common
musculoskeletal complaint reported during pregnancy [2,9,94].
Notably, one study utilized personalized lumbar musculoskeletal models
to evaluate changes in erector spinae muscle maximum strength during
pregnancy based on different trunk isometric maximum force [47]. This
is currently the only study we have found that assessed muscle strength
during pregnancy, due to the risk of requiring pregnant women to
perform maximum voluntary contractions.

4.3. Applications of pregnant-specific models

Pregnant-specific multi-segment models can be used to address a
wide range of biomechanical questions during pregnancy.

4.3.1. Research focus

Few studies have focused primarily on developing detailed pregnant-
specific models, and these models were generally modified to incorpo-
rate pregnant-specific BSIPs, which are crucial for kinetic analysis [3,
36]. In these studies, kinetic analysis has primarily served as a means to
evaluate the models rather than to address specific pregnancy-related
kinetic questions.

Most studies focused on exploring lower-limb kinetics during gait
[51,52,54-56,58,93] or other daily activities (e.g., chair-rise [36,39,
67]) or some pregnant-specific postures (e.g., childbirth [62]) using
pregnant-specific models. These studies have aimed to understand
movement adaptations during pregnancy, which could be a potential
factor contributing to the high risk of falls and pain. Some studies
focused on evaluating lumbopelvic loads during a variety of activities
[33,34,40,44,45], given that lumbopelvic pain is the most common
musculoskeletal complaint during pregnancy. Understanding lumbo-
pelvic biomechanics provides insights into pregnancy-related lumbo-
pelvic pain. However, most pregnant-specific models used for such
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investigations are modified from existing non-pregnant generic models,
often lacking modeling details, and the predictive capability of these
adapted models is rarely validated [54,67].

A few studies focused on proposing and evaluating simulation
methods suitable for pregnant populations, such as using GA to estimate
co-activation of abdominal and lumbar muscles [45]. One study evalu-
ated several physics-based posture prediction formulations to better
predict the seated postures of pregnant women [27]. In these studies,
kinetic data primarily serve as inputs for computational processes. These
approaches could help develop more accurate and personalized simu-
lation tools for pregnant populations.

4.3.2. Pregnant trimester

Most models focused on third-trimester pregnancy [33,45,62],
mainly due to the most significant changes and higher incidence of falls
and musculoskeletal pain during that period. Modeling in the first two
trimesters, pre-pregnancy and postpartum could help better understand
the progression of kinetic changes during pregnancy, which may be
beneficial for pain and falls prevention.

4.3.3. Simulated movements

Numerous models have been used to investigate the mechanical ef-
fects of daily activities for pregnant women, such as walking [51,54,58],
transitioning from sitting to standing [34,39,44], and performing simple
tasks (e.g., gentle bending, extending, or picking up objects) while
standing or sitting [33,39,69]. Walking is the most common physical
activity modality and is commonly featured in physical activity rec-
ommendations for pregnant women [95,96]. Sit-to-stand and picking up
objects are among the most difficult common tasks identified by women
in their third trimester by interviews [97]. Among the daily activities
studied, the most intense movement is fast sit-to-stand [34]. These
low-load activities, which are both highly relevant and experimentally
feasible for pregnant women, serve as a primary focus in biomechanical
simulations.  Additionally, one study specifically explored
childbirth-related postures, which are relevant for full-term pregnant
women, including squatting, hands-and-knees (all-fours), and the supine
position [62]. These computed joint torques can be used to understand
childbirth kinetics, and serve as inputs for a pelvic finite element model
to explore its kinematics during different birthing positions, thereby
identifying a wider birth canal [98].

It is worth noting that during pregnancy, the lumbopelvic alignment
undergoes significant changes for most women, such as increased pelvic
tilt and lumbar lordosis, which may have a substantial impact on
movement dynamics [5,99]. However, most full-body musculoskeletal
models lack a flexible lumbar spine, which may lead to inaccurate
simulations of lumbopelvic kinematics and kinetics. Some studies have
considered altered lumbopelvic alignment in pregnant women and
demonstrated its significant impact on gait kinetics [58] and loading of
lumbopelvic joints or muscles [40,100].

While low-load activities are widely recognized as being more
appropriate for pregnant women due to their reduced physical demands,
it is important to acknowledge that many pregnant individuals partici-
pate in moderate or even high-intensity exercises [101]. Activities like
fast walking, jogging and resistance exercise are often part of their
routine, either for health, fitness or personal preference [96,102]. Future
research could consider integrating higher-intensity movements into
experimental designs, exploring their potential influence during preg-
nancy. Additionally, mind-body exercises such as prenatal Yoga, Pilates
and Tai Chi have been shown to benefit maternal health outcomes [103,
104]. These practices include movements that may help alleviate pain
and improve balance [105,106], making their underlying biomechan-
ical mechanisms a valuable direction for future investigation.

4.3.4. Simulation workflow
The majority of studies relied on inverse kinematics (IK) to deter-
mine individual joint kinematics during movement [34,45,51]. Some
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other studies utilized 2D photographic recordings or manual modifica-
tion based on literature to simulate static posture [33,36,40,69]. Inverse
Dynamics (ID) remains the predominant method for computing joint
moments, especially in dynamic situations [3,33,39]. The ID simulation
calculates joint moments necessary to generate the simulated movement
with kinematic data as input. Few studies that simulated 2D static
postures used equilibrium-based analysis methods to compute joint
moments, like free body diagram (FBD) [69].

Based on joint moments estimated by ID, the musculoskeletal model
can further calculate the muscle force and joint contact force. The vast
majority of published musculoskeletal models relied on static optimi-
zation (SO) for muscle force calculations [33,34,40]. SO addresses the
muscle redundancy problem by optimizing each time frame sequentially
to satisfy equilibrium conditions, typically by minimizing the sum of
squared muscle forces or activations. Apart from SO, the Genetic Algo-
rithm (GA) method has been proposed to predict trunk muscle
co-activation (rectus abdominis and erector spinae) in pregnant women
[44,45], as alterations in muscle co-activation during pregnancy remain
insufficiently understood and deserves exploration. The co-contraction
can be estimated from the joint moment and EMG data using GA. One
advantage of GA is that it can estimate the muscle torque of some
movement without requiring muscle-tendon modeling. Moreover, it
does not rely on maximum voluntary contraction (MVC) tests to
normalize EMG signals for validation. Instead, leave-one-out cross--
validation can be performed based on repeated EMG measurements.

4.3.5. Kinetic outcomes

Most studies investigated lumbopelvic or lower-limb kinetics during
pregnancy, including joint moments or joint power [3,51,54,62].
Pregnant-related weight gain and altered movement patterns signifi-
cantly impact joint moments and power, particularly in the lumbar
spine, pelvis, and lower limbs [60]. Abnormal joint moments or power
may indicate compensatory strategies that compromise balance and
increase fall risk, or reflect muscle fatigue and soft tissue stress, which
could contribute to musculoskeletal pain [60].

Some studies applied musculoskeletal models to examine muscle
forces and joint contact forces, with a primary focus on the lumbar re-
gion [33,40,44]. Unlike joint moments and power, which reflect the
combined effect of all soft tissues around a joint, muscle force analysis
allows for identifying specific muscles contributing to abnormal joint
mechanics. Results of muscle force also facilitate the calculation of joint
contact forces, providing essential insights into the mechanisms of
pregnancy-related joint pain.

4.4. Limitations and challenges in pregnancy modeling

Several limitations have been identified across the range of pregnant-
specific models, along with the challenges associated with addressing
them, and potential solutions have been proposed.

4.4.1. Lack of validation

Validated models can help to gain valuable insights into biome-
chanically or clinically relevant load cases. Although many models were
developed from generic models that have been validated on the general
non-pregnant population, most pregnant-specific models included in
this review were not revalidated after adaptations. It remains unknown
whether the model with abundant pregnant-specific modifications can
reliably simulate the actual musculoskeletal loads. The main pregnant-
specific modifications focus on the BSIPs, which have a significant
impact on simulated joint kinetics [91]. Therefore, it is necessary to
revalidate these pregnant-specific models in the future.

4.4.2. Limitations in body segment scaling during pregnancy

Most pregnancy-related studies adopt standard marker-based linear
scaling with general marker placement [51,56,58], which may not ac-
count for pregnancy-induced changes such as edema and soft tissue
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accumulation [21]. While alternative marker placements have been
explored, their validity remains uncertain [83]. More advanced
pregnant-specific marker protocols, and other scaling/modeling
methods like MRI-informed modeling, statistical-shape scaling or
optimization-based scaling deserve to be explored in the future.

4.4.3. Challenge of pregnant-specific muscle modeling and limitation of
static optimization

Muscles play a significant role in pain, yet pregnant-specific
musculoskeletal models are still limited [33,40,45]. No musculoskel-
etal models have adjusted musculotendon parameters for pregnant
women due to the lack of research about muscle properties in this sen-
sitive population. However, studies have shown evidence of changes in
muscle strength and passive properties during pregnancy [47,107-110].
The absence of pregnant-specific musculotendon parameter modeling
inevitably affects the simulation results.

Currently, most pregnant-specific musculoskeletal models rely on SO
for muscle force calculations [33,34,40]. However, the SO approach
overlooks muscle co-contraction, which involves the simultaneous
activation of antagonist and agonist muscles. Most existing models focus
on analyzing muscle forces in the lumbopelvic region, where muscle
co-contraction plays a critical role in maintaining trunk stability and
cannot be ignored [111]. This limitation of SO highlights the need for
alternative methods that accurately account for muscle co-contraction.
Fortunately, an alternative GA method proposed by Morino et al. re-
quires only joint moment results and EMG data as inputs, bypassing the
need for modeling pregnant-specific muscle properties or conducting
MVC tests with participants [44,45]. This method shows promise for
future research on pregnant women, as it could provide a more realistic
representation of muscle function during pregnancy without requiring
risky experimental data collection.

4.4.4. Lack of detailed modeling of lumbopelvic region

Low back pain and pelvic pain are prevalent in pregnant women, but
models with detailed and advanced lumbar spine and/or pelvic
modeling are rare. More developed modeling of lumbopelvic region in
the future will facilitate a deeper understanding of pregnancy-related
lumbopelvic pain. For example, lumbar models with more degrees of
freedom to simulate lumbar lordosis and the introduction of pubic
symphysis or sacroiliac joint to explore the pelvic joint contact forces are
needed.

4.4.5. Lack of subject-specific modeling

Pregnancy is a highly individualized process [36,60], with gesta-
tional weight gain varying widely across populations and influenced by
a range of factors [112]. Thus, generic pregnant-specific models built
from "average" geomatic and inertial parameters may not provide suf-
ficient accuracy for kinetic analysis. More advanced workflows (e.g.,
incorporating MRI or 3D body scanning, either as modeling inputs or
validation tools) to build personalized pregnant-specific models with
accurate body segment parameter estimates are essential in future
research.

4.5. Limitations of the review

Some modeling studies may not have clearly specified pregnancy-
related modifications in their titles or abstracts [62,69], particularly
when such modifications were minor. As a result, despite the use of a
comprehensive search strategy, some relevant studies may have been
missed during the initial screening process. For instance, certain studies
emphasized how they addressed pregnancy-related biomechanical is-
sues but did not mention modeling explicitly in the title or abstract,
making them less likely to be captured in database searches [62,69].
Additionally, certain studies may have underreported modeling details
[54,67], limiting our ability to fully assess the extent of
pregnant-specific adaptations.
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Due to the limited number of existing studies on pregnant-specific
multi-segment modeling, and the wide heterogeneity in model
complexity [40,67] (e.g., from simplified multi-segment models to
detailed muscle path modifications), it was challenging to perform a
comprehensive synthesis across studies. Nevertheless, this review aimed
to go beyond merely describing model characteristics by synthesizing
both their applications and modeling approaches, offering important
guidance for future modeling efforts in this field.

5. Conclusions

Kinetic analysis using multi-segment or musculoskeletal models is a
powerful approach to gain insight into the human musculoskeletal
biomechanics. To understand biomechanics during pregnancy, models
intended for the general population have been modified to incorporate
pregnant-specific features, including adjustments to body segment pa-
rameters and muscle paths. However, most existing scaling methods are
marker-based and limited by pregnancy-related soft tissue artifacts.
Segment inertial parameters are often estimated using regression
models, which may fail to capture the considerable individual vari-
ability among pregnant women. Most models are used to explore lower-
limb or lumbar kinetics during daily activities, but the majority of them
lack validation and detailed lumbopelvic modeling. Existing pregnant-
specific musculoskeletal models are limited and mainly rely on static
optimization for lumbar muscle force calculation, which neglects trunk
co-contraction. Future research should prioritize the development of
more detailed and validated modelling methods with more accurate
model personalization, to better account for the biomechanical changes
during pregnancy, enhancing our understanding of pregnant-related
movement adaptations and musculoskeletal disorders.
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