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ABSTRACT 

OPENSIM-BASED MUSCULOSKELETAL MODELING: FOUNDATION FOR 

INTERACTIVE OBSTETRIC SIMULATOR 

 

Bahador Dodge 

Old Dominion University, 2023 

Director: Dr. Michel Audette 

The use of mathematical and computational models to understand complex biological 

systems, such as the human birth process, is a rapidly growing field in medicine. These models 

can be used to optimize and personalize medical treatments for individual patients, enhance 

training, and aid in educational efforts. While recent advancements in healthcare, particularly in 

obstetrics, have improved care for mothers and babies, studies and government reports indicate a 

rising rate of maternal mortality in the United States. 

Despite this rising trend, there is a lack of detailed studies concerning the use of modeling 

and simulation to develop an interactive obstetrics simulator that can aid both practitioners and 

patients. This research builds upon a novel template for developing an interactive obstetric 

simulator and aims to replicate an onerous finite element vaginal delivery simulation with an 

interactive, patient-specific simulator that emphasizes musculoskeletal dynamics. The study 

utilizes the open-source platform of OpenSim and inverse-kinematic solutions to develop fetal and 

maternal musculoskeletal models and simulate birth on the musculoskeletal level.  
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CHAPTER 1 

INTRODUCTION 

A detailed study conducted in 2020 by Tikkanen et al. [1] reveals that the U.S. has a high 

maternal mortality rate among developed countries with 17 percent of deaths occurring on the day 

of delivery, due to too few midwifes and maternity care providers. Moreover, the Centers for 

Disease Control and Prevention CDC reports a nearly 40 percent increase in maternal mortality 

rate in 2021 compared to 2020 with 1,205 deaths in total in the U.S. [2]. 

Although lack of midwifes or access to maternity care impacts maternal health, there are 

other factors contributing to labor outcome that affect both maternal and neonatal health including 

obstetrics training [3] and delivery complications [4]. Results of a study conducted by Birch et al. 

show improved obstetrics performance with obstetrics training [3]. She and her team conclude that 

obstetrics is a medical specialty associated with a high level of risk in which, to some degree, 

complications are unavoidable, highlighting the importance of training [3]. 

In 2008, some form of pregnancy complication was reported in 94.1 percent of the 4.2 

million deliveries that occurred that year, Elixhauser and Wier reports [4]. A study in 2014 found 

that major obstetrical complications vary significantly among U.S. hospitals, depending on their 

performance [5]. The combination of these recent studies emphasizes the significance of obstetrics 

training and its correlation with obstetrics performance in managing labor complications. 

Obstetric complications can range from mild to severe and encompass a variety of issues. 

Some of the more frequently encountered complications during labor include lack of progression, 

preterm delivery, premature rupture of membranes, infections, stillbirth, and high blood pressure, 

while more serious complications include shoulder dystocia, preeclampsia, and prolapsed 

umbilical cord, among others [6]. 
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To put it in perspective, preterm delivery, which is the birth of a neonatal before 37 weeks 

of gestation, occurs in approximately 10% of all pregnancies. Normally, a pregnancy lasts about 

40 weeks from the first day of the last menstrual period. Preterm delivery can lead to various health 

problems for the baby, including respiratory distress syndrome, low birth weight, and 

developmental delays [6]. 

Shoulder dystocia is a medical issue that occurs in about 1-2% of pregnancies and refers to 

difficulty delivering the fetal shoulder after the head has been delivered as depicted in figure 1. It 

is often caused by a large fetus trying to pass through a typical sized pelvis. The incidence of 

shoulder dystocia has increased in recent decades, and it is a serious emergency for the baby that 

can result in breathing difficulties, death, brain damage, or brachial plexus injury. The latter is 

caused by the efforts to resolve the dystocia [7].  

 

Figure 1. Shoulder dystocia, reproduced from Obgynkey.com [8]. 

During a lack of progression, as in cases of shoulder dystocia, various interventions can be 

applied, such as performing an episiotomy, executing the McRoberts maneuver by flexing and 
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abducting the mother's hips and positioning her thighs onto her abdomen, applying suprapubic 

pressure to the fetal anterior shoulder, and delivering the posterior arm. If these techniques are 

unsuccessful in resolving the lack of progression, more drastic measures like deliberately breaking 

the clavicle or performing a cesarean may be considered [8]. 

Obstetrician training for delivery complications is done using either low-fidelity or high-

fidelity modalities, mainly through mannequins [9]. By definition, a high-fidelity training modality 

is more realistic with more features than a low-fidelity modality that lacks some of components or 

features, making the training scenario less realistic. 

A study conducted in 2006 by Crofts et al. shows a 94% overall delivery success rate in 

using high-fidelity mannequins for obstetrics training during a shoulder dystocia event compared 

to 72% when training with a low-fidelity mannequin [10]. However, there is conflicting research 

on this subject. 

 

Figure 2. High-fidelity obstetrics NOELLE mannequin form Gaumard.com [11]. 

In 2019, Massoth et al. reported achieving better results in training with low-fidelity 

mannequins and recorded low-performance in groups trained with high-fidelity mannequins [11]. 

Prior to this, in 2006, Scerbo et al. reached the same conclusion that training with low-fidelity 
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mannequins shows better results in overall performance [12]. In contrast, Matsumoto et al. found 

no notable distinction between training with low-fidelity or high-fidelity models [13]. A study by 

Lee et al. in 2009 also found no significant performance margin between training with low-fidelity 

or high-fidelity mannequins, finding no difference between the two for training scenarios [14]. 

 

Figure 3. Low-fidelity obstetrics PROMPT Flex simulator, reproduced from Laerdal.com [15]. 

An extensive study in 2017 conducted by Krishnan et al. reports multiple disadvantages of 

training with such modalities in general. Identifying a broad range of limitations such as 

incomplete mimicking of human systems, defective learning by poor mannequin design, expensive 

cost of increased fidelity and lack of correct physical representation, etc. [16]. 

Despite the contradictory research on the benefits of using low and high-fidelity modalities 

in medical training, the aim of this review is not to undermine the importance of mannequin-based 

training. However, with recent advancements in technology, there has been a growing trend 

towards utilizing computer-based simulations and virtual reality in medical training. 

In 2023, Mahling et al. studied use of computer-based simulation in medicine showing a 

significant positive attitude of trainees towards computer-based training [17]. In 2002, Ravert 
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studied the same topic and found a 75% increase in positive effects of computer-based simulation 

in training [18]. In 2014, Karakus et al. found a significant improvement in medical training could 

be achieved through computer-based simulation resulting in increased performance in multi-step 

diagnostic approaches [19]. 

Modeling and Simulation (M&S) is a computational discipline that involves creating a 

model of a system as an abstraction and using simulations to observe model behavior and draw 

conclusions. In the field of medicine, M&S has become increasingly important as it allows for the 

study of complex biological systems [20]. The use of mathematical and computational models in 

medicine has become an essential tool for understanding the underlying processes in human labor 

and delivery [21]. Additionally, M&S can be used to optimize and personalize medical treatments 

for individual patients and act as an educational tool for medical students and practitioners [22]. 

Finally, M&S can improve the efficiency of medical intervention techniques by using virtual 

reality (VR) and augmented reality (AR) technology for training sessions [23]. 

M&S has been used in predictive analyses such as predicting human birth rates and fetal 

death at a population scale [24], as well as in medical surgical applications [25]. However, there 

have been no detailed studies using M&S to model and simulate the human birth process at 

interactive rates, particularly in cases of delivery complications, for the purpose of training 

practitioners, until recently. 

In 2021, Audette et al. proposed a template of a novel obstetrics simulator pipeline using 

open-source platforms [22]. Their research outlined the architecture and foundation of the 

simulator, with the core components of the simulator including real-time birthing simulation, a 

pipeline that utilized fetal MRI to register skin surface segmentation, and the open-source 

musculoskeletal dynamics simulation platform OpenSim [26] for representing fetal movement 
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[22]. These coupled with VR and haptic devices, enable obstetricians to practice and refine their 

skills in managing complex delivery scenarios, such as shoulder dystocia, in a controlled and safe 

environment. The foundation for this interactive simulation project is based on the work of a Porto-

based research group. 

The Porto-based research group, Parente, Natal Jorge and Oliveira, conducted a series of 

predictive studies to examine the deformation of the pelvic floor during delivery using Finite 

Element Simulation (FE) [27-29]. The focus of their studies is on mechanisms behind pelvic floor 

dysfunction related to vaginal delivery. A central element of these studies is the development of a 

fetus anatomy consisting of a tetrahedral surface mesh devoid of bones or ligaments as shown in 

figure 4. 

 

Figure 4. Fetal model used in the predictive simulations of Porto-based group from Parente [27]. 

Finite element modeling and simulation is a mathematical technique used to analyze 

complex engineering and scientific problems. It is based on the concept of dividing a complex 

system or structure into smaller, more manageable parts called finite elements. Each FE is analyzed 
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individually, and the results are combined to obtain a comprehensive understanding of the entire 

system. FE modeling is widely used in various fields such as mechanical engineering or 

biomechanics [30]. 

The mathematical aspect of FE modeling involves using partial differential equations to 

represent the physical behavior of the system. These equations describe how the system responds 

to various external stimuli such as forces and pressure. The equations are then discretized into 

smaller, simpler equations that can be solved using numerical methods. These smaller equations 

are typically solved iteratively, and the results are combined to obtain the final solution. FE 

modeling and simulation can be performed using specialized software, such as Abaqus [31], which 

automates the entire process. 

The accuracy of FE modeling and simulation is dependent on the accuracy of the 

mathematical model used. Therefore, the selection of appropriate material models and boundary 

conditions is crucial in obtaining accurate results. In addition, the mesh size, or the size of each 

finite element, plays a significant role in the accuracy of the results. Smaller mesh sizes result in 

more accurate results but require more computational resources and time [30]. 

The FE simulation of the Porto-based research group represented the maternal anatomy 

with a static collection of pelvis bones. By defining a series of finite elements and assigning four 

rigid points to their fetal model, the movement of the fetus through the vaginal canal is controlled. 

The location of these points is in the center mass of the head (P1), collar (P2), torso (P3) and hip 

(P4) as depicted in figure 5. The pelvis, representing the maternal anatomy, is depicted in figure 

6. 
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Figure 5. Location of four rigid body points on FE fetal anatomy from Parente [27]. 

 

Figure 6. Maternal anatomy representation of the FE simulation from Parente [27]. 
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The FE fetal anatomy is created with anthropometric measurements similar to those of a 

full-term fetus in typical obstetric practice. The predictive simulation took about twenty hours to 

complete, culminating in the passage of the FE fetal head through the pelvic floor. A sequence of 

images, depicted in figure 7, captured the progression of the FE fetal movement through the birth 

canal. 

 

Figure 7. FE fetal movement through maternal pelvis from Parente [27]. 

While studies by Parente, Natal Jorge, and Oliveira show promise in calculating the 

impacts of vaginal delivery on the pelvis, their work has some limitations. First, their simulations 

run for several hours [28], making them unsuitable for training purposes where scenarios need to 

be fast and on-demand. Second, their central figure lacks structural anatomies [28], which are 

crucial when recreating complicated scenarios like shoulder dystocia that require shoulder bones 
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to begin with. Third, the maternal anatomy is only represented by a static pelvis [28]. 

The limitations of the Porto-based group’s work, and the novelty of Audette's proposed 

obstetrics simulator pipeline [22] prompted this research to incorporate both studies. By using the 

finite element fetal anatomy and its movement [27] and building upon the proposed project [22], 

the aim of this research is to develop a musculoskeletal model of the FE fetus by using the open-

source platform OpenSim [26] and transforming the onerous finite element study into a patient-

specific, real-time, virtual simulation that incorporates a full maternal musculoskeletal structure. 

1.1 Problem Statement 

Maternal mortality rates in the United States are increasing, and several contributing factors 

have been identified, including a shortage of obstetricians and midwives, training, and 

complications during labor and delivery. There are many types of delivery complications, each 

with varying rates of occurrence, underscoring the importance of training to prepare for any 

situation. 

Traditionally, obstetrics training has relied on either low-fidelity or high-fidelity 

mannequin-based modalities, which have proven useful but also have limitations, according to 

conflicting studies. To address these issues, there is a growing trend toward computer-based 

simulation for obstetric training, which has the potential to be more effective than traditional 

methods. 

While simulation is already used in predictive modeling in obstetrical care, there is a lack 

of detailed research dedicated to musculoskeletal dynamic incorporated interactive simulations for 

delivery training when faced with complicated scenarios such as lack of progression or, in rare 

cases, shoulder dystocia. 
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1.2 Research Objective 

This research aims to develop a patient-specific, real-time, virtual obstetrics simulator that 

will subsequently use haptic devices to facilitate delivery training for obstetricians, particularly for 

complicated deliveries such as lack of progression or, in more rare cases, shoulder dystocia. To 

accomplish this, the study uses data from an extensive finite element study of vaginal delivery, 

which represents maternal anatomy with a static pelvis bone and a hollow tetrahedral fetus mesh 

and builds upon a novel template of obstetric simulator which is proposed recently. 

The study models the musculoskeletal structure of the fetus in terms of its FE 

anthropometric data using OpenSim and incorporates a fully modeled musculoskeletal maternal 

body to simulate the musculoskeletal passage of the fetus through the vaginal canal. By converting 

the lengthy finite element predictive simulation to an interactive, patient-specific virtual 

simulation, this study represents preliminary work toward developing a real-time obstetrics 

simulator. Additionally, this study presents two approaches to visually enhance the 

musculoskeletal representation of the fetal anatomy by skinning. 

1.3 Thesis Content 

Chapter 2 focuses on the background study of fetal musculoskeletal modeling, as the goal 

of this research is to develop a musculoskeletal model of the FE fetus and simulate birth though 

use of OpenSim [26]. The background section reviews prior works and methods. 

Chapter 3 delves into the implementation of OpenSim [26] for skeletal modeling of fetal 

and maternal structures and presents two skinning approaches for enhancing the representation of 

fetal anatomy. The chapter begins with data acquisition and data validation, then explains the 

rescaling of the female adult model to fetal size and marker placement for motion tracking with 

implementation of inverse kinematics (IK) to simulate fetal movement, which then is validated 
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through multiple steps. Then two different approaches to skinning are presented. One, 

Biomechanical Animated Skinned Human (BASH) and two, manual skinning using a generic full-

term fetal anatomy are discussed. 

Chapter 4 presents the results of the work carried out in Chapter 3. The chapter provides a 

comprehensive explanation of the main objective of this study and analysis of the results. 

Chapter 5 provides concluding remarks and the future work of the thesis.



 

 

13 

CHAPTER 2 

BACKGROUND 

Obstetrics, the branch of medicine that deals with pregnancy, childbirth, and postpartum 

care, goes back to ancient times. However, obstetrics as a medical specialty began to develop in 

the 16th century. In the 19th and 20th centuries, significant advances were made in obstetrics, 

including the development of forceps and other tools to assist delivery, and the introduction of 

modern techniques to reduce the risk associated with labor [32]. 

While the history of obstetrics dates back a long time, the focus of this research is on 

converting an onerous FE vaginal delivery simulation to an interactive, patient-specific simulation 

that centers on OpenSim [26] fetal musculoskeletal modeling based on anthropometric data of the 

FE fetus. Therefore, this section aims to review relevant literature on modeling of the fetal or 

neonatal musculoskeletal system in OpenSim [26] and introduce OpenSim [26] and its capabilities 

in more detail. 

Literature on the complete neonatal or fetal musculoskeletal system is very limited, with 

few studies focusing on this topic. Lim et al. conducted research in 2022 that explores the 

difficulties associated with creating subject-specific musculoskeletal models of neonates. This 

study highlights the importance of these models in understanding the mechanics of movement but 

also notes the unique challenges that arise when creating such models [33]. 

One of the key challenges highlighted in the article is the lack of data available on neonatal 

movement. Unlike adults, neonates are unable to perform complex movements or follow 

instructions, which makes it difficult to capture the necessary data to create accurate models. The 

study proposes using various techniques such as motion capture, MRI, and ultrasound to obtain 

the required data [33]. Another challenge is the difficulty of accurately representing the complex 
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interactions between the various components of the musculoskeletal system in neonates, like 

muscle interactions, which the study suggests could be addressed by incorporating physiological 

data and modeling the system at a higher level of abstraction [33]. 

Despite the challenges highlighted by Lim et al. in modeling the musculoskeletal system 

of neonates, their study is able to develop a model of a newborn infant by utilizing motion capture 

data by placing markers on the newborn and transporting the marker data from the experiment 

onto a generic GAIT 2392 OpenSim model [26], simulating the movement of lower extremities in 

a neonatal model. 

Verbruggen et al. [34]  presented a paper that focuses on modeling the biomechanics of 

fetal movements. The study used a combination of experimental data and finite element modeling 

to investigate the forces involved in fetal movements during pregnancy. The methodology consists 

of three steps which are illustrated in figure 8. 

 

Figure 8. Reproduced from Verbruggen et al. study [34]. 

Step one tracks the displacement of the fetal kicks observed in MRI images taken from 

three fetuses aged 20 – 22 weeks, using custom software developed in MATLAB. Step two 
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calculates the forces generated by fetal leg muscles producing the observed kicks. This step is 

modeled using a finite element study. Step three consists of creating a partial musculoskeletal 

model of the right leg of a fetal body using OpenSim [26] and is based on the MRI measurements. 

The partial musculoskeletal model is the result of a modified 3DgaitModel2354 [26] model and 

consists of the right pelvis, femur, tibia, talus, calcaneus and toes [34]. 

The study used OpenSim [26] to describe fetal movements and to calculate intramuscular 

forces necessary for generating kicks. It found that the fetal movements were generated by the 

excitation of skeletal muscles and the movement of joints. Their results suggest that their model 

can provide insight into the development of the fetal musculoskeletal system and may have clinical 

applications, such as in the diagnosis of fetal abnormalities [34]. 

A study by Kim et al. in 2022 discussed the importance of investigating the fundamental 

principles of cognitive development and developmental disorders from the prenatal to postnatal 

stages. Determining the necessary sensorimotor experiences in fetuses and infants by directly 

evaluating the role of the cortex in cognitive development is challenging due to technical and 

ethical difficulties. To address this, the study proposes a simulation-based approach for explaining 

the mechanism of cognitive development using a musculoskeletal and uterine model to simulate 

fetal movements [35]. 

The study consists of multiple stages. First, the study models a full musculoskeletal 

structure of a fetus by rescaling a generic model in OpenSim [26] using a scaling tool. Then, the 

study wrapped the skeletal system using a generic high-quality skin mesh. Second, a soft uterine 

model was used to contain the fetal anatomy inside it.  

The resulting wrapping and simulation is generated using MuJoCo software [36]. Lastly, 

the simulation is conducted using a MuJoCo and OpenSim [26] Python wrapper. Figure 9 shows 
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the high level sequence of Kim et al.’s study [35]. 

 

Figure 9. Modeling sequence from Kim et al. study [35]. 

Despite the limited number of studies on fetal musculoskeletal modeling, a common thread 

among them is the utilization of OpenSim [26] software for modeling, analyzing, and simulating 

the musculoskeletal dynamics of fetal and neonatal structures. Therefore, it is crucial to conduct a 

thorough review of OpenSim [26] software and gain an understanding of its capabilities, as it is a 

powerful tool in the field of biomechanics and holds significant relevance to this research. 

2.1 What is OpenSim? 

OpenSim [26] is a free, open-source software package used to model and simulate 

musculoskeletal structures and analyze their movement. It is commonly used in biomechanics 

research to investigate human movement and can be applied to a wide range of fields. OpenSim 
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[26] allows users to create and analyze models of various anatomical structures, including bones, 

joints, and muscles, and simulate their movement in different scenarios. Figure 10 shows OpenSim 

graphical user interface (GUI). 

OpenSim [26] has many tools for model development, including the ability to create full-

featured musculoskeletal models with rigid body parts, joints, and muscles. In addition to building 

custom models, OpenSim [26] also provides a library of musculoskeletal models that are validated 

based on specific parts under study and can be used as a starting point. These models have been 

extensively tested and can be modified to suit the specific needs of the research project. In this 

way, OpenSim [26] provides a powerful tool for investigating the biomechanics of the human body 

and developing simulations of movement and function. 

 

Figure 10. The GUI of OpenSim from Delp et al. [37]. 
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In terms of model analyses and simulation, OpenSim [26] is capable of model scaling, 

importing experimental data such as marker trajectories (in motion capture), inverse dynamics, 

static optimization, and forward dynamics. Moreover, the ability to calculate muscle-driven 

forward simulations as well as plotting markers and muscle activity is also supported in OpenSim. 

The OpenSim [26] model is a structured representation of the musculoskeletal system and 

its dynamics, composed of interconnected modules that depict biological structures or devices 

[38]. Its purpose is to simulate the physical system and consists of two elements: a system of 

equations with fixed physical parameters and a state vector that contains variables that alter over 

time, such as joint angles. Figure 11 explains this abstraction process. 

 

Figure 11: OpenSim model system [39]. 

OpenSim [26] stands out as a valuable tool for modeling and simulating movement due to 

its capacity to generate subject-specific musculoskeletal models and its analytical tools such as 

forward and inverse dynamics and kinematics [26].
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CHAPTER 3 

METHODOLOGY 

The methodology of this thesis outlines the steps taken to create the foundation of a virtual 

obstetrics simulator to improve the training of obstetricians during delivery processes with 

complications, such as shoulder dystocia. The methodology begins with the acquisition and 

processing of data, the implementation of fetal and maternal models in OpenSim [26], the 

application of an inverse kinematic solution, and the replication of the delivery simulation. 

Additionally, this study discusses the initial steps taken toward visual enhancement of the fetal 

musculoskeletal structure with skinning by replicating the BASH model [40] and employment of 

Blender [41]. The results and analysis of each step taken are discussed here. 

3.1 Data Acquisition 

The FE vaginal delivery simulation of Parente, Natal Jorge and Oliveira [27] is conducted 

using Abaqus [31], a powerful simulation tool widely used for FE studies. The FE output database 

is a binary file that stores information related to the maternal pelvis and fetal tetrahedral mesh as 

well as fetal displacement and orientation in 3D space. The data has the standard engineering 

coordinate system which is called the global coordinate system. The output data then is separated 

into two categories. 

The FE simulation output file contains displacement and some rotational data of the four 

rigid body points introduced in the introduction section. The location of these four rigid body 

points is described in table 1. These rigid points also were placed in the center of the mass as 

depicted in figure 12. 
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Table 1. Rigid body points location 

Rigid Points Location 

P1 Head 

P2 Collar 

P3 Torso 

P4 Hip 

 

Figure 12. Rigid body points locations [27]. 

After extracting the data from the Abaqus [31] output database, it is separated into two 

categories. The first category includes the displacement coordinates of four points in X, Y, and Z 

coordinates throughout 1112 frames spanning 7 seconds. These coordinates are in standard 

engineering format. These data points are then compiled into an Excel file for further processing. 
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The resulting Excel file provides information on the motion of the four points through 3D space, 

over time. Table 2 presents the first five rows of the data in this category. 

Table 2. First 5 rows of displacement data extracted from Abaqus output file 

 

The second category, however, included the initial coordinates of the four rigid points at 

time zero, as well as the sum of their displacement and rotation at each given second of the 

simulation. Table 3 describes the second data category. 

Table 3. Sum of displacement and rotation per rigid point for each second 

 

Time X Y Z X Y Z X Y Z X Y Z

0 -63.5434 44.63574 -9.3221 -23.9283 64.09013 -83.8562 18.38773 146.9963 -67.3236 47.82998 197.733 -45.4331

0.02 -63.5434 44.63574 -9.3021 -23.0598 63.45011 -82.9962 19.11267 146.447 -66.5587 48.31806 197.3206 -44.6689

0.04 -63.5434 44.63574 -9.2821 -22.1956 62.80027 -82.1362 19.83465 145.8877 -65.7986 48.8036 196.8992 -43.9155

0.07 -63.5434 44.63574 -9.2521 -20.9094 61.80796 -80.8462 20.91032 145.0308 -64.6678 49.52565 196.2507 -42.8063

0.115 -63.5434 44.63574 -9.2071 -19.009 60.28326 -78.9112 22.50206 143.7081 -62.9931 50.59014 195.2439 -41.1903

Head Collar HipTorso
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Displacement Unit = Unknown

Rotation Unit = Rad  / s

X -10 [] -20 -0.58 -27.5 0 -35 0 -40 0 [] 0 -40 0

Y -15 [] -30 -0.7 -46.5 0 -57 0 -70 0 -80 0 -110 0

Z 4 0.4 8 0.4 8 0.125 8 0.125 8 0.2 8 0.2 8 0.2

X -0.4 -0.58 [] -0.4 [] 0 [] 0 [] 0 -26 0 -54 0

Y -0.6 -0.7 [] -0.6 -39.4 0 -45 0 [] 0 -50 0 -62 0

Z 43 -0.04 86 -0.04 86 -0.1 86 -0.1 86 -0.15 [] -0.05 [] 0.3

X [] [] [] [] [] [] [] [] [] 0 [] 0 [] 0

Y [] [] [] [] [] [] [] [] [] 0 [] 0 [] 0

Z [] [] [] [] [] [] [] [] [] [] [] [] [] -0.75

X [] [] [] [] [] [] [] [] [] 0 [] 0 [] 0

Y [] [] [] [] [] [] [] [] [] 0 [] 0 [] 0

Z [] [] [] [] [] [] [] [] [] [] [] [] [] -0.75

Hip

[] = No boundry given

0 = No movement

6 to 7

Rigid points

Second Steps

Head

Collar

Torso

0 to 1 1 to 2 2 to 3 3 to 4 4 to 5 5 to 6
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3.2 Data Validation 

Data validation is a crucial step in any research process to ensure the accuracy and 

reliability of the collected data. The validation process involves checking the completeness and 

correctness of the data, identifying outliers, missing values, and resolving any inconsistencies or 

discrepancies. This study performs a series of data validation processes to ensure the accuracy and 

consistency of the collected data. These steps involve using Python to check the statistical 

properties of each axis, performing a missing-value check and identifying any outliers using scatter 

plots. 

3.3 Validating Data – Step One 

To ensure the completeness of the collected data, a thorough data validation process is 

conducted for each rigid body displacement data in 3D space. This step finds no missing values in 

the dataset using the Pandas library in Python. Additionally, the statistical properties of the dataset 

such as count, min, max, etc. are presented in table 4. 

Table 4. Statistical analysis of the four rigid body displacement data 
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3.4 Validating Data – Step Two 

Although the statistical properties of the dataset presented in table 4 indicate that there are 

no outliers in each rigid body displacement data, scatter plots are generated as a visual aid to ensure 

the completeness of the collected data. Using this technique makes it easier to identify any outliers. 

Then, each scatter plot is visually inspected to identify any irregularities in the dataset. This process 

enables the identification and correction of any potential errors or inconsistencies in the data, 

ensuring the reliability of the results obtained from the Abaqus simulation. 

The scatter plot representation of the fetus head movement for each axis through 1112 

frames of time equal to 7 seconds is shown in figure 13. 

 

Figure 13. Scatter plot of fetus head movement. 

Moving on to other points, figures 14, 15 and 16 illustrate scatter plots of the collar, torso 

and hip respectively. 
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Figure 14. Scatter plot of fetus collar movement based on Abaqus data. 

 

Figure 15. Scatter plot of torso movement based on Abaqus data. 
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Figure 16. Scatter plot of fetus torso movement based on Abaqus data. 

When inspected visually, these scatter plots show no outliers in each of their axes 

respectively. The continuity of each point of each axis throughout the entire timeframe is 

highlighted. The scatter plots for each axis are so dense that they almost form a line. However, 

there are some minor discrete movements between the second 3 and 4, which may have been 

caused by change of speed or changes in direction by the fetus during the simulation. 

 OpenSim-Based Skeletal Dynamic Simulation 

After obtaining the data related to the displacement of the FE vaginal delivery simulation, 

the next step is to create a fetal musculoskeletal model and incorporate the displacement data to 

re-create the FE delivery dynamics. This method converts the onerous FE delivery simulation 

which used a hollow fetal mesh for an interactive delivery simulation emphasizing the 

musculoskeletal dynamics. Thus, based on the capabilities of OpenSim [26] introduced in the 
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background chapter, this platform is selected for the purpose of creating the fetal and maternal 

musculoskeletal anatomies. 

In this research, a specific set of OpenSim [26] tools are utilized including the scaling tool, 

marker placement, and inverse kinematic solutions. The scaling tool is used to scale the size of the 

fetal skeletal model based on the anthropometric data of the FE fetus. Markers are then generated 

to govern the motion of musculoskeletal dynamics. Additionally, an inverse kinematic solution is 

utilized to calculate the joint angles of the musculoskeletal fetal model based on the motion data. 

By using these tools, an accurate interactive re-creation of FE simulation is achieved. 

3.5 Modeling the Fetal and Maternal Anatomies 

For the fetal musculoskeletal model, this research utilized an existing published female 

adult model by Burkhart [42], as shown in figure 17, with minimal modification. The model serves 

as the maternal anatomy. Key characteristics of this model include both lower and upper 

extremities modeled. It comes with 108 degrees of freedom in total, 64.17 inches in height, 134.5 

lbs. and 114 markers. Additionally, this model did not include any constraints or controllers. These 

key characteristics, combined with its publication as a female model, make it an ideal candidate 

for adaptation as a maternal body.  

The OpenSim rescaling tool shown in figure 18 is utilized to adjust the size and proportions 

to create a more precise representation of the fetal skeletal anatomy. Table 5 presents the 

dimensions utilized in the rescaling process of OpenSim to develop the fetal skeletal model by 

adjusting the maternal model. These measurements for rescaling are obtained from the Parente, 

Natal Jorge and Oliveira study [28]. Although the specific measurement presented in their 

publications gives the dimension of the fetal head at 9.0 cm for Biparietal, due to its significance 
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in the birth process, the measurements from the rest of the FE fetus concerning measurements for 

the torso, neck and limbs are obtained from the Abaqus output data file. 

Table 5. Fetal scaling dimensions based on Parente, Natal Jorge, Oliveira study [28] 

Body-Part Measurements (cm) 

Biparietal 9.0 

Neck 3.15 

Humerus 7.91 

Radius 6.42 

Femur 7.84 

Tibia 8.66 

Torso 15.9 

 

Figure 17. Maternal model. 
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Figure 18. The scale tool of OpenSim used to rescale maternal model to get fetal structure. 

The anthropometric measurements obtained in table 5 are consistent with values cited in 

the literature for the average length of newborns [43]. Using a rescaled version of an already 

published musculoskeletal anatomy for the purpose of obtaining the fetal structure is a simpler 

approach compared to building it from scratch. 

The process of rescaling the musculoskeletal model of the mother to obtain the fetal 

structure is a two-stage process. In the first stage, the maternal model is rescaled based on the 

overall length of the fetus. This is achieved by adding up the length of the skull, neck, torso, femur, 

and tibia, resulting in an overall length of approximately 45 cm or 17.7 inches. The maternal model 

has an overall length of 163 cm or 64.17 inches, which resulted in a scaling ratio of approximately 

27% to obtain the fetal model. The outcome of stage one rescaling can be seen in figure 19. 
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Figure 19. Rescaled fetal model compared to maternal anatomy. 

 

Although the resulting fetal anatomy is consistent with the anthropometric length of the FE 

fetus, there are discrepancies in the actual measurements of limbs and skull due to the maternal 

model's specific body proportions. Therefore, scaling down with a constant ratio does not give the 

desired measurements of table 5. Additionally, the resulting fetus has teeth, which is not accurate. 

To address these issues, a second stage of rescaling is necessary, which involves fixing the skull 

representation and modifying the limb proportions. 



 

 

30 

To achieve the second stage of rescaling, the actual length of each limb and the skull of the 

rescaled fetus is recorded. Then new ratios are calculated for each body part using the 

measurements in table 5. The second stage is achieved by accessing the OpenSim source file of 

the rescaled fetal model, allowing direct modification of the ratios and changing the source file 

used to represent each body part. By fixing the ratios and changing the skull source file to a generic 

fetal skull, the second stage of rescaling was complete. The resulting model, shown in figure 20, 

reflects the desired limb and skull measurements. 

 

Figure 20. Rescaled fetal anatomy based on table 5 anthropometric data. 

The maternal model, along with the rescaled fetal structure shown in figure 21, is used to 

investigate the mechanics of the labor process and accelerate the FE vaginal delivery simulation. 
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This approach is a precursor to the development of an interactive, patient-specific obstetric 

simulator proposed by Audette et al. [22]. The accurate representation of the fetal musculoskeletal 

system is achieved using OpenSim's rescaling tool, which is critical in understanding the dynamics 

of birth in terms of the musculoskeletal system. 

 

Figure 21. Final fetal and maternal anatomies. 
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3.6 Marker Placement 

Before final adjustments of the data obtained from the FE simulation, it is necessary to 

define the four rigid body points on the fetal model in terms of markers. The four rigid body points 

defined in the FE simulation are placed in the center mass of each respective body part mentioned 

in table 1. A set of four markers are created using the OpenSim marker tool. These markers are 

placed at the location corresponding to figure 12. Although the skull obscures the head marker, 

the result of this implementation is depicted in figure 22. 

 

Figure 22. Marker placement position on fetal skeletal model. 
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3.7 Putting the Model in Fetal Position 

The fetal position refers to the characteristic pose of a developing fetus in the uterus, which 

is typically compact with the back curved, head bowed, and limbs drawn up to the torso [44] as 

shown in figure 23. However, the position used in the FE simulation differs slightly from this 

typical fetal position. Parente [27] positioned the fetal model in a more upright pose, with only the 

limbs bent inward. 

 

Figure 23. Leonardo Da Vinci depiction of fetal position [44]. 
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To replicate this position for the musculoskeletal fetal anatomy a slight bend is introduced 

to the back portion, while the limbs were fully bent inward, as shown in figure 24. 

  

 

Figure 24. Fetal position of the musculoskeletal anatomy. 
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3.8 Preparing for Inverse Kinematic Solution 

Inverse kinematics is a technique that involves using a set of displacement data to calculate 

the set of joint angles and rotational data required to achieve that displacement. In biomechanics, 

inverse kinematics is used to determine the movements of joints and limbs during a specific 

motion. By using inverse kinematics, it is possible to change displacement data to a set of 

orientations and rotations, which enables a model to replicate a certain motion [45].  

Before using the OpenSim inverse kinematic solution tool, it is crucial to ensure that the 

excel file containing the displacement data of the four rigid body points is properly formatted and 

contains the required content. OpenSim requires a specific file format, denoted by the extension 

".trc". This file format includes a header that is used by OpenSim to identify the key components 

of the displacement data. The proper ".trc" file format with a unique identifier header for the 

converted Excel file is presented in table 6. 

Table 6. Proper “.trc” file format of converted displacement data. 

 

The markers introduced to the fetal model are responsible for governing the fetal motion 

based on the input data. As these markers are set to specific body parts, most joints and limbs do 

not have an active role in replicating the FE delivery motion. Thus, it is crucial to prevent unrelated 
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joints and limbs from affecting the inverse kinematic outcome, as they can result in unnatural 

movements. 

To ensure accurate calculations, only specific joints were designated to move in the fetal 

position, while other body parts are locked in place to only move in union with the motion-driven 

portion of the anatomy. This is achieved by configuring the relevant joints in the OpenSim 

coordinates section to move respective to their degree of freedom, while the rest of the body is 

fixed in the pose. Table 7 provides the list of moving joints in the fetal skeletal model. 

Note: The joint names and their corresponding rotational degrees of movement remain 

unchanged in reference to the maternal model. 

Table 7. List of moving joints 

Body 

Part 

Range of  

Motion (degree) 

Pelvis Rotation 360 

Pelvis Tilt 360 

Pelvis List 360 

L5 - FE 180 

L4 - FE 180 

L3 - FE 180 

Head 180 

Neck 180 

3.9 Inverse Kinematic Solution 

“Kinematics is the study of motion without considering the forces and moments that 

produce that motion”[45]. Inverse kinematics is a technique used to calculate the joint angles 
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needed for a model to achieve a desired motion or position. It is commonly used in animation to 

control the movement of limbs and joints. In the context of biomechanics, inverse kinematics can 

be used to calculate the joint angles of a human model based on motion capture data. In this way, 

inverse kinematics can help researchers understand how different movements are generated by the 

musculoskeletal system. It should be noted that to use inverse-kinematic at least three non-linear 

marker data are necessary. In the case of this study, 4 markers are placed on the body. 

OpenSim’s IK solution solves for the weighted least squares equation shown in equation 

1. q is the vector of coordinates being solved, xi
exp is the experimental position of marker i, xi(q) 

is the position of the corresponding model marker, qj
exp is the experimental value for coordinate j 

[46]. 

𝑀𝑖𝑛 [∑ 𝑤𝑖|| 𝑥𝑖
𝑒𝑥𝑝

− 𝑥𝑖(𝑞)||2 + ∑ 𝑤𝑖(𝑞𝑗
𝑒𝑥𝑝

− 𝑞𝑗)
2

 ] 

Equation 1. Weighted Least Squares Equation [46]. 

The IK tool in OpenSim can be seen in figure 25. It requires a specific input file, which is 

the “.trc” data file that is now generated and properly formatted. Because the OpenSim IK solution 

solves for weighted least-squares, in this tool users can put any value for the weights of each 

marker. These weights make sure that the emphasis of rescaling goes to the marker with the highest 

weight and downward to the least weighted marker. In this study, however, all weights for four 

markers are set to 1. this ensures that no marker gets higher priority and emphasis when rescaling 

in performing. 
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Figure 25. IK tool of OpenSim. 

The input data file is then fed into the IK tool, and the IK is initiated in OpenSim. During 

the IK calculation, it is evident that the model is starting to move in 3D space. After finalizing the 

IK calculations which lasted about 5 minutes and may vary depending on the hardware used, the 

fetal model now has a motion associated with IK calculations. The motion can be saved as a 

separate output file. OpenSim uses a “.mot” extension to save such output. This file contains the 

actual motion of the fetal skeletal model based on the input data in terms of orientation of each of 

the four markers in 3D space. This motion can be viewed on the OpenSim GUI.  

Although the three non-linear marker conditions are met with four markers on the fetal 

model, they tend to become almost linear in certain poses during the simulation, which causes 

errors in the inverse kinematics calculation and results in incorrect fetal position and orientation 

in space. To address this issue, two methods have been implemented. First, the markers are slightly 
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offset from each other, reducing their linearity in problematic frames. Second, after the IK 

calculation is complete, the motion file is analyzed, and frames with incorrect data are manually 

corrected. This later correction method is done comparing the sum of the orientations calculated 

for each second of the simulation to the data presented in table 2.   

The results of the steps taken so far are aimed to re-create the FE vaginal delivery with 

emphasis on musculoskeletal dynamics. The final fetal musculoskeletal motion associated with 

this step is discussed in detail in the results section. 

3.10  Visual Enhancement of the Simulation 

So far, this study has focused on modeling and simulating the fetal and maternal structures 

using the open-source platform OpenSim based on the FE delivery simulation, with the ultimate 

goal of creating an interactive VR, patient-specific, haptic driven obstetrics simulator. While 

validity in terms of skeletal structure is important, it is equally crucial that the models look realistic 

for obstetricians to train on, enhancing their skills. Therefore, in this part of the methodology, the 

steps taken to enhance the visualization of the fetal musculoskeletal model with skinning are 

presented to deliver a natural, human-looking fetal model. The skinning process is conducted using 

two separate approaches. 

First, the study provides an overview and application of the BASH model (Biomechanical 

Animated Skinned Model), which is a unique tool that uses the SCAPE framework and converts 

the OpenSim musculoskeletal model to a skinned human model.  

Second, the study utilizes a manual skinning technique with Blender using a generic model 

to enhance the realism of the fetal skeletal system. These two approaches are reviewed in detail, 

and their respective results are discussed in the result section. 
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3.11  Biomechanical Animated Skinned Model – BASH 

The Biomechanical Animated Skinned Human (BASH) model is proposed as a method to 

animate 3D human surface models for biomechanical analysis [40]. It provides an animated 

skinned visualization of a musculoskeletal model defined in the OpenSim format without requiring 

any additional data. The BASH model uses the SCAPE model to yield a natural human appearance 

and realistic soft tissue deformations. Furthermore, muscle activity is highlighted on the surface 

which enables dynamic analysis. Figure 26 illustrates the BASH model methodology. 

 

Figure 26. BASH model methodology from Schleicher et al. [40]. 

SCAPE (Shape Completion and Animation of People), the platform that the BASH model 

is built upon is a data-driven method for building a unified model of human shape that can produce 

dense full-body meshes and capture details such as muscle deformations of the body in different 

poses [47]. It learns separate models of body deformation for changes in pose and differences in 

body shape between humans, and it allows proper deformation scaling. SCAPE can be used for 

partial view completion and producing a full 3D animation of a moving person from marker motion 

capture data, and it allows for variation of the individual body shape, making it possible to create 

realistic shape completions and dense 3D animations for people whose exact body shape is not 

included in any of the available data sources [47]. Figure 27 shows the SCAPE method. 
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Figure 27. SCAPE, Shape Completion and Animation of People from Anguelov et al. [47]. 

The BASH model presumably has a unique position in this research for two main reasons. 

First, it utilizes the OpenSim model as input, which is significant because it eliminates the need 

for other methods of integrating OpenSim models into different platforms for skin enhancement 

purposes. Second, it uses the IK output file “.mot”, which is the marker movements data, to 

animate the skinned model. This approach is highly valuable as it ensures realistic and measured 

skin presentation in the resulting 3D animation with visual enhancement of the skeletal model [40]. 

The combination of these two unique attributes of the BASH model makes it a highly interesting 

and efficient tool for generating realistic animations of human movement in biomechanical 

simulations. 

3.12  Steps Taken to Implement Bash Model 

The BASH model's source code can be easily accessed through GitHub, but it does not 

include the OpenSim model or any other required input files such as the IK motion file. The BASH 

model is published with the OpenSim model "runMaD," which is also freely available on the 

author's OpenSim page. To use the BASH model, one must first build the repository and obtain 

the executable and then incorporate the runMaD model and its corresponding motion file as 
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arguments to run the program successfully. The outcome of this experiment is demonstrated in 

figure 28. 

 
Figure 28. runMaD model experiment with BASH model. 

After confirming that the BASH model is working correctly with the runMaD model, the 

fetal skeletal model and its IK motion file are introduced into the BASH model. However, the 

resulting output visualization differed from what is expected. Despite trying various configurations 

of the fetal skeletal model ranging from changing the markers, using a re-scaled runMaD model 

or changing the parameters of the BASH script, no satisfactory result is achieved. These results 

are presented in the next chapter. 

The first attempt to enhance the visualization of the fetal skeletal model using the BASH 

model resulted in no satisfactory output. However, a different approach is chosen to enhance the 

visualization of the fetal model using Blender. 

The Blender software is an open-source 3D modeling and animation software package [41]. 

Blender is chosen for the second attempt. 
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3.13  Manual Enhancement via Blender 

A complete fetal model as shown in figure 29 with all anatomical features, including the 

skeleton, organs, veins, placenta, umbilical cord, etc., is chosen to enhance the visualization of the 

interactive simulation. 

 

Figure 29. Generic full-term fetus, chosen for skinning. 

The following steps are taken to re-create this process with fetal skin. 

• Create a rig to act as the animation foundation governing the fetal motion in the Blender 

environment. 

• Assign fetal mesh to the rig, with proper weighting for unified movement. 

• Re-create the FE delivery simulation in Blender via animation with one-to-one 

projection. 
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In the first step, the Blender rigging tool is utilized to create a suitable rig acting as the 

structure for the fetal mesh. Then the rig is put into the fetal position. Figure 30 illustrates the pose. 

 

Figure 30. Blender rigging structure in fetal position. 

Then, the surface mesh of the fetal skin is added to the rig structure. Figure 31 shows the 

result of this coupling.  By assigning the fetal mesh, the rig and the mesh both are posed in the 

fetal position. 
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Figure 31. Addition of fetal mesh to rig structure in fetal position. 

Finally, the motion profile of the OpenSim musculoskeletal dynamic simulation is put in 

the background to create a one-to-one animation using the new fetal skin and its rig. A sequence 

of movements based on the background movement are introduced to the rig and accompanied fetal 
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mesh to reconstruct the interactive simulation of the OpenSim; the resulting render is a one-to-one 

animation of the musculoskeletal dynamic simulation emphasizing enhanced visualization of the 

fetal model using Blender. The result of this approach is presented in the results section. 

3.14  Conclusion 

In conclusion, the methodology section discussed the steps taken to convert an onerous 

finite element vaginal delivery simulation to an interactive, patient-specific musculoskeletal 

simulation using OpenSim. The FE delivery simulation used a static pelvis bone to represent the 

maternal model and a hollow tetrahedral fetal mesh with its anthropometric measurements 

representing the fetus. 

The ultimate goal of this research is to build upon a novel template proposed by Audette et 

al. [22] to develop an interactive, patient-specific, VR-based, haptic driven obstetrics simulator. 

The core component of this proposed pipeline is the development of a musculoskeletal model of 

Parente, Natal Jorge, Oliveira fetal anatomy. By utilizing the steps taken in the methodology 

section and using OpenSim [26], this study builds upon this core component. 

The steps taken in the methodology are presented in the order in which the study utilized 

them. The result of each step is discussed; graphs and tables are provided to better describe the 

process. The outcome of the OpenSim implementation is discussed in the result section, being the 

goal of this study. The methodology section also presented the efforts to utilize the BASH model 

for enhancing the visualization of fetal movements during childbirth, which then led to the use of 

Blender to manually skin the fetal skeletal anatomy to enhance its visualization. The resulting 

render in Blender and the result of the BASH model are discussed in the next chapter. 
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CHAPTER 4 

RESULTS 

In this section, a review of the steps taken in the methodology section is presented. The 

result and limitation of each step is discussed. This section covers the steps taken to convert an 

onerous finite element birthing simulation to an interactive, patient-specific delivery simulation. 

Moreover, this section reviews and presents the result of two approaches aimed at enhancing the 

visual representation of the musculoskeletal model developed for fetal anatomy. 

Revisiting the steps taken in the methodology section, first, relevant data is extracted from 

the Abaqus [31] output file. Second, a validation process is performed on the dataset to ensure that 

it does not contain missing values. Additionally, scatter plots are generated to check for outliers. 

The validation process showed that the dataset has no missing values nor any outliers. Moreover, 

a published female adult musculoskeletal anatomy is selected to represent the maternal anatomy. 

Third, the OpenSim [26] scaling tool is utilized to rescale the maternal model based on a 

constant ratio of 27% to develop the fetal anatomy. The OpenSim fetal source file is then 

configured to change the representation of the skull and measure the limbs and skull to meet the 

anthropometric data provided by table 1. Finally, by placing four markers on the OpenSim fetal 

skeletal structure, representing the four rigid body points of FE fetal, and invoking the inverse 

kinematics tool of OpenSim, necessary calculations are made to re-create the musculoskeletal 

dynamics of the FE vaginal delivery simulation. 

Additionally, the BASH model is utilized for skinning the fetal anatomy developed in 

OpenSim [26]. A key feature of the BASH model is that it uses the OpenSim model as input and 

uses the motion file associated with IK calculations to generate a skinned animated model. 

However, all the attempts made to incorporate the fetal skeletal model into the BASH model did 
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not produce satisfactory results. These results are discussed later in this chapter. Despite this, 

another approach is made to generate skinning using a generic full-term model in Blender, which 

produced satisfactory results. 

The primary focus of the result section is the key objective of this research: the Inverse 

Kinematic (IK) results of the musculoskeletal modeling via OpenSim. The IK results calculated 

the necessary rotational data required for the four markers to govern the movement of the fetus, 

allowing for the conversion of FE birthing to an interactive simulation, while the visual 

enhancement aimed to provide a more realistic representation of fetal movements during 

childbirth. 

4.1 Data and Validation Results 

The data is extracted from the Abaqus [31] output file which is generated as the outcome 

of the FE birthing simulation. It contained displacement data of 4 rigid body points that are placed 

on the FE fetus and in the center mass of the head, collar, torso and hip respectively. These 4 points 

governed the movement of the FE fetus passing through the birth canal. These displacement data 

are then moved to an Excel file which now has the displacement of each of the 4 rigid points in 

3D space through 7 seconds or 1112 frames. Then the data acquired is validated in terms of missing 

data, outliers and their statistical properties. No inconsistency or missing value is found. Also, no 

outlier data is detected. Scatter plots are generated to present the validity results as shown in figure 

32. 

 



 

 

49 

  

  

Figure 32. Scatter plots generated to show validity in terms of missing values, outliers. 

However, a limitation in this process is in terms of accessibility to the Abaqus [31] 

software. The freely available version of Abaqus is the learning edition which is capable of opening 

or simulating up to 1000 nodes. The FE simulation output data file had more nodes than the limited 

package could open. Thus, to get access to imbedded data, the Mechanical Engineering 

Department of Old Dominion University provided access to the commercial edition of Abaqus. 

4.2 OpenSim Implementation Results 

The implementation of fetal and maternal skeletal modeling using OpenSim consisted of 

multiple steps. The use of a verified full adult model allowed for the detailed representation of the 

maternal model compared to use of a static pelvis. Additionally, rescaling the maternal model in 

two steps resulted in development of the fetal anatomy measured based on the anthropometric data 
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of the FE fetus, and with necessary modification, correct representation of fetal anatomy is 

ensured. Four markers are introduced to the rescaled fetus to govern the fetal movement based on 

the IK calculations. 

The OpenSim IK tool is utilized to re-create fetal movement based on the input 

displacement data, animating the fetal model through space. The IK minimum marker condition is 

met but due to the specific pose of the fetal anatomy in some frames the 4 attached markers are 

put into a linear pattern forcing the IK calculation to produce an error requiring a two-step 

intervention to get a clean simulation. The results of the OpenSim implementation are presented 

in this section, including the accuracy of the rescaled model, the validity of the motion tracking 

markers, and the effectiveness of the IK technique in producing realistic simulations of the birthing 

process. 

The IK calculations took about 5 minutes, and during these calculations the fetal anatomy 

started to move in the background accordingly. The final motion file came with some erroneous 

data points due to linear marker data. After the incorrect data points were manually corrected the 

final result provided a satisfactory outcome. The fetal movement visually matched the movement 

of the FE simulation. Figure 33 provides snapshots of this step, comparing the OpenSim IK results 

and the initial FE birthing simulation. 
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Figure 33. IK Result snapshots compared to FE simulation. 

The comparison between the Inverse Kinematic (IK) results and the FE delivery fetal 
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movements showed matching between the movements of the OpenSim model and the FE model. 

Visually matching the movements is one way of evaluating the outcome. However, further 

statistical analysis was necessary to make sure the results were within the acceptable margins. 

4.3 Evaluating the OpenSim IK Results 

To make sure the accuracy of the IK results matches with the FE simulation outcome, the 

following steps are taken: 

• Compare FE displacement plot with IK output marker movement, 

• Calculate the correlation coefficient between the two output axes, 

• Calculate the root-mean-square deviation. 

OpenSim emphasizes the pelvis as the central element in biomechanical analysis of any 

human movement. The way OpenSim creates its anatomies is around the pelvis. The body is 

structured around the pelvic bone, and wherever the pelvis goes the rest of the body follows 

accordingly. On the contrary, the FE study is centered around the head. The pre-defined 

displacements are introduced for the head to follow a specific path and then the rest of the body 

follows the same movement as the head does. 

Although it seems contrary, the FE study has a rigid body point in the hip area, where a 

marker is put and tracked in the same place for the OpenSim fetal representation. Thus, the pelvis 

movement of both bodies are compared in this analytical study. 

Figure 34 provides two plots, one from the displacement data related to the pelvis rigid 

body point of the FE study and the other represents the IK hip marker displacement data. 
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Figure 34. Displacement comparison between FE pelvis and OpenSim hip IK movements 

through 3D space. 

The X, Y and Z axes represent fetal movement on the standard engineering coordinate 

system with X axis forward, Y axis up and Z axis on the right. The comparison between the two 

graphs represents very similar pelvis movements in 3D space. Although the FE pelvis graph shows 

a dip in seconds 5 to 6, the same dip is emphasized in the IK result. To make sure this emphasized 
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dip is not a concern, the correlation coefficient of the 3D axes is also calculated and compared to 

show the degree of relationship between each axis. 

Equation 2 is used to calculate the correlation coefficient between each axis of the pelvis 

rigid body point displacement and IK hip displacement data. 

𝑟 =
∑(𝑥𝑖 − �̅�)(𝑦𝑖 − �̅�)

√∑(𝑥𝑖 − �̅�)2(𝑦𝑖 − �̅�)2
  

r = correlation coefficient 

𝑥𝑖 = values of the x-axis 

�̅� = mean of values of the x-axis 

𝑦𝑖 = values of the y-axis 

�̅� = mean of values of the y-axis 

Equation 2. Correlation coefficient formula. 

The correlation coefficients of each axis between the two displacements of pelvis and hip 

are 58%, 97% and 99% for X, Y and Z axes, respectively. Although the correlation coefficient 

shows very similar values between the Y and Z axes, the Root-Mean-Squared Deviation (RMSD) 

of the output displacement data of the pelvis rigid body and hip marker for each axis is also 

calculated. The RMSD formula is presented in equation 3. 

𝑅𝑀𝑆𝐷 =  √
∑ (𝑥𝑖 − �̅�)2𝑛

1

𝑛
  

Equation 3. Root-Mean-Squared Error (RMSD) formula. 
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The RMSD results are 0.06, 0.15 and 0.01 for the X, Y and Z axes, respectively. Although 

the correlation coefficient of the Y axis showed a 97% positive relationship, the RMSD showed 

the Y axis has more error. Further investigation showed the emphasized dip between seconds 5 

and 6 is the reason for this increased error. The RMSD shows that the result of IK calculations and 

the FE delivery simulation are indeed very close; thus, the inverse-kinematic solution results are 

validated. This in-turn validated the OpenSim interactive simulation. 

In the FE delivery simulation, a static pelvis represents the maternal anatomy and simulates 

the passage of the fetus through the birth canal. To expand upon this study and make it more 

interactive, a full anatomical model of the mother is now incorporated into the simulation.  

Although the maternal model has no modification regarding its anthropometric 

measurements, its combination with the fetal model allows visualization of the birthing process in 

more detail and helps practitioners investigate the effects of different maternal poses on the 

delivery process. 

By varying the maternal model's pose, practitioners can gain a better understanding of how 

maternal positioning affects the birthing process or help train on maneuvers needed in complicated 

scenarios. These modifications are possible by manually adjusting and rotating the maternal model 

over the X, Y and Z axes respectively. The amount of rotation over each axis is dependent on the 

target pose. The fetal model also needs to incorporate the same rotations to make sure its relative 

position with the maternal body stays the same.  Figure 35 details this incorporation. 
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Figure 35. Fetal and maternal model in the same scene. 

The integration of the maternal and fetal models resulted in a comprehensive simulation 

that accurately depicts the female anatomy during pregnancy. The realistic fetal motion and its 

interaction with the maternal anatomy created a detailed birthing scenario, providing a strong 
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foundation for the development of a patient-specific training platform in the future. By utilizing 

this platform, practitioners will be able to better understand the complexities of childbirth and 

improve their skills in a safe and controlled environment. Figure 36 illustrates the birth of a fetus 

accompanied by a maternal model. 

 

Figure 36. Birth with fetal and maternal models. 

One significant advantage of having both maternal and fetal models present in the 
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simulation is the flexibility to manipulate the maternal model into different poses. This allows 

practitioners to adjust any necessary variables in maternal pose to find the optimal solution during 

delivery. The ability to experiment with various maternal positions and scenarios enables a better 

understanding of the effects of maternal positioning on the birthing process. Thus, this 

comprehensive model provides a platform for patient-specific training and simulation, aiding in 

the development of new birthing techniques and enhancing the overall delivery experience for both 

the mother and the practitioner. Figure 37 shows the maternal model on her back. 

 

Figure 37. Maternal model put on her back. 

However, there are limitations in modeling the fetal and maternal models in OpenSim. 

First, the fetal model is based on a re-scaled version of an adult model. The re-scaling had to be 

done in two steps to ensure the accuracy of the final fetus. This also was not possible without 
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accessing the source-file and changing some of the parameters directly. 

The second limitation is related to the FE birthing simulation data. The Porto-based 

research group introduced a set of pre-defined movements for the fetal model which is not the real 

case in most delivery scenarios as by the time of the delivery, the fetus head is already in position 

near the vaginal canal. 

Third, the interaction between fetal and maternal models in this study is not simulated. The 

models are separate from each other and manually adjusted in the scene on top of each other to 

present a better visualization of birthing process. 

Fourth, the IK result which enabled the simulation of birth is calculated based on a set of 

fixed fetal coordinates, meaning if the posture of the mother changes, the fetal simulation cannot 

cope with the new setting and new displacement data should be calculated or adjusted based on 

the rotation of the maternal structure. 

Fifth, although the OpenSim software is capable of handling Biomechanical studies, due 

to its limited output and input file recognition any model created or used inside it cannot be used 

in different open-source or commercial software for future expansions. 

Finally, the maternal model’s anthropometric data was not modified. Thus, to be able to 

make this simulator more patient-specific, the maternal model’s body measurements should be 

accounted for and implemented. 

4.4 Visual Enhancement Results 

This study tried to enhance the visualization of the interactive birth process which helps 

make the training experience more realistic for practitioners. Although musculoskeletal dynamics 

can help in better understanding labor dynamics, in real life what physicians see visually when 

examining their patients is not in terms of their skeletal structure. This final step of the study aimed 
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at providing a better approach in visualizing the interactive simulation. The result of the two 

approaches mentioned in the methodology section are as follows.  

The BASH model which stands for Biomechanical Animated Skinned Human is chosen as 

the first approach. This software package uses the OpenSim model file with its respective motion 

file to generate a subject specific mesh skin using marker data provided by the model. This 

platform was built upon the SCAPE project which introduced this idea back in 2005. 

When the fetal model input to exercise using the BASH model, the output is not what was 

expected and not useful as the model behaved erratically. Figure 38 shows the result of this trial. 

 

Figure 38. BASH model implementation of fetal model. 

The model shows distorted mesh in most parts of the body. One reason for this result may 

be that the BASH model used the SCAPE model which was created for adult humans. The SCAPE 

model was trained only with adult size models; thus, having very small fetal anatomy did not cope 

well. When markers on the fetal body get close to each other in terms of their relative distance, the 
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matrix calculation introduced in the SCAPE model cannot cope with small distances and generates 

errors. 

As this result is dissatisfactory, another method is implemented to scale up the models, 

meaning keeping the fetal model size equal to actual adult size and re-scaling the maternal model 

to 4 times that of the fetus. If this approach is successful, future adjustments can be applied to fix 

the scaleup in terms of training scenarios, but this method also resulted in dissatisfaction. Figure 

39 shows the result of the scaling up method. 

 

Figure 39. Scale up maternal model with adult size fetal. 

Although the adult size fetal model is showing correct skin formation, the output does not 

resemble any fetal anatomy and discourages the user from using this model. Moreover, the 

maternal model also shows excessive deformity and demonstrates that scaling up models is also 

not going to work. 
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Besides the limitations mentioned for the BASH model, another issue is the lack of 

maternal anatomy in the publicly available SCAPE dataset. Therefore, no attempts could be made 

to use a proper female mesh to acquire enhanced visualization of the maternal model. 

These BASH manipulation methods show that even though the BASH model is capable of 

presenting enhanced visualization for most OpenSim models, the extreme height difference 

between a fetal structure and adult model cannot be covered in BASH. This result forced this study 

to seek another approach to visualizing the fetal structure with enhanced visualization. 

The second attempt consisted of using the Blender software and a full term generic fetal 

3D model. The aim is to re-create an enhanced visualization of the online birthing process using 

this model. Using a rigging tool to act like a structure for the fetal mesh and providing the set of 

predefined movements based on the IK results created an acceptable result in terms of animating 

the IK simulation with fetal mesh. Figure 40 shows the result of this approach. 

 

Figure 40. IK result with enhanced visualization of fetal model. 
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CHAPTER 4 

CONCLUSION AND FUTURE WORK 

This study aimed to build upon a novel template described in the methodology section 

which set a roadmap to build a patient-specific, VR-based, Haptic driven obstetrics simulator by 

expanding upon this framework and simulating an interactive birthing process through the use of 

OpenSim and utilization of Inverse Kinematics (IK) techniques. OpenSim is selected due to its 

ease of use. It would be easy to manipulate, change the measurements, add or delete body segments 

in the OpenSim model compared to finite element models. Additionally, OpenSim IK calculations 

are so fast that they cannot be compared to finite element calculations.   

The primary objective of this study is to develop an interactive, patient-specific labor 

simulation that can adapt to different fetal and maternal dimensions and provide a patient-specific 

and realistic representation of the birth process emphasizing musculoskeletal dynamics. 

The results of this study demonstrate the implementation of the OpenSim and IK 

techniques for fetal skeletal modeling and simulation. The conversion of an onerous FE birthing 

process to an interactive, patient-specific simulation of birth is achieved with accurate results. 

Furthermore, the inclusion of the maternal anatomical model in the simulation provided a more 

comprehensive representation of the birthing process, allowing for the manipulation of maternal 

pose that can help optimize the training scenarios. 

Another aspect of this study focused on the visual enhancement of the musculoskeletal 

representation. Two approaches are explored, including the use of the BASH model and manual 

visualization in Blender. While the BASH model approach did not yield satisfactory results, the 

manual visualization technique generated a skinned animated model of the fetus that provides a 

more realistic representation of fetal movement during childbirth. 
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However, for future work, this study only used a specific set of data as the means for fetal 

movement in 3D space. The fetal rotation and orientation are defined based on this data. Thus, it 

is necessary for future developments to use additional data to justify fetal movement in 3D space. 

Although, as of now such datasets are not available, such datasets can be obtained through use of 

mannequins by simulating birth with motion capture.  

Additionally, the 4-markers used in developing this study are not enough as the inverse-

kinematic trial showed. For future developments it is necessary to model the fetal anatomy with 

more markers in different locations such as major joints. These markers should be placed at the 

center of each joint respectively, and data regarding their displacement should be acquired. 

The novel obstetrics simulator architecture uses the 3D segmentation of fetal MRI and its 

coupling with the musculoskeletal anatomy as the basis of its simulator. This study, due to lack of 

MRI datasets followed a different path for skinning. However, in the future this study should 

emphasize fetal MRI segmentation and its role in visual enhancement of fetal structure. 

Additionally, a vital step toward an interactive obstetrics simulator is to couple virtual-

reality goggles and haptic driven gloves to provide the necessary tools for its intended users to 

practice. This can be achieved through different scenarios. One, either in a future version of 

OpenSim this capability will be incorporated, or two, the OpenSim musculoskeletal anatomy 

created with anthropometric data relevant to a particular study needs to be exported to a suitable 

space capable of handling VR and haptics. As of publication of this thesis, only one plug-in is 

developed by Abella, J. and Demircan, E. [48] that is capable of importing OpenSim models 

through a Unity [49] environment which is capable of such a task. 

This study did not incorporate any forces generated by the uterus during labor. The Porto-

based research group recently published a paper that simulated uterine contractions during labor 
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using a chemo-mechanical constitutive model [50]. To accurately model labor, the forces involved 

with this process should be carefully modeled and implemented in the simulation. 

Lastly, as this simulation’s patient-specificity is important for the fetus, this idea should be 

considered for the mother as well. For example, a pregnant woman’s pelvis becomes larger during 

pregnancy; thus, this increase in size should be incorporated in future maternal models as well as 

incorporation of her anthropometric data. 

Overall, this study has significant implications for the medical community by providing a 

more comprehensive and realistic representation of the birth process. This interactive 

musculoskeletal delivery simulation can be used as a stepping stone to develop comprehensive 

training tools for medical practitioners to improve their understanding of birth and to optimize 

their delivery outcomes. The visual enhancement techniques explored in this study can also be 

further developed to improve the realism of the simulation and enhance its overall effectiveness as 

a training tool. 
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