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Thorax Dynamic Modeling
and Biomechanical Analysis
of Chest Breathing in Supine
Lying Position
During respiration, the expansion and contraction of the chest and abdomen are coupled
with each other, presenting a complex torso movement pattern. A finite element (FE)
model of chest breathing based on the HUMOS2 human body model was developed. One-
dimensional muscle units with active contraction functions were incorporated into the
model based on Hill’s active muscle model so as to generate muscle contraction forces
that can change over time. The model was validated by comparing it to the surface dis-
placement of the chest and abdomen during respiration. Then, the mechanism of the
coupled motion of the chest and abdomen was analyzed. The analyses revealed that since
the abdominal wall muscles are connected to the lower edge of the rib cage through ten-
dons, the movement of the rib cage may cause the abdominal wall muscles to be stretched
in both horizontal and vertical in a supine position. The anteroposterior and the
right–left diameters of the chest will increase at inspiration, while the right–left diameter
of the abdomen will decrease even though the anteroposterior diameter of the abdomen
increases. The external intercostal muscles at different regions had different effects on
the motion of the ribs during respiration. In particular, the external intercostal muscles
at the lateral region had a larger effect on pump handle movement than bucket handle
movement, and the external intercostal muscles at the dorsal region had a greater influ-
ence on bucket handle movement than pump handle movement.
[DOI: 10.1115/1.4054346]
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1 Introduction

Respiratory motion prediction plays an important role in the
diagnosis and treatment of respiratory diseases and tumor radio-
therapy. For example, the medical standard for the diagnosis of
sleep apnea syndrome requires the monitoring of the expansion
and contraction of the chest and abdomen [1], the diagnosis of
chronic obstructive pulmonary disease requires the measurement
of airflow and lung deformation during respiration [2], and the
accurate identification of tumor locations during radiation therapy
requires considerations of respiratory motion compensation [3].

To improve the accuracy of the diagnosis and treatment of
respiratory diseases, and the efficacy of tumor radiotherapy, many
researchers have studied the respiratory motion of the chest and
abdomen. Currently, studies of respiratory motion mainly include
two methods: image-based and model methods. The first methods
estimate the relationships between the movement of chest organs
and surface deformation using medical images and aim to track
organ movement during radiotherapy or other respiratory disease
treatments, such as magnetic resonance imaging or computerized
tomography scans [4,5].

The first methods are accurate and reliable, but they cause harm
to the human body and are expensive. For example, computerized
tomography is accurate in tracking the motions of internal organs
during respiration. However, it is harmful to both patients and
doctors due to the use of radioactive rays. Meanwhile, magnetic
resonance imaging requires the patient to be in a confined space
for a long time, causing fear and ear discomfort [6]. Based on
such challenges, mechanical models have been proposed to study
respiratory motion. Some researchers established simplified
mechanical models by abstractly treating the chest and abdomen
as spring-mass models or compartment models to characterize the
respiratory movement [7–9]. The advantages of simplified
mechanical models are that they are easy to solve and they help
explain the mechanisms of respiratory motion. However, the
human body is a highly nonlinear continuum, so the accuracy of
simplified mechanical models is not typically high. The finite ele-
ment (FE) method has many advantages for solving nonlinear
problems that can improve model accuracy. The FE models refer
to virtual experiments and have been used to solve medical and
engineering problems, such as pathological analysis [10,11], vir-
tual surgery [12], and studies of occupant injury for collision pro-
tection [13]. The FE models can be used to obtain the stress,
strain, and interaction forces between tissues, which is necessary
to reveal the mechanisms of respiratory motion.

To establish highly accurate FE models, many researchers have
performed numerous different studies. For respiratory motion
modeling of the lung, several biomechanical models based on tho-
racic image data and the FE model have been proposed to accu-
rately estimate respiratory tumor motion or deformation [14,15].
To study the biomechanics of the rib cage, Didier et al. [16] stud-
ied the human rib displacements using the finite helical axis
method. Loring et al. [17] established a rib cage model with

several beam elements and analyzed rib kinematics under the
action of respiratory muscles in the 1990s. However, due to the
limitations of computer technologies at that time, the accuracy of
that model was not high. Zhang et al. [18] established an FE
model of the thorax to characterize the motion of the ribs under
the action of the intercostal muscles at different regions. However,
the costovertebral joints in the model were based on the spherical
joints, which did not take into account the differences in stiffness
between different joint axes. Behr et al. [19] established a three-
dimensional model of respiration based on the HUMOS2 model
and the angular rotation of the ribcage in the sagittal plane were
considered to evaluate the response of the model. However, the
respiratory motion of the chest and abdomen was not analyzed.
Thus, the coupled motion of the chest and abdomen during respi-
ration requires further analysis.

Lying in supine position is required for the diagnosis and treat-
ment of most respiratory diseases and tumor radiotherapy in clin-
ics. As more than 50% of adults use chest breathing at rest, chest
breathing while in supine position was evaluated in this study.
The study was carried out in the following aspects: First, a chest
breathing finite element model with active intercostal muscles
was developed for respiratory mechanics investigation. Its param-
eters were optimized by comparing with experiments. Second, the
relationship between the muscle force of chest breathing and the
coupled thoracoabdominal motion was analyzed, and the mecha-
nism of the coupled motion of the chest and abdomen was investi-
gated. Finally, rib kinematics caused by the intercostal muscles at
different regions were discussed.

2 Materials and Methods

2.1 Development of the Human-Mattress Model in Supine
Position. The human-mattress model included a mattress, the
ground, and the chest and abdomen of the pedestrian HUMOS2
model (Fig. 1(a)). The HUMOS2 model was developed by the
European Union Human Security Research Program to study
human bodily injury caused by automobile collisions, and its
validity has been verified [20–22]. The model includes soft tissues
(skin, flesh, and muscles), bones, and organs, with the data for
each coming from the anatomy of a human trunk, which is then
independently divided by finite element meshing (Fig. 1(b)). The
skin and flesh are connected by shared nodes, the bones are con-
nected by one-dimensional spring elements or two-dimensional
shell elements that simulate the connection of ligaments, and the
contact conditions were applied between adjacent organs and
bones to prevent the intersection of regions. The mattress is made
of a foam based on the viscoelastic material model, and an
infinite rigid wall was used to simulate the ground. The
contact mode between the human model and the mattress was
based on the penalty method. The human and the mattress were
set to slide with friction. The friction coefficient between human
body and the mattress was set to 0.3 [23]. The gravity field was

Fig. 1 The dynamic model of chest breathing (a), and the profile of the chest and abdomen of the HUMOS2
model (b)
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applied in the complete model, and its direction was vertically
downward.

2.2 Development of Active Respiratory Muscles and
Joints. Breathing patterns are mainly divided into chest breathing,
abdominal breathing, and a mixture of both types of breathing.
Chest breathing is characterized by significant chest expansion
and contraction, while abdominal breathing, also called deep
breathing, is characterized by significant abdominal expansion
and contraction. The power sources of respiratory movement are
the respiratory muscles, which mainly include intercostal muscles,
the diaphragm, abdominal wall muscles, the sternocleidomastoid
muscle, and the trapezius muscle. Chest breathing is mainly attrib-
uted to the intercostal muscles and accessory muscles, and the
role of intercostal muscles was analyzed in this study [24–26].
However, existing commercial human models, including the
HUMOS2 model, are unable to simulate respiratory movement
directly because the respiratory muscles in such models are pas-
sive continuums. For this reason, active intercostal muscles using
Hill’s active muscle model were incorporated into the HUMOS2
model. Hill’s active muscle model is the most widely used skeletal
muscle model, and includes three elements: the contractile unit,
the series elastic unit, and the parallel elastic unit, which can sim-
ulate the active and passive responses of muscles [27].

The intercostal muscles, with an outer layer, and the external
intercostal muscles, with an inner layer, the internal intercostal
muscles, are located in the interspaces between adjacent ribs [28].
The fibers of the external intercostal muscles run obliquely and
anteroinferiorly from the lower edge of the upper ribs to the upper
edge of the lower ribs, while the fibers of the internal intercostal
muscles run obliquely and posteroinferiorly from the lower edge
of the upper ribs to the upper edge of the lower ribs [29,30]. In
this study, we established the external and internal intercostal
muscles from the first rib to the tenth rib. The eleventh and twelfth
ribs are floating, and were not considered.

Based on Hill’s muscle model, the active intercostal muscles
were modeled by a series of spring elements, which described a
user-defined viscoelastic material in a commercial explicit code
(RADIOSS). The number of the internal intercostal muscle ele-
ments was 330. Among them, the ventral portion of the internal
intercostal muscle (parasternal intercostal muscle) elements was

52 and the lateral portion of the internal intercostal muscle ele-
ments was 278. The number of the external intercostal muscle ele-
ments was 446. Among them, the lateral portion of the external
intercostal muscle elements was 292 and the dorsal portion of the
external intercostal muscle elements was 154. Figure 2(a) shows
the developed model of active external and internal intercostal
muscles.

The Hill’s muscle model used in this study is composed of a
contractile unit in series of a series elastic unit, which are both in
parallel with a parallel elastic unit [27,31]. The response of the
muscle was determined by the following formulae:

FMus ¼ FCE þ FPE

FCE ¼ FSE

(
(1)

where FMus is the total muscle force, and FCE, FPE, and FSE are
the forces developed by the contractile, parallel, and series units,
respectively. The active force of the muscle can also be approxi-
mately estimated by

FCE ¼ Fmax � AðtÞ � faðkÞ � a

Fmax ¼ PCSA � rmax

8<
: (2)

where Fmax is the maximum isometric force under optimal length,
which can be obtained by the product of the equivalent physiolog-
ical cross-sectional area (PCSA) of the target muscle and the max-
imum stress rmax of the muscle fiber [32,33]. The thickness of the
external intercostal muscle increased gradually from lateral to
dorsal. This change in thickness was expressed by reducing the
spacing between adjacent active muscle springs while PCSA was
set as 70 mm2 according to the distance between muscle springs
and the thickness of the actual intercostal muscle [34]. The peak
muscle stress value, rmax; was set to 1 MPa [35]. AðtÞ is the curve
of the relationship between time and the muscle activation level.
The activation curve of the intercostal muscles was obtained by
fitting the measured data in reference [36] by using a fifth-order
polynomial (Fig. 2(b)).

This activation curve was used as a basic curve shape of muscle
activation for different intercostal muscles in the simulation, but

Fig. 2 Developed active intercostal muscles (a) based on Hill’s active muscle model and the fitted muscle
activation curve (b)

Table 1 Properties of the active intercostal muscles added in the model

The activation levels of the external intercostal muscles at lateral portion

Fmax PCSA Csh First to third intercostal spaces Fourth to sixth intercostal spaces

70 N 70 mm2 0.8 0.928 0.697 0.464 0.232 0.001 0.001
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the activation time and magnitude were different. Inspiratory
muscles were activated at the beginning of inspiration to reach
their maximum activation toward the end of inspiration, while
expiratory muscles were activated at the beginning of expiration
to reach their maximum activation at midexpiration. This time
shift was determined according to Ratnovsky et al. [26]. Besides,
a scaling factor a was introduced to adjust the activation level of
intercostal muscles at different intercostal spaces. The magnitude
AðtÞ was determined based on Wilson’s research [37], where the
activation level of the external intercostal muscles decreases when
the number of ribs increases. The activation levels of the external
intercostal muscles at the lateral portion are summarized in
Table 1. faðkÞ is the active force-length relationship of the muscle
[38,39]

fa kð Þ ¼ 1:25 exp � k� 1

Csh

� �2
" #( )

(3)

where k is the stretch ratio of the muscle and Csh is a shape
parameter which determines concavity of the muscle force-length
characteristics [40].

The passive component of the muscle force is given by

FPE ¼
Fmax

exp CPEð Þ � 1
exp

CPE

1:05
� k� 1ð Þ

� �
� 1

� �
; for k > 1

0; otherwise

8><
>:

(4)

where CPE is the shape parameter of the muscle force-elongation
characteristics of the parallel elastic element. Here, the CPE was
assumed to be 8 [40].

During breathing, the ribs rotate around the spine through the
costovertebral joint, which is a composite joint with three

rotational degrees-of-freedom. The stiffness of each axis of rota-
tion is different and changes with changes in rotation angle. Thus,
the stiffness and damping of the costovertebral joint in the
HUMOS2 model were optimized according to relevant literature
[41,42].

2.3 Simulation of the Dynamic Model of Chest Breathing.
The simulation was divided into two stages: The first stage was a
postural adjustment. Since the pedestrian model of HUMOS2 is a
standing model, the positions of the internal organs and other soft
tissues in human chest and abdomen differ with posture due to the
existence of gravity. The internal organs and other soft tissues are
close to the back in supine position as compared with a standing
posture. Therefore, gravity load was applied to the human model
to press the human body onto the mattress, and the soft tissues
were deformed by gravity. Finally, the whole human body reached
its position at the balance between gravity and mattress support.
The second stage was to simulate the chest breathing movement
in supine position; that is, to control the contraction and relaxation
of the intercostal muscles and cause the expansion and contraction
of the chest and abdomen. The two stages were conducted as two
parts of a complete simulation, the simulation time for each stage
was 2000 ms and 1000 ms, respectively. RADIOSS 2018 was used
for the simulation, which was performed using an explicit solver.
The average simulation time was 76 h with 3.5 GHz Intel Xeon
processor core i7 and 64GB of RAM.

2.4 Validation of the Developed Model

2.4.1 Experiments of Surface Displacement. To verify the
validity of the chest breathing model, an optical tracking system
(VIC-3D system) was used to measure the chest and abdominal
surface displacement of subjects during chest breathing in supine
position (see Fig. 3). The VIC-3D system was developed by CSI
Company in the United States. Two image acquisition devices
were used to capture movements of the chest and abdomen during
breathing. The three-dimensional surface displacement and strain
of thoracoabdominal motion were measured with a measurement
accuracy of 50 microstrains.

Twelve subjects were selected, aged 23–30 years, with a body
mass index of 25.1 6 7.7. All subjects were in good health and
had no history of respiratory diseases. After reading the purpose
and process of this study in detail, the subjects signed the
informed consent form. The study abided by the ethical principles
of the Declaration of Helsinki and the experiment was approved
by the ethics committee of the North China University of Science
and Technology Affiliated Hospital, Hebei, China. The subjects
laid on a mattress while the experimenter applied a 75% speckle
density to the surface of the subject’s chest and abdomen at the
beginning of each experiment. Each subject was instructed by the

Fig. 3 The experimental setup

Fig. 4 The measurement areas of the surface displacement experiment
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experimenter to perform chest breathing (i.e., breathing using
the upper chest) for 1 min, while the VIC-3D system collected sur-
face displacement data for the chest and abdomen.

2.4.2 Location of the Markers on the Chest and Abdomen. To
determine the location of markers on the chest and abdomen, a
three-compartment thoracoabdominal model was used, including
the pulmonary rib cage (RCp), the abdominal rib cage (RCa), and
the abdomen [43]. Eight markers were then selected to measure
the expansion and contraction displacement (normal and tangen-
tial displacement) of each area on the horizontal and vertical plane
of the chest and abdomen during chest breathing. As shown in
Fig. 4, the body of the sternum (marker 1) at the RCp, the xiphoid
process (marker 2) between the RCp and RCa, the umbilical por-
tion (marker 4) at the abdomen, and the middle position of the
xiphoid process and umbilical portion (marker 3) at the RCa were
selected from the horizontal plane of the human body. From
the vertical plane (lateral plane) of the chest and abdomen, along
the midaxillary line, the corresponding positions of markers 1–4
were marked as markers 5–8, respectively, to measure the normal
and tangential displacement of the vertical plane.

3 Results and Discussion

3.1 Comparisons of the Surface Displacement of the Chest
and Abdomen. As shown in Fig. 5, the experimental bar chart
represents the mean value of the breathing amplitude of the

averaged experimental data of the ten subjects. The other two sub-
jects were excluded because they had obvious abdominal breath-
ing characteristics during the experiment, i.e., the abdominal
expansion and contraction were obvious. The error bar of the
experimental bar chart represents the standard deviation of the
breathing amplitude. We defined the normal displacement pointing
in the anterior direction and lateral extremes of the chest and abdo-
men as positive (i.e., in the direction of thoracoabdominal expan-
sion), and the tangential displacement toward the cranial direction
as positive. The mean normal displacement of markers 1–7 was all
positive; however, the mean normal displacement of marker 8 was
negative, indicating that the anteroposterior and the right-left diam-
eters of the chest increased at inspiration, while the right–left diam-
eter of the abdomen decreased even though the anteroposterior
diameter of the abdomen increased. The mean tangential displace-
ment of markers 1–8 was all positive, indicating that the surface
displacement of the chest and abdomen occurred toward the cranial
direction during the inspiration of the chest breathing.

Table 2 shows the normal surface displacement of each marker
on the chest and abdomen of ten subjects during chest breathing.
Table 3 shows the tangential surface displacement of each marker
on the chest and abdomen of ten subjects during chest breathing.

3.2 The Mechanism of the Coupled Motion of the Chest
and Abdomen. For the normal surface displacements of the chest
and abdomen, the displacement of markers 1–7 was all positive,

Fig. 5 Comparison of the normal surface displacement (a) and tangential surface displacement (b) at the chest and abdomen
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while the displacement of marker 8 was negative. Thus, it was
confirmed using the FE model that the abdominal muscles were
subjected to tensile stress. When the subject was lying in supine
position, the organs in the abdomen were affected by gravity such
that the anteroposterior diameter of the abdomen decreased, while
the right–left diameter increased. Because the abdominal wall
muscles are attached to the lower margin of the rib cage by ten-
dons, the movement of the ribs drives the abdominal wall muscles to
passively stretch in the horizontal and vertical planes during
inspiration. Thus, under such circumstances, the right–left diameter
of the abdomen decreases, while the anteroposterior diameter
increases. For the tangential surface displacement of the chest and
abdomen, the displacement of markers 1–8 was all positive, which
indicated that the soft tissues on the thoracoabdominal surface
moved toward the cranial direction during inspiration of chest
breathing.

A simplified mechanical model of chest breathing was devel-
oped to analyze the change in surface displacement caused by res-
piration, in which the ribs were assumed to be beam elements,
with fixed hinge supports on the side of the spine and moving
hinge supports on the side of the sternum. The contraction of the
intercostal muscles during breathing causes the ribs to rotate
around the costovertebral joints. This rotational moment is formed
by the force of the intercostal muscles pulling the ribs (Fig. 6).
For example, the muscle fiber i of the external intercostal muscle
connects the lower edge of the upper Rib 1 (Fig. 6) and the upper
edge of the lower Rib 2 (Fig. 6). A pair of forces, Fi

1 and Fi
2; are

generated in the muscle fiber, i; when the intercostal muscles con-
tract. This pair of forces can be decomposed into forces Fi

12 and
Fi

21 that are perpendicular to the axis of the rib, and forces Fi
11 and

Fi
22 that are along the axis of the rib. Fi

12 and Fi
21 are equal in mag-

nitude and opposite in direction, and are separated by a distance

Table 2 Normal surface displacement of each marker (unit: mm)

Normal displacement of the horizontal plane Normal displacement of the vertical plane

Marker 1 Marker 2 Marker 3 Marker 4 Marker 5 Marker 6 Marker 7 Marker 8

S1 7.82 6 3.27 6.31 6 2.76 6.36 6 2.47 6.01 6 2.77 0.33 6 0.25 1.83 6 0.79 2.70 6 1.09 �1.53 6 0.67
S2 7.49 6 0.57 6.51 6 0.52 5.86 6 1.12 4.09 6 1.17 1.73 6 0.21 1.84 6 0.20 1.67 6 0.22 �1.24 6 0.35
S3 5.65 6 1.54 6.02 6 1.70 5.45 6 1.31 3.71 6 0.87 0.83 6 0.22 2.53 6 0.68 3.16 6 0.84 �0.72 6 0.22
S4 5.21 6 0.75 5.73 6 0.86 7.79 6 1.90 7.08 6 2.09 0.68 6 0.25 0.80 6 0.27 1.55 6 0.59 �1.09 6 0.22
S5 5.75 6 0.63 5.74 6 0.55 5.06 6 0.37 3.55 6 0.57 0.45 6 0.12 1.32 6 0.35 1.65 6 0.40 �0.43 6 0.11
S6 5.50 6 0.67 6.18 6 0.76 9.05 6 1.76 8.04 6 1.73 1.06 6 0.43 1.25 6 0.48 1.90 6 0.88 �1.34 6 0.42
S7 6.81 6 0.95 5.59 6 0.94 7.64 6 1.11 6.26 6 1.15 2.12 6 0.13 2.05 6 0.17 1.95 6 0.20 �0.63 6 0.26
S8 7.96 6 1.90 6.48 6 1.28 8.34 6 2.93 9.14 6 2.64 0.26 6 0.21 2.29 6 0.39 3.21 6 0.48 �1.26 6 0.58
S9 4.45 6 1.75 4.81 6 1.68 4.20 6 1.19 3.11 6 1.07 0.74 6 0.14 2.10 6 0.52 2.56 6 0.72 �0.54 6 0.20
S10 6.30 6 2.70 5.54 6 2.17 7.00 6 3.08 7.38 6 3.85 0.52 6 0.31 1.82 6 0.68 2.49 6 0.92 �1.28 6 0.41

Values are expressed as mean 6 SD.

Table 3 Tangential surface displacement of each marker (unit: mm)

Tangential displacement of the horizontal plane Tangential displacement of the vertical plane

Marker 1 Marker 2 Marker 3 Marker 4 Marker 5 Marker 6 Marker 7 Marker 8

S1 7.11 6 3.12 5.88 6 2.61 5.33 6 2.33 3.70 6 1.67 7.72 6 3.50 7.71 6 3.32 5.18 6 2.18 2.28 6 1.05
S2 10.36 6 0.88 9.44 6 0.79 7.58 6 0.70 4.95 6 0.54 8.79 6 0.72 8.74 6 0.69 4.94 6 0.39 3.09 6 0.27
S3 4.32 6 1.17 4.43 6 1.21 5.22 6 1.42 3.07 6 0.97 4.98 6 1.33 5.61 6 1.51 3.77 6 1.02 2.25 6 0.62
S4 8.19 6 1.14 9.68 6 1.40 7.92 6 1.12 3.50 6 0.74 6.86 6 1.18 7.80 6 1.34 5.85 6 1.02 1.90 6 0.29
S5 2.43 6 0.76 2.50 6 0.79 2.91 6 0.95 1.64 6 0.46 2.65 6 0.65 3.01 6 0.78 2.03 6 0.53 1.21 6 0.31
S6 8.27 6 1.00 10.14 6 1.35 8.51 6 1.20 3.28 6 1.74 7.37 6 0.84 8.61 6 1.08 6.47 6 0.87 2.31 6 0.52
S7 7.46 6 0.91 7.09 6 0.80 5.77 6 0.76 3.69 6 0.61 6.58 6 0.82 6.94 6 0.76 3.61 6 0.47 2.28 6 0.36
S8 6.70 6 1.46 5.50 6 1.16 5.34 6 1.02 2.55 6 1.48 7.73 6 1.58 8.14 6 1.63 5.13 6 1.04 1.90 6 0.84
S9 3.41 6 1.32 3.51 6 1.31 4.15 6 1.54 2.57 6 0.94 3.90 6 1.41 4.46 6 1.33 2.89 6 1.04 1.70 6 0.58
S10 6.15 6 2.51 5.23 6 2.07 4.87 6 1.93 3.27 6 1.10 6.72 6 2.69 6.69 6 2.59 4.38 6 1.75 1.80 6 0.77

Values are expressed as mean 6 SD.

Fig. 6 Simplified mechanical model of inspiration (left) and the stress cloud diagram of costal cartilage
(right)
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Di, forming a force couple, Mi. The total moment that acts on the
rib is M ¼

Pn
i¼1

Di � Fi
12, which causes the ribs elevated and rotated

toward the cranial direction. Fi
11 and Fi

22 exert an axial tension
and compression effect on the ribs, but due to the rib cage, the
restriction of the costovertebral joint and the sternum, the axial
displacement of the ribs is very small. The costal cartilage has a
lesser rigidity and a greater elasticity than the sternum and ribs.
The stress cloud diagram of costal cartilage shows that under the
action of Fi

11 and Fi
22, the upper costal cartilage is compressed and

the lower costal cartilage is stretched.

3.3 The Kinematic Response of the Ribs

3.3.1 Development of the Musculoskeletal Model. The ribs
play an important role in respiratory motion. To analyze the kine-
matics of the ribs at sagittal and coronal planes from functional
residual capacity to total lung capacity, a musculoskeletal model
was developed by removing the soft tissues from HUMOS2, while
maintaining only the ribs, sternum, spine, and intercostal muscles.
The boundary condition was that all the six degrees-of-freedom of
the spinal nodes were clamped, as recommend by Loring [17].
Because the ribs rotated around the spine in supine position, the
movement of the ribs would not be affected even if the six
degrees-of-freedom of the spine were constrained. The external
intercostal muscles and internal intercostal muscles were activated
to achieve the maximum rotate angles of the ribs at sagittal and
coronal planes in total lung capacity.

3.3.2 Validation of the Developed Musculoskeletal Model.
The results were compared with those reported in previous experi-
mental and computational studies [37,44]. To analyze the role of
the intercostal muscles on the rib kinematics, the external inter-
costal muscles at different portions were activated, respectively.
The alignment between the costovertebral joint of the correspond-
ing rib and the costal cartilage tip was recorded, and the maximum
projection angle during motion on the sagittal plane (XZ plane in
Fig. 7(a)) was the pump handle angle. The alignment between the
costovertebral joint of the corresponding rib and the margin of the
dorsal rib was recorded, and the maximum projection angle in the
motion process on the coronal plane (YZ plane in Fig. 7(b)) was
the bucket handle angle.

3.3.3 Analysis of Rib Motion. The action of the ribs during
chest breathing is the result of the associated action of the respira-
tory muscles. However, the role of the intercostal muscles in rib
cage movement remains controversial. To explore this question,
the role of the external and internal intercostal muscles during the
movement of the ribs was evaluated. The external intercostal
muscles were divided into the lateral portion and dorsal portion,
as shown in Fig. 8.

The action of the ribs can be divided into the pump handle
motion and the bucket handle motion during respiration. The for-
mer of which changes the dimensions of the thorax in the antero-
posterior direction, while the latter of which changes the lateral
dimensions of the thorax [30]. Here, three nodes, including the

Fig. 7 Comparisons of the pump handle angle (a) and bucket handle angle (b) of ribs to data from previous studies

Fig. 8 Location of the external and internal intercostal muscles at different portions
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manubrium of the sternum, the middle of the sternum, and the
xiphoid process were selected to measure the pump handle
motion, while the nodes on the outermost edge of ribs 1–10 ribs
were selected to measure the bucket handle motion, as shown in
Fig. 9.

Figure 10 shows the displacement of the ribs under the action
of the lateral external intercostal muscles. The displacement of the
manubrium of the sternum, the middle of the sternum, and the
xiphoid process in the X-axis direction (anteroposterior direction)
were 15.25, 19.58, and 23.09 mm, respectively. The displacements
of nodes 1–10 in the Y-axis direction (lateral direction) were
between �7.48 and 7.89 mm. The data illustrated that under the
contraction of the lateral portion of the external intercostal
muscles, the ribs exhibited pump handle (anteroposterior direc-
tion) and bucket handle motion (lateral direction), of which, pump
handle motion was more significant than bucket handle motion.
The displacements of bucket handle motion also increased from
rib 1 to rib 5, while the displacements decreased from rib 5 to rib
10. Those data were due to the gradual decrease in muscle activa-
tion from rib 1 to rib 10, and a gradual increase in rib flexibility
from rib 1 to rib 10 (action of costal cartilage). The kinematics of
the rib under the action of the lateral external intercostal muscles
was discussed in Sec. 3.2 on the mechanism of the coupled motion
of the chest and abdomen (Fig. 6).

Figure 11 shows the numerical results of the pump handle
motion and bucket handle motion caused by the contraction of the
dorsal external intercostal muscles. The displacements in the X-
axis direction (anteroposterior direction) were �26.27, �22.02,

and �17.74 mm, respectively. The displacements in the Y-axis
direction (lateral direction) were between �1.04 and 14.82 mm.
The above results showed that the lateral portion of the ribs ele-
vated and the sternum lowered, following the contraction of the
dorsal external intercostal muscles.

The results were consistent with the experimental results of
Sampson et al. [45], which found that subjects deformed their rib
cage to a more elliptical shape (i.e., the anteroposterior diameter
decreased and the right-left diameter increased) during loaded
inspirations, which were associated with a marked increase in the
inspiratory activity of the intercostal muscles situated near the
midaxillary line, and a striking diminution of the activity near the
parasternal area. The above results also illustrate that the ribs
exhibited significant bucket handle motion when the dorsal inter-
costal muscles contracted and the displacements of the pump han-
dle motion were negative.

It appears that the two fulcrums of the rib, the costovertebral joint
and the sternocostal joint, caused the rib to turn up laterally under
the action of the torque caused by the dorsal external intercostal
muscles. When individuals lay in supine position, the spine can be
regarded as being in a fixed state, and the displacement of the costo-
vertebral joint is small. However, the cartilage is flexible and the
sternocostal joint moves the sternum inferior and posterior under the
action of the torque caused by the dorsal external intercostal
muscles. Thus, under such conditions, the right–left diameter of the
rib cage increases, while the anteroposterior diameter decreases.

Figure 12 shows the results of the internal intercostal muscles.
The displacements of the manubrium of the sternum, the middle of

Fig. 9 Recording node of pump handle motion (a) and bucket handle motion (b)

Fig. 10 Changes in pump handle motion and bucket handle motion of the ribs under the action of the lateral exter-
nal intercostal muscles
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the sternum, and the xiphoid process in the X-axis direction (ante-
roposterior direction) were –0.97, �1.14, and �1.28 mm, respec-
tively. The displacements of ribs 1–6 in the Y-axis direction (lateral
direction) were between �0.78 and �0.05 mm, and the displace-
ments of ribs 7–10 were 0.08, 0.44, 2.11, and 2.19 mm, respec-
tively. The above results illustrate that the anteroposterior and the
right–left diameters of the upper ribcage decreased, while the
right–left diameter of the lower ribcage increased, when the inter-
nal intercostal muscles contracted. The movement of ribs 1–6 was
consistent with the findings of related studies [37,46], but the
movement of ribs 7–10 was opposite to that of other ribs. The

movement of ribs 7–10 might be due to the ribs flaring at the lower
portion of the rib cage, which will be discussed in Sec. 3.3.4.

3.3.4 The Influence of Rib Flare. Rib flare typically affects
the lower ribs and the lower edge of the rib cage (the costal arch
or margin), and impairs respiratory function. Figure 13(a) depicts
a normal rib cage and Fig. 13(b) represents the present model with
rib flare derived from the HUMOS2 model. The influence of rib
flare on chest movement during breathing was analyzed by estab-
lishing a mechanical model.

Fig. 11 Changes in pump handle motion and bucket handle motion of the ribs under the action of the dorsal exter-
nal intercostal muscles

Fig. 12 Changes in pump handle motion and bucket handle motion of the ribs under the action of the internal
intercostal muscles

Fig. 13 Normal rib cage [47] (a) and the present model with rib flare (b)
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From the anteroposterior view, it can be seen that due to the rib
flare, ribs 8–10 are more outward at lateral direction than the other
ribs. The upper ends of the eighth and ninth intercostal muscles are
close to the middle of the body and the lower ends of the eighth
and ninth intercostal muscles are close to the lateral extreme of the
body (Fig. 13(b)). When the intercostal muscles contract, a pair of
forces, Fj

1 and Fj
2; are generated and can be decomposed into Fj

11,
Fj

12, Fj
21, and Fj

22, Fj
11, and Fj

22 are perpendicular to the outer sur-
face of the ribs, pointing medially or laterally, respectively. Fj

12

and Fj
21 are perpendicular to the lower surface of the ribs, pointing

to superior or inferior, respectively. Thus, Fj
11 and Fj

22cause the rib
to rotate around the Z-axis, but due to the structure of the rib cage,
the joint stiffness of the Z-axis is much greater than that of the
other two axes [42]. Therefore, the displacement on the Z-axis is
small. Fj

12 and Fj
21 cause the rib to rotate around the Y-axis, the lat-

eral portion of the rib elevated (Fig. 13(b)).

4 Conclusion

A mechanical respiratory model of chest breathing in supine
position was developed based on the HUMOS2 model and Hill’s
active muscle model. The model took into account the influence
of gravity, its validation and parameter optimization were per-
formed by comparing with experiments. The displacement of the
chest and abdomen during chest breathing was analyzed using the
model. The findings demonstrated that during chest breathing, the
soft tissue of the chest surface exhibited tangential displacement
toward the cranial direction, and normal displacement outward
during inspiration. Such motions are referred to as the bucket han-
dle motion and the pump handle motion. However, due to the
influence of the abdominal wall muscles, normal displacement in
the horizontal plane of the abdominal surface increased, while
normal displacement in the vertical plane of the abdominal sur-
face decreased during inspiration.

It was also found that the dorsal portion of the external intercos-
tal muscles contributed more to bucket handle motion than to
pump handle motion, while the lateral portion of the external
intercostal muscles contributed more to the pump handle motion
than the bucket handle motion, and the internal intercostal
muscles contributed to the expiratory motion of the rib cage. The
influence of rib flare of the false ribs on rib cage movement was
also discussed.

Previously, the analysis of respiratory motion of the chest and
abdomen only considered the kinematics without considering
power source [48,49]. This paper analyzed the coupled motion of
the chest and abdomen by considering active muscle forces. The
model can be used as a useful tool for estimating chest and abdo-
men motions in radiotherapy of visceral tumors. It can also be
used in the research of respiratory motions of the patients with
chronic obstructive pulmonary disease or sleep apnea syndrome.
In patients with abnormal respiratory motions caused by intercos-
tal muscle lesions, the model can help to locate the lesion. Fur-
thermore, the model can be used to optimize the parameters of
simplified respiratory motion models that are used in medical site.

Finally, it should be noted that although comparisons with
experiments were conducted, further verifications are required to
demonstrate the validity of the model, including the influences of
mesh size, the accessory respiratory muscles as well as the motion
of the lung. We will investigate the influences in future work.

Funding Data

� National Natural Science Foundation of China (Grant No.:
61871173; Funder ID: 10.13039/501100001809).

� Key R & D Plan of Hebei Province (Grant No.: 19211817D).

Nomenclature

AðtÞ ¼ the relationship curve between time and muscle activa-
tion level

Csh ¼ a shape parameter which determines concavity of the
muscle force–length characteristics

CPE ¼ the shape parameter of the muscle force-elongation char-
acteristics of the parallel elastic element

Di ¼ the distance between Fi
12 and Fi

21 is shown in Fig. 6
faðkÞ ¼ the active force–length relationship of the muscle
FCE ¼ the forces developed by the contractile unit

Fmax ¼ the maximum isometric force under optimal length
FMus ¼ the total muscle force of respiratory muscle
FPE ¼ the forces developed by the parallel unit
FSE ¼ the forces developed by the series unit
Fi

1 ¼ the muscle force generated by the contraction of muscle
fiber i at the rib1 end is shown in Fig. 6

Fi
11 ¼ the decomposed force of Fi

1 along the axis of rib1 is
shown in Fig. 6

Fi
12 ¼ the decomposed force of Fi

1 perpendicular to the axis of
rib1 is shown in Fig. 6

Fi
2 ¼ the muscle force generated by the contraction of muscle

fiber i at the rib2 end is shown in Fig. 6
Fi

21 ¼ the decomposed force of Fi
2 perpendicular to the axis of

the rib2 is shown in Fig. 6
Fi

22 ¼ the decomposed force of Fi
2 along the axis of the rib2 is

shown in Fig. 6
Fj

1 ¼ the muscle force generated by the contraction of muscle
fiber j at the upper rib end

Fj
11 ¼ the decomposed force of Fj

1 perpendicular to the outer
surface of the upper rib pointing outward is shown in
Fig. 13(b)

Fj
12 ¼ the decomposed force of Fj

1 perpendicular to the lower
surface of the upper rib pointing downward is shown in
Fig. 13(b)

Fj
2 ¼ the muscle force generated by the contraction of muscle

fiber j at the lower rib end
Fj

21 ¼ the decomposed force of Fj
2 perpendicular to the upper

surface of the lower rib pointing upward is shown in
Fig. 13(b)

Fj
22 ¼ the decomposed force of Fj

2 perpendicular to the outer
surface of the lower rib pointing inward is shown in
Fig. 13(b)

i ¼ the number of the muscle fiber is shown in Fig. 6
M ¼ the total moment generated by muscle fibers between

rib1 and rib2
Mi ¼ the moment generated by Fi

12 and Fi
21 is shown in Fig. 6

PCSA ¼ the equivalent physiological cross-sectional area of the
target muscle

a ¼ a scaling factor to adjust the activation level of intercos-
tal muscles

k ¼ the stretch ratio of the muscles
rmax ¼ the peak muscle stress value
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