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ABSTRACT

This article presents a computational study on contact characteristics of contact pressure and resul-
tant deformation between an N95 filtering facepiece respirator and a newly developed digital head-
form. The geometry of the headform model is obtained based on computed tomography scanning
of a volunteer. The segmentation and reconstruction of the headform model is performed by Mim-
ics v16.0 (Materialise, Leuven, Belgium), which is a medical image processing software. The respirator
model is obtained by scanning the surface of a 3M 8210 N95 respirator using a 3D digitizer and then
the model is transformed by Geomagic Studio v12.0 (3D system, Rock Hill, SC), a reverse engineer-
ing software. The headform model contains a soft tissue layer, a skull layer, and a separate nose. The
respirator model contains two layers (an inner face sealing layer and an outer layer) and a nose clip.
Both the headform and respirator aremodeled as solid elements and are deformable. The commercial
software, LS-DYNA (LSTC, Livermore, CA), is used to simulate the contact between the respirator and
headform. Contact pressures and resultant deformation of the headform are investigated. Effects of
respirator stiffness on contact characteristics are also studied. A Matlab (MathWorks, Natick, MA) pro-
gram is developed to calculate local gaps between the headform and respirator in the stable wearing
state.

Introduction

With rapid economic growth over the past several
decades, China’s extensive industrial development,
substantial coal-dependent energy consumption, and
increasing number of vehicles have led to a rise in air
pollutants emissions. Air pollution has serious direct
effects on public health in China. Studies on the effects
of air pollution on health showed that between 350,000
and 500,000 people die prematurely each year as a result
of outdoor air pollution in China.[1–4] Air pollutants con-
tain large number of harmful chemical substances (SO2,
NOx) and fine suspended particular matter. Yang et al.[5]

reported that particulate matter with an aerodynamic
diameter of less than 2.5 µm (PM2.5) has become the
fourth biggest threat to the health of the Chinese people.
In daily life, a common way to prevent the inhalation
of air pollutants especially PM2.5 is to wear a respirator.
The most commonly used respirator is N95 respirator,
which belongs to the N series and filters at least 95%

CONTACT Shengnan Shen @whu.edu.cn School of Power and Mechanical Engineering, Wuhan University, Wuhan, China .
Color versions of one or more of the figures in the article can be found online at www.tandfonline.com/uoeh.

of airborne particles. Respirator comfort and fit are
two important parameters for respirator design, usage,
and standard development. Numerous factors such as
strap forces, facial features, seal material, respirator size,
and respirator shape are most likely to affect respirator
comfort and fit. This article attempts to conduct a compu-
tational study on contact pressure and facial deformation
between an N95 filtering facepiece respirator (FFR) and
a headform. The goal is to obtain better respirator fit and
comfort.

For the past few decades, significant research has
been done in terms of both experimental and simulation
approaches for respirator comfort and fit. Earlier research
on respirator comfort and fit were mainly based on exper-
imental tests. Snook et al.[6] investigated the force that a
respirator facepiece exerts against the face as a factor in
respirator discomfort. Their work concluded that facial
locations differ in sensitivity to force, but these differences
are not significant enough to cause any major changes in
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Figure . Procedure of generating the headform and respirator
models.

respirator design.Manninen et al.[7] studied face seal leak-
ages and the comfort in the use of six kinds of respiratory
protective devices used in agricultural work under labo-
ratory and field conditions. The face seal leakages of these
devices were measured and volunteers were interviewed
about their subjective opinions on the use of the devices.
Akbar-Khanzadeh et al.[8] investigated the degree of com-
fort of personal protective equipment (PPE) in an auto-
mobile encapsulating plant. Their work suggested that to
increase the effectiveness and safety of PPE, the human-
factor aspects of PPE design should be emphasized more
and quality improvement should cover the wearability
of PPE. Cohen[9] proposed an experimental method for
evaluatingmask seals bymeasuring seal pressure distribu-
tions and developed a relationship between fit factor and
sealing pressure distributions for evaluating the sealing
performance. Zhuang et al.[10] investigated the effects of
subject characteristics (gender and face dimensions) and
respirator features on respirator fit. Later, Zhuang et al.[11]

investigated the correlation between respirator fit and the
new NIOSH respirator fit test panel cells for various res-
pirator sizes.

Despite valuable information are provided by experi-
mental data, these approaches are time consuming and
expensive. The experimental measures may have large
errors due to the limitation of the laboratory equipment.

Figure . Human head segmented from CT data by Mimics.
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Figure . CADmodels of the headform: (a) soft tissue and (b) skull.

A lack of reproducibility and stability caused by human
factor as well as individual subject may also lead to large
errors. On the other hand, with rapid increases in com-
putational technology, numerical simulations using finite
element (FE) method offer a time-saving, cost-effective,

and reproducible alternative to experimental meth-
ods. Bitterman[12] performed FE simulation between a
simplified pilot face model and an oxygen mask model
and calculated contact pressure between them. Piccione
et al.[13] modeled the interface between the respirator
and headform and evaluated respirator fit and discom-
fort using DYNA3d, which is an explicit 3D code and
an older version of LS-DYNA (LSTC, Livermore, CA).
Zhuang et al.[14] developed five different sizes of digital
3D headforms that represent facial features of the cur-
rent U.S. work force. These headforms could be incorpo-
rated into respirator research, certification standards and
design. Yang et al.[15] used FE software LS-DYNA (LSTC,
Livermore, CA) to simulate the interaction between a res-
pirator and a medium-sized headform model developed
by Zhuang et al.[14] Contact pressures on both the respi-
rator and headform during the interaction process with
different strap forces were analyzed. Later, Dai et al.[16]

investigated parameters such as strap tension, strap ori-
entation, strap location, friction coefficient, and seal
material stiffness affecting contact pressure between a
respirator and the same medium-sized headform model
developed by Zhuang et al.[14] Lei et al.[17] simulated con-
tact pressure between six N95 FFRs and five digital head-
form models developed by Zhuang et al.[14] and vali-
dated their results through experiments. In their study,
the headform model was divided into five parts with
multiple layers. However, all the layers of the five parts
were not continuous. Slip occurred between each layer,
which was not consistent with real structure of human
head. In China, Yu et al.[18] also developed five digital 3D
headforms representative of Chinese workers. The head-
forms they developed contain only one layer, the same as
developed by Zhuang et al.[14] These earlier FE studies
had provided some insights into respirator comfort and
fit. Nonetheless, they had made some assumptions and
simplifications in the geometry of the headform. More
recently, Yang et al.[19] developed a high-quality human
headform with detailed information of soft tissues and
intracranial components based on computed tomography
(CT) andmagnetic resonance imaging (MRI). But there is
still no research that uses models created by CT scanning
orMRI to study contact characteristics between a respira-
tor and headform.

The objective of this study is to investigate the
contact characteristics during wearing a respirator on
a headform. Three-dimensional geometric models of a
typical Chinese headform and a 3M 8210 PM2.5 res-
pirator are developed by using CT scanning method
and 3D scanning method, respectively. Corresponding
FE models are generated using software HyperMesh
v12.0 (Altair HyperWorks, Troy, MI). Then, the wearing
process of the respirator on the headform is studied by
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Figure . Six steps to develop the CADmodel of the respirator.

performing contact simulation using software LS-DYNA
(LSTC, Livermore, CA). The contact pressure, headform
deformation, and resultant gaps between the headform
and respirator are simulated. Also, the effects of the stiff-
ness of respirator inner layer on contact characteristics are
investigated.

Simulationmodels andmethods

Geometric models

The procedure of geometric models generation is shown
in Figure 1.

Headformmodel
AnX-rayCT scanner is used to get tomographic images of
a Chinese male (175 cm/70 kg). The resolution/thickness
of the CT is 0.42/1.0 mm. It can get internal layer-
structures of the headform so that themodels will bemore
accurate than that obtained by a 3D scanning which can
only get surface features of the headform. First, tomo-
graphic images of the headform are obtained by CT scan-
ning. Second, the CT scanned images of the headform
model are imported into Mimics v16.0 (Materialise, Leu-
ven, Belgium) to reconstruct the skull layer and the soft
tissue layer by segmentation. The skull layer and the soft
tissue layer are separated by using Boolean operations.
Once separated, both layers are visualized in 3D and a
file is created in the form of STL. Third, the STL file is
imported into Geomagic Studio v12.0 (3D system, Rock
Hill, SC), a reverse engineering software which can trans-
fer triangular surfaces to Non-Uniform Rational B-spline
(NURBS) models and CAD models. Fourth, a NURBS

surface is created by applying a surface over its under-
lying polygons. Finally, the CAD model is obtained by
converting the NURBS surface. CT imaging and three
dimensional visualizations of the headform are shown
in Figure 2. CAD models of the headform are shown in
Figure 3.

Respiratormodel
A PowerScan 3D digitizer (Power3D, Wuhan, China) is
used to get original data of a 3M 8210 N95 respirator.
The procedure of generating the respirator model is sim-
ilar to that of the headform model with a few differences
which is shown in Figure 1. Figure 4 shows six steps to
develop the CAD model of the respirator. First, a 3M
8210 PM2.5 respirator is scanned by a PowerScan-IIS 3D
digitizer (Power3D, Wuhan, China) to form the point
cloud model and a STL file is created. Second, the file is
imported into Geomagic Studio v12.0 (3D system, Rock
Hill, SC). Note that the original coordinate system of the
point cloud model is not consistent with the world coor-
dinate system in the software, which will make it difficult
to align the respirator model with the headformmodel in
the contact simulation. Therefore, it is necessary to trans-
form the original coordinate system of model to coincide
with the world coordinate system. After transformation,
point clouds are wrapped into polygons. To reduce the
non-symmetry error caused by the scanning, the polygon
model is trimmed by a symmetry plane and a half of the
polygon model is obtained. Then, it is mirrored to create
a complete model of the respirator. After that, a NURBS
surface is created by applying a surface over its underlying
polygons. Finally, the CADmodel is obtained by convert-
ing the NURBS surface.
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Figure . FE models of the headform: (a) soft tissue, (b) skull, (c) two parts together, and (d) five interesting elements.
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Figure . FE model of the respirator.

Simulationmethods

HyperMesh v12.0 (Altair HyperWorks, Troy, MI) is used
to generate the FEmeshing of both the headform and res-
pirator models. The mechanical properties of the meshed
models and simulation conditions are defined in LS-
PREPOST, pre- and post-processor of LS-DYNA (LSTC,
Livermore, CA).

The CAD model of the headform has a very complex
shape and contains many curved sub-surfaces. A semi-
automatic meshing technique is employed in HyperMesh
v12.0 (Altair HyperWorks, Troy, MI) to mesh the head-
form model with an average element size of 3 mm and
aspect ratio of 1. After importing the CAD model into
HyperMesh v12.0 (Altair HyperWorks, Troy, MI), a set
of 2D elements are created on the surface of the model.
Then, all the 2D elements are tetrameshed into solid ele-
ments. The soft tissue is meshed into 245,611 tetrahedron
solid elements while the skull is meshed into 157,651 ele-
ments for FE analyzing. The nose is separated from the
soft tissue part and is composed of 19,760 tetrahedron
solid elements. The headform mesh is shown in Figures
5a–c. Five elements on the left half of the headform are
chosen to check the contact pressure values, as shown in
Figure 5d.

The FE model of the respirator is designed to have an
inner face sealing layer and an outer layer which is sim-
ilar to that used by Lei et al.[17] In addition, a flexible
nose clip is added on the basis of the two layers. After
importing the CAD model into HyperMesh v12.0 (Altair
HyperWorks, Troy, MI), the whole surface is meshed into
triangle elements. Two layers of pentahedron solid ele-
ments are obtained by offsetting the 2D mesh. The nose
clip is obtained by using the similar method. As shown in
Figure 6, the inner layer of the respirator has a thickness
of 1 mm, the outer layer has a thickness of 2 mm, and the
nose clip has a thickness of 1mm.The FEmodel of the res-
pirator contains total 57,999 tetrahedron solid elements.

Mechanical properties

According to anatomy of human head, the human head-
form contains several layers, including skull, muscle, fatty
tissue, and skin. [20] However, in this simulation only the
skull layer, a combination of soft tissue layers, and the
nose are modeled. The skull has mechanical properties
of density of 4.5 g/cm3, Young’s modulus of 1000 MPa,
and Poisson’s ratio of 0.37.[21,22] We choose 1.4 g/cm3 as
the density of soft tissue to compensate for the assump-
tion of one layer. Similarly, the Young’s modulus is chosen
as 0.7 MPa and Poisson’s ratio is chosen as 0.45 for the
soft tissue.[21,22] We simplify the nose as a whole part and
assume it to have a density of 1.5 g/cm3, Young’s modu-
lus of 30 MPa, and Poisson’s ratio of 0.45.[23] For the FE
model of the respirator, two layers are assigned as elas-
tic materials while the nose clip is considered as plas-
tic material. Mechanical properties of the two layers are
the same as properties used by Lei et al.[17] The nose clip
has mechanical properties close to that of malleable alu-
minum.Mechanical properties of both two FEmodels are
listed in Table 1.[21–23]

Load and boundary conditions

Figure 7 shows the load conditions in this simulation.
Force loads are applied on four corners of the respira-
tor where straps are attached. Each corner contains 80
nodes. Load locations and force directions are illustrated

Table . Mechanical properties of FE models.

FE Density Young’s Poisson
models Components (g/cm) modulus (MPa) ratio

Headform Soft tissue . . .
Skull .  .
Nose .  .

Respirator Inner layer . . .
Outer layer .  .
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Figure . Load positions on the respirator.

in Table 2. The skull is treated as immovable and its back
is constrained in all directions. After that, an automatic-
surface-to-surface contact is defined. The surface of head-
form soft tissue is chosen as the master segment and
the inner surface of the respirator is chosen as the slave
segment. The contact simulation is performed by soft-
ware LS-DYAN (LSTC, Livermore, CA). In the simula-
tion, it focuses on contact characteristics between the
headform and respirator. Thus, the nose clip is not arti-
ficially pressed towards the nose during the wearing pro-
cess for simplification.

Simulation results

By performing contact simulation between the headform
and respirator using the LS-DYNA (LSTC, Livermore,
CA) explicit solver, the distribution of the contact pres-
sure between the headform and respirator with time are
shown in Figure 8. From Figure 8a, we observe that the
upper cheek of headform starts to contact with the res-
pirator at t = 4 ms. Then the contact area on the head-
form continues to spread widely with time, as well as the
high pressure area. Concentrated pressures have already
appeared at the cheek at t = 20 ms (Figure 8b). Figure 8c
shows that the headform nearly contacts with the

Table . Load conditions on the respirator.

Load force (Newton)

Load location X-direction Y-direction Z-direction

Left/upper −  
Right/upper   
Left/Lower −  
Right/Lower   

respirator completely. At last, the contact remains stable,
as shown in Figure 8d. It is noted that there are no pres-
sure distribution on both sides of the nasal bridge, since
the nose clip is not artificially pressed towards nose in this
work. Moreover, several areas exhibit high contact pres-
sures: the nasal bridge, left chin, upper left cheek, middle
left cheek, and lower left cheek. The highest pressure value
is 0.11 MPa at the nasal bridge. This may be accounted
for bony prominences of the skull. According to the pre-
vious study,[6] high pressures may make wearers feel dis-
comfort, so it needs further improvement.

Figure 9 shows the contour of the headform deforma-
tion induced by contact pressure during wearing process.
Deformed areas increase with time. In the steady state
(Figure 9d), the area of nasal bridge, and middle cheek
exhibit large deformations, and the largest deformation is
0.93 mm at middle cheek. It should be noted that large
deformation may cause facial discomfort.

By comparing Figure 8 with Figure 9, it is also found
that areas on the headform with high contact pressures
and large deformations during the wearing process are
not exactly the same. Specially, the upper cheek and lower
cheek have high pressures but their deformations are
small.

According to the simulation results[17] and experimen-
tal results,[24] air leakages happen adjacent to areas that
have high pressures, namely, an uneven distribution of
pressure on the contact area cause air leakages. Thus, areas
adjacent to the high contact pressure areas possibly hap-
pen air leakage. That is, areas adjacent to nasal bridge,
upper cheek, and lower cheek could have air leakages.

Figure 10 shows profiles of contact pressure and defor-
mation on five interesting elements. It can be seen in
Figure 10a that the nasal bridge (element 1) exhibits
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Figure . Contour of pressure distribution (unit: MPa) on the headform based on elements at time points of: (a) t =  ms, (b) t =  ms,
(c) t=  ms, and (d) t=  ms.

the highest pressure, reaching 0.11 MPa. The middle
cheek (element 3) has a pressure of 0.10 MPa while the
upper cheek (element 2) and the lower cheek (element 4)
exhibit smaller values, reaching 0.07 MPa and 0.08 MPa,
respectively. The pressure on the chin (element 5) is 0.06
MPa, which is the smallest among five elements. From
Figure 10b, it can be observed that the middle cheek (ele-
ment 3) displays the largest deformation, reaching 0.93
mm. The nasal bridge (element 1) has a deformation of
0.87 mm. The upper cheek (element 2), lower cheek (ele-
ment 4), and chin (element 5) exhibit lower values with
0.53 mm, 0.60, mm and 0.52 mm, respectively. It can be
concluded that areas on the headform with high contact
pressures and large deformation during the wearing pro-
cess are not same, which are also verified in Figures 8 and
9.

Figure 11 shows five typical gaps between the headform
and respirator in a stable wearing state. It is found that the
local gap at different locations varies a lot due to the com-
plex structure of the headform. The largest gap is 1.35mm
at the upper cheek (node B), and the smallest distance is

0.25 mm at the lower cheek (node D). Theoretically, a gap
larger than zero means not sealed well there. Therefore,
the upper cheek is more likely to have air leakage and an
additional measurement should be taken to prevent it.

Figure 12 shows the pressure and resultant deforma-
tion of five interesting elements as a function of the respi-
rator inner layer stiffness in a stable wearing state. From
Figure 12a, we observe that contact pressures on the nasal
bridge (element 1), upper cheek (element 2), and middle
cheek (element 3) increase with the increase of the res-
pirator’s Young’s modulus. However, the contact pressure
on the lower cheek (element 4) suffers a reduction and it
keeps almost unchanged on the chin (element 5). As the
Young’s modulus of the respirator increases from 0.4×E0
to 2.0×E0, the contact pressure increases by 66.3% on the
nasal bridge (element 1), by 75.1% on the upper cheek
(element 2), and by 44.5% on the middle cheek (element
3), while it decreases by 19.9% on the lower cheek.

Effects of respirator stiffness on resultant deformation
are shown in Figure 12b. Simulation results show that
as the Young’s modulus of the respirator increases from
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D58 M. CAI ET AL.

Figure . Contour of resultant deformation (unit: mm) of the headform based on nodes at time points of: (a) t =  ms, (b) t =  ms,
(c) t=  ms, and (d) t=  ms.

0.4×E0 to 2.0×E0, the resultant deformation of the nasal
bridge (element 1), the upper cheek (element 2), and the
chin (element 5) increases by 8.5%, 28.4%, and 8.8%,
respectively. However, the resultant deformation of the
lower cheek (element 4) suffers a reduction by 11.7% and
it remains almost unchanged on the chin (element 5).
From the results given above, it is found that the stiffness
of the respirator inner layer affects the contact pressure as
well as deformation greatly.

Discussion

This study used a respirator model and a headformmodel
to study characteristics of the contact simulation. How-
ever, different sizes of headforms may affect pressure dis-
tribution and resultant deformation. For instance, Zhuang
et al.[14] developed five different sizes of headforms that
represent facial features of current U.S. work force. Yu
et al.[18] also developed five digital 3D headforms rep-
resentative of Chinese workers. Note that all the head-
forms in the two literatures were made up of only one

layer. In addition, there are three types of respirators:
one-size-fits-all, two size, and three size. Thus, there are
many different contact combinations between the head-
form and respirator, which may have different results.
Due to the low visibility of soft tissues in CT data, it
obtains skull with high fidelity while the details of soft
tissues are lost. In this study, soft tissues were obtained
from CT scanning and were reconstructed as a whole
part. The nasal bridge was also simplified for its com-
plex structure. It should be highlighted that multiple
scans of human head may do harm to the brain. On
the other hand, MRI scanning can get details of soft tis-
sues as well as that of nose while losing detailed infor-
mation of skull. Thus, to develop a high-fidelity head-
form model including face skin, muscles, fatty tissue,
skull, and nose, a combination of CT and MRI meth-
ods is needed. As an incomplete headform with only the
front half part was used in the simulation, the straps
of the respirator were not directly included in the sim-
ulation, but the strap forces were applied on four cor-
ners where the straps are attached. For simplicity in
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Figure . (a) Pressure profiles and (b) displacement profiles on
five interesting elements.

the contact simulation, the nose clip was not artifi-
cially pressed tightly towards the nose after wearing the
respirator.

Therefore, our future work will include:
(1) developing an entire andmore biofidelic FEmodel

of human head,

Figure . Five typical gaps between the headform and the respi-
rator in a stable wearing state.

Figure . Pressure and resultant deformation on the five interest-
ing elements as a function of stiffness of inner respirator layer (E:
Young’s modulus): (a) pressure profiles and (b) resultant displace-
ment profiles.

(2) including real straps in the simulation to present a
real load condition,

(3) applying load forces on the nose clip after wearing
the respirator,

(4) investigating effects of stiffness of the nose clip on
contact characteristics,

(5) validating simulation results using contact sensors.

Conclusion

In this study, three-dimensional geometric models of a
typical Chinese head and a 3M 8210 PM2.5 respirator
were developed by using CT scanning method and 3D
scanningmethod, respectively. Corresponding FEmodels
were generated using software HyperMesh (Altair Hyper-
Works, Troy, MI). Then, the wearing process of the respi-
rator on the headform was studied by performing contact
simulation using software LS-DYNA (LSTC, Livermore,
CA). The wearing comfort was investigated in terms of
the contact pressure and resultant deformation, and the
wearing fit was investigated in terms of the relative local
gap between the headform and the respirator in the steady
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state. Moreover, effects of the stiffness of respirator inner
layer on contact characteristics were investigated.

Simulation results show that the nasal bridge, the upper
cheek, the middle cheek, the lower cheek and the chin
exhibit high contact pressures while only the nasal bridge
and the middle cheek have large deformations in the
steady state, which means areas on the headform with
high contact pressures and large deformations during the
wearing process are not exactly the same. The nasal bridge
exhibits the largest contact pressure up to 0.11 MPa and
the middle cheek has the largest deformation of 0.93 mm.
In addition, the local gap at different locations varies a lot
due to the complex structure of the headform. A large gap
may imply air leakage. The stiffness of respirator inner
layer affects the contact pressure as well as deformation
greatly.
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