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Abstract—A comparison of high-resolution human skin strain
field data at the elbow joint measured using three-dimensional
digital image correlation (3D-DIC) is presented. Developing
skin-tight space suits requires detailed understanding of human
skin deformation at joints in order to fit and create mechanical
counter pressure without restricting human mobility. Previ-
ously, skin strain has been measured at 1 cm? resolution for
one or two subjects to demonstrate the measurement technol-
ogy. Now using 3D-DIC, skin strain is measured at 1 mm?,
Methodology to take these measurements and the data analysis
is explained in detail. This paper goes beyond the measurement
technology and presents data from four subjects and compares
skin strain fields of the elbow joint, which gives insight into
patterns and differences between varying anthropometrics and
other factors that affect skin strain. These results are important
to develop mechanical counter pressure space suits that are
sized correctly for each astronaut and do not inhibit locomo-
tion. These results are discussed in the context of realizing a
mechanical counter pressure space suit designed for planetary
exploration.
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1. INTRODUCTION

In order to experience space first hand, we need space suits
to protect us from the extreme environment. The current
space suits are problematic for planetary exploration because
they limit astronaut mobility and cause fatigue and exhaustion
[1]. In the mid-1900s, Arthur Iberall researched ways to
develop mobile pressurized space suits. He was inspired by
the deformation and motion of human skin and developed
the concept of the Lines of Non-extension (LoNEs), which
he described as contours along the human body where the
skin does not stretch [2]. Annis and Webb also developed
approaches to make mobile space suits. They developed the
Space Activity Suit, a mechanical counter pressure (MCP)
space suit that used material elasticity to pressurize the body
instead of gas pressure. They tested this concept in 1971, but

978-1-4799-5380-6/15/$31.00 (©2015 IEEE.

Dava J. Newman
Massachusetts Institute of Technology
77 Massachusetts Ave. Cambridge, MA 02139
617-258-8799
dnewman @mit.edu

the gas pressurized suits were more technologically feasible
at the time [3]. In 2001, the concept of a fully MCP space-
suit reemerged at the Massachusetts Institute of Technology
(MIT) as the Bio-Suit, which was inspired by Iberall, Annis,
and Webb [4,5]. The concepts of MCP have also been applied
to different components of space suits, such as gloves that
have been tested by Tanaka et al. [6].

The energy required to arbitrarily deform a space suit can be
expressed as:

AW = AW, + AW, + AW, (1)

where the work required to change the gas pressure and vol-
ume of the suit is AW, the work to bend the suit’s material
is AW}, and the work required to stretch the suit’s material is
AWy [2]. Gas pressurized suits cause fatigue because they
are difficult to move and bend primarily because of work
done to change the pressure-volume, AW, . Contrarily, MCP
suits eliminate this term. This makes the mobility of MCP
suits directly dependent on the mechanical deformation of
the suit’s material [7]. If the material is designed to deform
similarly to the skin of the human body it is feasible that these
factors can be minimized to make MCP suits have superior
mobility. This is a challenging issue because the surface of
the body undergoes a wide range of large, complex motions
and deformations, which makes it difficult to model, engineer,
and manufacture a MCP suit that maximizes mobility.

Research on skin deformation and physiology dates back
to the mid-1800s with one of the earliest publications by
Karl Langer [8]. Langer studied the skin of cadevers and
created diagrams that shows the direction in which the skin
deforms when punctured. The directions and lines are known
as Langer Lines. Space suit and bio-medical research has
progressed our understanding of skins deformation character-
istics. The skin deformation at the knee joint was analyzed for
the Bio-Suit [9-11] and for lower-limb prostheses [12]. Skin
deformation at the ankle joint during flexion-extension and
inversion-eversion was studied for development of active or-
thotics [13, 14]. This body of research has developed various
techniques to quantify skin strain using laser-scanning and
motion capture systems. Up until now the measurements have
been limited to 1 cm?, which limits the ability to compute
LoNEs. It was difficult to analyze multiple subjects because
of the large amount of manual data processing.

The overall goal of this research is to understand the human
body’s natural skin strain field in order to drive the design
of a MCP space suit that maximizes mobility. By measuring
the skin strain field, materials and textile patterns can be de-
veloped to engineer a second skin-like garment that deforms
similarly to skin and does not restrict the mobility of the



Table 1. Subject Anthropometrics (cm)

Subject A B C D
Forearm Iength 265 29 24 24
Upperarm length 34 33 285 32
Bicep circumference (relaxed) 31 29 225 29
Bicep circumference (flexed) 34 32 24 304
Forearm circumference 27 255 195 265

astronaut. Using the skin strain field, the LoNEs described
by Arthur Iberall can be quantitatively analyzed and used
to engineer aspects of a MCP suit that utilize LoNEs. This
research is also applicable to the bio-medical field. Skin
deformation data can be used in tissue engineering to design
synthetic skin for plastic surgery. It can be also used to design
exoskeletons, prostheses, and orthotics that interface with
skin to maximize comfort and mobility. The data can also
be used to determine placement of body-worn sensors that
have noise artifacts from skin deformation. The specific aim
of the research in this paper was to develop a methodology
to effectively measure skin strain and calculate LoNEs in an
efficient way that can be scaled to analyze the LoNE map
of the entire body and compare skin strain fields of multiple
subjects.

The contribution of this work is the methodology to measure
skin strain using 3D-DIC, a refined mathematical definition of
LoNEs using streamlines, multiple calculation tools, and the
first insight into how LoNEs vary between test subjects. Now,
using three dimentional digital image correlation (3D-DIC)
strain can be measured near 1 mm?. Results are presented
and discussed in the context of realizing a mechanical counter
pressure space suit for planetary exploration.

2. METHODS
Experimental Design

Skin deformation and strain at the elbow joint of the human
body was measured for four subjects (n=4, age: p©=22.3
years, 0=3.0 years) using three-dimensional digital image
correlation. The subjects were male and female, had various
anthropometrics, and varying skin tones. The anthropomet-
rics are listed in Table 1. The forearm length was measured
from the lateral epicondyle to the styloid process of ulna,
the upperarm length was measured from the acromion to the
lateral epicondyle, and the bicep and forearm circumference
was measured at the largest circumference along the limb.

To perform 3D-DIC, a unique surface texture is required that
is sufficiently random [15]. A speckle pattern was applied to
the skin to create a unique texture. White Crayola Tempera
was painted on with a brush. After the white paint dried,
black Crayola Tempera paint was applied using a 3D printed
speckle stamp. These paints were used because they are non-
toxic and easily washable. An example of the applied texture
on skin and the 3D printed stamp is shown in Figure 1.

Four cameras (Basler acA2500-14gm, GigE, monochromatic,
5 megapixel) were placed about the elbow joint in an arc
configuration such that nearly 180° of the joint was viewable.
The cameras were synchronized using hardware triggering.
Figure 2 shows the camera and mechanical rig setup.

Prior to data collection, the camera system was calibrated

Figure 1. Speckle pattern applied to the skin (left). The
base coat is a white Crayola Tempera paint applied with
a brush and the top is a black Crayola Tempera paint
applied with a speckle stamp. The 3D printed speckle
stamp was made on a Makerbot Replicator 2X out of ABS
plastic. (right)
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Figure 2. Four cameras and one light were attached to
a tripod in an arc configuration to view the elbow joint.
The cameras were focused at the elbow joint, the area of
interest (AOI). The rig was attached to the wall so that the
elbow joint of each subject remained in the camera’s AOL
The elbow joint angle is denoted as ¢ and could be fixed
and measured by the rig using a protractor.

using a black and white dot pattern of a known size, which
was used to determine the optical properties of the cameras
and the stereoscopic geometry. The cameras remained fixed
throughout the entire data collection period so multiple cali-
brations were not necessary and all data would be collected in
the same coordinate system. Each subject placed their right
arm on a mechanical rig that allowed full range of elbow
flexion and extension. The rig assured consistency of the
arm positioning for all subjects. Each subject was positioned
at increments of 15° joint angles using the mechanical rig
starting at 0° elbow flexion to their maximum elbow flexion
angle, which was typically 135°. All subjects were instructed
to keep their palms facing upward throughout elbow flexion
so that each subject’s musculature would be similar.

Data Analysis

Digital image correlation calculates the full strain field of the
surface of the object. Ultimately this strain field can be used
to calculate the LoNEs as originally described and shown by
Arthur Iberall [2]. This section describes the data analysis
process after obtaining strain data through 3D-DIC to LoNE
calculations in detail. Figure 3 shows an overview of the data
analysis process.



?%
7 { 5 -

Acquire images and process
strain with 3D-DIC

)
Ea —
2

Stitch Datasets

Stitch data frorﬁ two camera
pairs into one dataset

Calculate LoNEs

Select seed points using tool
and calculate LoNEs

Figure 3. Flow chart of data analysis from image acquisition to data visualization.

The images were initially acquired using the MATLAB
(Mathworks Inc., Natick, Massachusetts) image acquisition
toolbox. The images were processed using VIC-3D, a
commercial 3D-DIC software (Correlated Solutions Inc.,
Columbia, South Carolina). The commercial code calculates
the displacement of pixel subsets in stereoscopic pairs of
images. These displacements are used to calculate the strain
of the surface. A subset size of 71 pixels was suggested by
the software and used with a step size of 7 pixels. Green-
Lagrange strain and Euler-Almansi strain was calculated with
a Gaussian filter size of 15. In VIC-3D, this process can only
be performed with stereoscopic camera pairs, therefore this
process is repeated twice for a four camera system (Camera
1-2 and Camera 3-4). The data was exported to MATLAB
to be further processed. Once the data is in MATLAB, the
two datasets for each stereoscopic pair are converted from
a curvilinear grid data type into a triangular mesh (vertices
and triangular faces). The two triangular meshes are stitched
together at their overlap using an algorithm inspired by Wut-
tke [16]. The four camera data can now be analyzed as one
dataset. The strain field from VIC-3D is calculated using a
local two dimensional coordinate system and the out-of-plane
strain components, F13, Fo3, F/33, are assumed to be zero.
The strain tensor,
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becomes 2D in the local coordinate system.

The principal strain directions are calculated by an eigenvec-
tor analysis of the local strain field at each data point where
¥ are the eigenvectors and A are the eigenvalues of the strain
tensor:

Ev=\v 3)

. The eigenvalues \; and A5 are referred to as Fy and Fs,
respectively.

From the principal strain directions the directions of non-
extension can be calculated by Equation 4 where ¢ is the
angle from the principal strain direction. Note that directions
of non-extension only exist if compression and tension are
both present. Mathematically this is when E; and Es have

opposite signs.
E
¢ =tan"! (, /—E;> 4)

To conceptually understand this calculation we refer to the
Finite Strain Ellipse and Mohr’s Circle in Figure 4. Refer to

LoNE
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Figure 4. The Finite Strain Ellipse (a) and Mohr’s Circle
(b). The ellipse shows how lines can develop called the
Lines of Non-Extension (LoNE). There is no extensional
strain along these lines, which is shown graphically in
the ellipse, but also analytically in Mohr’s circle. LoNEs
only develop when the two principal strains have opposite
signs, which means the material is undergoing tension in
one direction and compression in an orthogonal direction.

the Appendix for a derivation of Equation 4 and a discussion
of the relation between Finite Strain Ellipse and Mohr’s
Circle techniques for progressive deformations.

The directions of principal strain and non-extension are now
described as 2D vectors, however they need to be transformed
into 3D. The commercial code computes the strain field with
respect to a local 2D coordinate system on the surface of the
object. The local coordinate system has the basis vectors €}
and the global coordinate system has the basis vectors e;. The
local coordinate system is defined with e aligned along the
surface normal vector, e} has no component along ez and
is orthogonal to the surface normal, and €5 is the remaining
orthogonal direction, e x e}. Using Equation 5 the vector
fields can be rotated into the global reference frame. X' is
local 2D vector field to be rotated, X is transformed the global
3D vector field, and (e; - €) is the direction cosines. This is
then expressed as R, the rotation matrix.

coslj; = ej - €; &)
X =RX’

At this point there are four vector fields in the global frame,
the first and second principal strain directions and the first and
second lines of non-extension directions. The last step is to
visualize these vector fields.



LoNE Visualization

A LoNE is a contour that remains tangential to the non-
extension direction. Once the non-extension directions have
been calculated in 3D we can visualize the LoNEs. Previ-
ously, the lines were calculated discreetly by finding neigh-
boring elements that have similar vector directions and con-
necting them. The results of this process were affected by the
mesh sizing and mesh connectivity [11, 13, 17]. To correct
this problem, a continuous approach was taken by treating the
LoNE directions as a vector field and integrating the vector
field as streamlines tangential to the surface. Because the
vector field is not technically a velocity field the time step
used in the integration is not technically a time step, but can
be considered a spatial parameter. This calculation requires
interpolation of the vector field at each time step to determine
the vector field at the integration point. First the vector field
must be linearly interpolated. The k-nearest neighbors, S,
(in this case k=9), were transformed to the local tangential
coordinate system using Equation 6.

S'=R7'S

S =8 —(8) ©

Once the k-nearest neighbors are in the local coordinate frame
they are used to bilinearly interpolate the components of the
vector field, u. This process is completed using a least-
squares approach, which is shown by Equation 7, where
u(x,y) is the interpolated vector field.

u(z,y) = a +bS; + ¢S, + dS; S,

1 Sy S SuSp
u(z,y)=|: : ; =a
L S Sye SurSyr @)
u(z,y) = Aa

a=(ATA) *ATu(z,y)
t(z,y) = a+bx +cy + dry

This interpolated vector field is used to calculate streamlines.
In the streamline calculation the current position plus the
velocity at that point multiplied by a time step is the new
position. One additional complexity is that our vector field
lies along a surface and is neither 2D or completely 3D. In
order to solve this problem the integration must be carried
out using a local 2D coordinate system and continually trans-
forming the coordinates to 3D. This process is carried out in
Equation 8.

X;=R'X;
X1 =X+ u(X's)dt 8)
Xip1 = RX{,,

One down side of streamline vector field visualization is that
the calculation requires selecting seed points. There is a large
body of work on selecting seed points to produce equally
space streamlines [18]. To avoid this complexity a seed point
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Figure 5. Interactive LoNE tool for seed point selection
that augments the MATLAB data cursor.

selecting tool was developed in MATLAB, which is shown in
Figure 5. The tool augments the ability of the MATLAB data
cursor in order to select and then subsequently visualize each
LoNE.

3. RESULTS

The results are divided into two sections. The first section,
Subject A, looks in-depth at the strain data from test subject
A. All of the steps in the data analysis process are shown for
test subject A starting at the strain magnitude and ending at
the determination of LoNEs. The second section, Subjects A-
D, shows only the LoNE maps for test subjects A through D.
Note that all strain data is Green-Lagrangian strain and shown
in the undeformed reference frame.

Subject A

The data for one subject is shown in Figure 6. The elbow joint
angles are 0, 30, 60, 90° increasing from left to right. The
data analysis is shown incrementally from top to bottom. The
first row shows the the raw images taken from one of the four
synchronous cameras. The second row shows the magnitude
of the second principal Green-Lagrange strain. The surface
is always represented in the undeformed configuration. The
data shows that near the tip of the elbow the Green strain
reaches 0.3. The third row shows the principal directions
of the strain. The red is always used for the first principal
strain direction and the blue is for the second principal strain
directions. These directions are orthogonal. The fourth row
shows the LoNEs that were calculated for the direction of
non-extension. There are two LoNE directions which are
shown by the red and blue lines. The light blue areas of
the surface denote regions that do not have LoNE directions,
which is when E; and E5 have the same sign.

Principal directions can also be visualized as lines using the
same methodology that was applied to the directions of non-
extension. These lines are referred to as the lines of principal
strain. Figure 7 shows the LoNEs and the lines of principal
strain projected onto the deformed configuration at 90° elbow
flexion. The lines were calculated using the strain field at 90°
elbow flexion. The projection was calculated by applying the
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Figure 6. Strain results of one subject. The elbow joint angle increases from left to right in 30° increments from 0° to
90°. The data processing is shown incrementally from top to bottom. Row 1: the raw images from one out of the four
cameras, row 2: the magnitude of the second principal Green strain, row 3: the principal strain directions as vectors
(red corresponds to the first principal strain and blue corresponds to the second principal strain), and row 4: the first

and second LoNEs shown respectively in red and blue.
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Figure 7. LoNEs (left) and lines of principal strain (right)
are shown in the deformed configuration at 90° elbow
flexion. The red and blue represent the first and second
directions of non-extension for the LoNEs and first and
second lines of principal strain.

local displacement vector to each point that makes up a line.

LoNEs are assumed to remain at a consistent length through-
out deformation. To check this assumption, the LoNEs
calculated at 90° elbow flexion were projected to all other
deformations. The Euclidean arc length was calculated for
each LoNE at each deformation. Figure 8 shows the average
change of the length of each LoNE with standard deviation
error bars. For comparison the same process was carried
out for the lines of principal strain. The sample size was
54 LoNEs and 46 lines of principal strain, where 8 lines of
principal strain were not considered because they could not
be successfully projected.

Table 2. Range of Principal Strain

Subject A B C D

E, (min) 041 043 034 044
E; (max) 46 36 49 .60

Subjects A-D

The strain field for subjects A through D was measured. The
range of principal strain is reported in Table 3, which shows
the large range of strain experienced by human skin.

The LoNEs for four subjects are shown in Figure 9. The
LoNEs were calculated when the elbow joint was at 90° for
each subject using similar locations for the seed points. The
LoNEs are shown in the undeformed configuration. The data
for is not scaled between subjects so the results presented are
in their original coordinate system with a translation applied
to visualize each subject separately.

4. DISCUSSION AND CONCLUSION

The strain field was measured near 1 mm? resolution us-

ing 3D-DIC and the LoNEs were calculated as continuous
streamlines using an interactive seed point selection tool.
Figure 10 shows the progression on skin strain research in the
context of mechanical counter pressure space suits. Starting
from Karl Langer in 1861, skin strain can now be measured
at high resolution and directional information such as LoNEs
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Figure 9. LoNEs for multiple subjects are shown for when the elbow is at 90°. The results are shown on the undeformed
configuration. The seed points used for each subject were in relatively similar locations. There are two LoNE directions
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Figure 8. Average change in the length of LoNEs and lines
of principal strain shown throughout the deformation.
The error bars represent the standard deviation of the
mean. LoNES: n=54, Lines of principal strain: n=46.

Figure 10. The progression of research in the context
of mechanical counter pressure space suits. From left to
right: Langer Lines for the right arm [8], the Space Activ-
ity Suit demonstrating the feasibility of MCP space suits
[3], the Lines of Non-extension as determined by Iberall
in pursuit of making a mobile pressure suit [2], and the
present work with the first principal strain measured at 1
mm? with LoNEs overlaid.

can be quantified and visualized.

LoNEs can be computed and visualized for each state of
deformation. Different deformations could result in different
LoNE maps. Iberall stated, “Experimental study of the
intrinsically limited motion at each joint verifies that this
system of lines of non-extension will be essentially the same



for all deformations [2].” This phenomenon is now shown
quantitatively in Figure 8 for the elbow. On average, LoNEs
remain within 6% of their original length when projected
back to 0° elbow flexion whereas lines along the principal
directions changed 17%. Indeed LoNEs change length when
examined throughout the deformation, but these lines un-
dergo a minimum amount of extension when compared to
other lines that could be drawn on the surface, such as lines
through the principal directions.

The LoNE map was successfully mapped for multiple sub-
jects. Despite, varying subject anthropometrics, the LoNE
maps look similar between subjects. In Figure 9 the blue
set of LoNEs seems to consistently converge along the bra-
chioradialis muscle. This suggests that is may be possible
to develop a model to predict the LoNE map of an individ-
ual, which would significantly improve the ability to rapidly
develop custom garments. This is important because even
though there are a small number of astronauts now, if humans
are to colonize another planetary body, many custom suits
will need to be manufactured. The LoNE map is being used
to create textile patterning for the Bio-Suit at MIT. The data
is also being used minimize the strain in wearable technology
systems that are placed on the body. This research can also
be applied to the field of tissue engineering and to design and
develop soft exoskeletons, soft prostheses, and soft orthotics
that interface with skin.

There are various limitations with this research. One limi-
tation is the inability to draw widespread conclusions from
a small sample size of four subjects. Now that a method
has been developed to measure skin deformation more sub-
jects will be tested. Another limitation is that a method
for analyzing error in the data and LoNE maps still needs
to be developed. A significant amount of computational
power is required for 3D-DIC, which limits it’s ability to
become a real-time system. It is also difficult to analyze large
sections of the body at the same time because of the body’s
sophisticated geometry. Already four synchronous cameras
are being used, but the full elbow joint cannot be mapped at
once.

In the future, the LoNE map will be analyzed for more
sections of the body. This field has studied the elbow, knee,
and ankle (flexion-extension, inversion-eversion). The next
joint to study will probably be the shoulder. Unlike the
elbow and knee, the shoulder has various degrees of freedom
that will have to be taken into account in the experimental
design, similarly to the ankle. The data from the elbow can
be extended up to the shoulder. With an entire arm mapped,
the data will be used to design and develop a MCP arm sleeve
that can be compared against gas-pressurized space suit arms.
In addition to measuring skin deformation at other joints, a
method for quantitatively comparing LoNE maps between
subjects will be developed. An attempt will be made to
develop a model of the LoNE map that is a function of human
subject variables such as anthropometrics. Once a method
is developed it will be tested on elbow data collected here
with the addition of more subjects. This is critical to design
MCP suits that fit without measuring each subject. The LoNE
geometry and model will be used to develop the next version
of the MIT Bio-Suit.

APPENDICES

The direction of non-extension, ¢, that is used to calculate
the LoNEs in Equation 4 is derived. In Iberall’s description

of LoNEs he states, “’The twofold extended mapping of
such diameters are principal shear lines, here to be called
’lines of non-extension.” Along these two lines we may
lay strands of infinite modulus” (i.e., there is no stretch)
[2]. This technique is also found in geology. Ramsay et
al. quantifies the lines of non-extension directions [19], but
its derivation is not complete. The derivation shown here
will relate the finite strain ellipse and Mohr’s circle. The
derivation shows that the LoNE directions do not occur at
the maximum shear directions as specified by Iberall. The
maximum shear direction is always 45° from the principal
strain, which is shown visually by Mohr’s circle. Figure 11
shows the finite strain ellipse and Mohr’s circle where A; and
Ao are the principal stretches and ) is stretch at a point on the
ellipse. The direction of non-extension is denoted as ¢. In the
diagram A = 1, which means it has no extension.

Using the equation of an ellipse the stretch, A, can be calcu-
lated at any point along the ellipse

T 2 )
—cos“p+ —sin“p =1
VR WL ©)

A = \cos’d + \asin’e

To find the direction of non-extension set A = 1 and solve for
¢ using the trigonometric identity cos?(¢) + sin?(¢) = 1.

1 = A\icos®p + \asin’o
cos’p + sin’¢ =1

sin’¢p = =M
A1 — A
1-A
2, 2
8" = 33 (10)
sin%¢
tan2d —
an"¢ cos2¢
(M1 —1)
tang = Ny 1

The principal stretches can be written as strain using the
relations \; = e; + 1 and Ay = e3 + 1, which results in
Equation 4.

—eq

tang = (11)

€2

Note that the strains are the infinitesimal strains, which is the
assumption that finite strain ellipse is small enough to have
a homogeneous deformation. Because the data is measured
near 1 mm? using 3D-DIC the assumption is made that the
strain is locally homogeneous.

Equation 4 can also be derived using Mohr’s circle. Referring
to Figure 11, R is the radius of Mohr’s circle and w is the
distance to the center of Mohr’s circle.
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Figure 11. The finite strain ellipse (left) and Mohr’s circle
(right).

c0s2¢ = w/R
€1 — €2
h==
w=-¢ey+ R 12)
cos2¢ = es /R — 1
cos2¢p = etes
€1 — €y

Using the trigonometric identities cos2¢ = 2cos?¢ — 1 and
cos2¢ = —2sin?¢ + 1 we find

1

a—e (13)
2 1 <€1+€2 >
cos*p=—-| —+1
2 €1 — €y

then using tan?¢ = sin?¢/cos*¢ we arrive back to Equation

tang = | —2- (14)
€2
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