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Abstract

Residual stress is the stress which remains in a deformable body in the absence of external forces. Due to the
release of residual stress after cutting, soft tissues will shrink and the wound will open. Thus, to realistically
simulate soft tissue deformations due to cutting, a model for the residual stress in a patient body is needed. In
this paper we present an interactive method to compute a physically meaningful patient-specific residual stress
distribution. With our method, by using their experience doctors can sketch directional stress strokes and specify
stress magnitudes at a few control points on the body surface. The residual stress is then immediately computed
[from these inputs and visualized by displaying the deformations of a set of control cuts on the body. In a visually
guided session, the user can further modify the initial strokes and magnitudes until a satisfactory result is obtained.
We demonstrate the potential of the proposed method for virtual cut simulation by showing the variations of wound
openings depending on the residual stress distribution.

Categories and Subject Descriptors (according to ACM CCS): 1.3.5 [Computer Graphics]: Computational Geometry
and Object Modeling—Physics-based modeling 1.6.7 [Simulation and Modeling]: Simulation Support Systems—

J.3 [Life and Medical Science]: Medical information systems—

1. Introduction

The input models used in computer-aided surgery simula-
tion are typically generated from patient-specific scans such
as CT or MRI. In these scans, the internal stress distribution
of the measured tissue is lost. However, even in the absence
of external forces soft tissue is not stress free, but it is ten-
sioned by the so-called residual stress. The residual stress
is a non-negligible factor in soft tissue dynamics [HumO3],
and its effect is especially apparent when soft tissue is cut.
After cutting, the tissue will shrink and the wound will open
due to the release of residual stress [CF86]. Moreover, the
shrinkage of a flap due to the relaxation of residual stress
affects the quality of surgeries, e.g., a breast reconstruction
surgery, in which the volume of the flap is of crucial impor-
tance [KZPBO04]. Therefore, to produce physically realistic
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cutting simulations for soft tissue, patient-specific models of
the residual stress need to be derived and included in the
simulation.

However, despite the importance of residual stress for soft
tissue dynamics, it is not well addressed in biomedical simu-
lation. This is due to the fact that the residual stress distribu-
tion is patient-specific, but no procedure yet exists to derive
this distribution directly from non-invasive tissue measure-
ments. The residual stress is valued by a second order tensor
which can be decomposed into principal directions (eigen-
vectors) and principal stresses (eigenvalues). The values of
principal stresses vary strongly between different individual-
s, e.g., tight or loose. Moreover, the principal directions are
geometry dependent and vary spatially. Even though models
for these distributions in the human body exist, these models
cannot easily be parameterized to a particular body.

In this paper, we present an interactive method to derive a
physically meaningful residual stress distribution for a giv-
en patient model, and we use this distribution for estimating
the opening of cuts in soft tissue (see Figure 1 and the at-
tached video). The stress model is interactively designed by
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Figure 1: Overview of the modeling procedure. First, a patient specific volumetric CT scan is used as input model. Next, an
experienced surgeon designs a residual stress tensor field by drawing stress directions via strokes on the model surface, and
by specifying the stress magnitudes at several sparse locations. A global tensor field is constructed from this information via
Laplacian interpolation, while the equilibrium equations serve as a penalty term. The tensor field is immediately visualized by
simulating the effects of making many small holes on the surface. Based on the feedback, the surgeon can modify her design
until a satisfied tensor field is computed. Finally, this residual stress is used in a biomedical simulation of the opening of wounds

due to cuts.

a domain expert based on her expertise about the residual
stress distribution in human bodies of different shape and
consistence. The design process is subject to additional con-
straints, which enforces that the resulting model respects cer-
tain physical laws. The modeling result is visualized imme-
diately, and thus allows interactive control over the residual
stress distribution.

The specific contributions of our paper are:

e A procedure to interactively model the residual stress dis-
tribution in patient specific models. Following the well-
known concept of Langer’s lines [Lan78] in anatomy, the
user draws several strokes on the surface of soft tissues,
thus specifying a coarse skeleton of the distribution of
the residual stress direction-field. In addition, the stress
magnitudes are specified at a sparse set of control points,
enabling the expert to adapt the stress distribution to the
patient’s tissue consistency. Direction and magnitude pa-
rameters are propagated to the whole body via constraint
interpolation.

e A novel stress tensor visualization method to assist the
modeling process. The visualization method is in spirit
similar to how the anisotropic behavior of skin stress is
observed. By making many small round incisions on the
soft tissues, and simulating the deformation after these
topological changes, it is easy to perceive the principle
direction of residual stress and to predicate the effect of
surgical operations.

o A demonstration of the potential of the proposed method
in cutting simulations. In a number of preliminary test-
s we show that the residual stress distributions generated
by the semi-automatic modeling process yield very real-
istic wound openings in virtual cutting simulations. The
possibility to interactively adjust the distributions taking
into account the observed tissue consistency (e.g., tight
or loose) enables cutting simulations that mimic the real-
world tissue behavior quite realistically.

The remainder of this paper is organized as follows: In
Section 2, we review related work in biomedical engineer-
ing and visualization. In Section 3, we discuss the properties
of residual stress from both a mechanical and a biological
perspective, and we lay open the foundation on which our
approach is based. In Section 4 and Section 5, we introduce
the modeling procedure and the visualization approach, re-
spectively. Implementation details are given in Section 6. We
conclude the paper with some results and ideas for further
research in this field.

2. Related Work

The accurate measurement of residual stress is still an open
problem, due to the fact that the mechanical effect of the
residual stress is highly coupled with the nonlinear, hetero-
geneous, anisotropic behavior of biological tissues. Never-
theless, both in vivo and ex vivo experiments have been per-
formed to investigate the residual stress in soft tissues such
as the skin [JJKGO8, FTN11]. These experiments typically
capture only the residual stress of a small specimen. How-
ever, a consistent residual stress field defined on the whole
soft tissue is needed for the purpose of medical simulation.
In this paper, we try to obtain a meaningful stress field by
a constructive method based on the parameters modeled by
domain experts.

Tensor field modeling. Zhang et al. [ZHTO07] presented a
topology based approach to design tensor fields on surfaces.
An extension of this approach to 3D tensor fields is not triv-
ial, since the topology of 3D tensor fields is much more
complicated. Recently, Huang et al. [HTWB11] proposed a
method to construct smooth 3D cross-frame fields based on a
spherical harmonics representation of frames. The three ax-
es of a cross-frame has no order, and thus the decomposition
of a cross-frame field into three consistent eigenvector field-
s is not straightforward. Arsigny et al. [ACPA06] proposed
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Log-Euclidean metrics for calculus on diffusion tensors. Our
stress tensors differ from the diffusion tensors in that the
stress tensor is not positive-definite. Meanwhile, the expen-
sive evaluation of logarithms also makes this sophisticated
approach not suitable for interactive modeling. Takayama
et al. [TIHNO7] proposed a sketch based interface to model
myocardial fiber orientation, and extended it to model tensor
fields for solid texturing [TOII08]. Also for solid texture syn-
thesis, Zhang et al. [ZDL*11] proposed to use quaternions to
represent tensors. Our problem differs from this as the ten-
sor field of residual stress should satisfy some equilibrium
equations.

Tensor field visualization. Various tensor field visualization
approaches for different applications have been proposed
based on glyphs, line/surface tracing, line integral convolu-
tion, direct volume rendering, topological features [HLL97],
physical effects of the tensor field on the underlying me-
dia [ZP02], or a combination of multiple of above tech-
niques [WLY04, DGBWO09]. Our visualization is close to
the volume deformation based approach [ZP02]. Moreover,
we perform topological operations to make the deformation
more meaningful for surgery planning. It can be seen as a
reproduction of Langer’s experiments [Lan78] from which
he observed the anisotropic behavior of skins.

3. Modeling Foundations

In this section, we shortly review the theoretical foundations
of our modeling method. We first specify the equilibrium
equations which the residual stress tensor field must satisfy
due to the underlying physical principles. We then address
the characteristics of residual stresses in the medical context
of soft tissue simulation.

3.1. Mechanics of residual stress

We consider a deformable body with reference configuration
Q C R3. The 3D second-order residual stress tensor field 6
must satisfy the following equilibrium equations [Hog86]:

—dive = f,0=0 in Q, (1)
onr=fs0=0 on Iy, 2)
6 =o 3)

Here, nr is the unit outward normal on ' = 9Q. I'y C T
denotes the free surface of the deformable body. f}, ¢ and f; o
denote the residual body forces and surface forces, which are
applied in the undeformed state. These forces are zero in our
application.

Equations (1) and (2) correspond to the fact that the resid-
ual stress and the residual body and surface forces must be
balanced in the undeformed state. In the absence of exter-
nal forces, these equations mean that the residual stress is
self-balanced at each material point, and that on the surface
the residual stress perpendicular to the surface must be zero.

(© The Eurographics Association 2012.

Figure 2: Directions of highest tension within the human
skin (illustration by anatomist Langer [Lan61], 1861).

By integrating these equations over the body’s domain and
surface, it can then be derived that the mean residual stress
within the body is zero [Hog86]. This implies that a non-zero
uniform residual stress tensor field cannot exist.

Equation (3) specifies that the stress tensor is symmet-
ric. According to the spectral decomposition theorem, a
3D second-order, symmetric tensor can be decomposed into
three mutually orthonormal eigenvectors n; and three eigen-
values A; according to

3
o=y, kn®n, “4)

where ® denotes the tensor product operator. A positive
eigenvalue means that the body is tensioned along its cor-
responding eigenvector direction, whereas a negative eigen-
value means that the body is compressed along this direction.
Note that the directions of the eigenvectors are not unique—
if v is an eigenvector, then —v also is an eigenvector. There-
fore, when we refer to the direction of an eigenvector v,
we rather refer to the (non-oriented) direction of the line
Av, A €R.

3.2. Residual stress in soft tissues

The decomposition of the stress tensor into eigenvectors
and eigenvalues is meaningful in anatomy and physiology.
A well-known concept in plastic and reconstructive surgery
are cleavage lines, which were first described in 1861 by
anatomist Karl Langer [Lan61], and thus are also named as
Langer’s lines. Langer’s work was initially written in Ger-
man language, and later translated into English by Gibson
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Figure 3: Modeling the eigenvector field by sketching on the surface. The vector field (yellow arrows) is created after the user
draws the first stroke (red line), and updated every time after the user draws a new stroke.

[Lan78]. One of the original illustrations by Langer is shown
in Figure 2. It depicts directions within the human skin along
which the skin has the highest tension—mathematically, this
direction at each point is the direction of the eigenvector cor-
responding to the largest eigenvalue. A surgical cut is usually
carried out parallel to Langer’s lines, since parallel incision-
s generally heal better and produce less scarring than those
which cut across.

Biologically, Langer’s lines correspond to the natural ori-
entation of collagen fibers within the dermis. In general,
the residual stresses in soft tissues are highly related to the
growth of organs [GO06]. According to the model of kine-
matic growth [KHM94], residual stresses are developed dur-
ing the growth of soft tissue in the following way: The orig-
inal body is fictitiously decomposed into many small stress-
free pieces, each of which grows independently. Because the
growths in each piece need not be compatible, internal forces
are needed to assemble the pieces into a consistent configu-
ration. These internal forces induce residual stresses. Since
the growth of soft tissues is slow and gradual, it can be as-
sumed that the residual stresses vary smoothly throughout
the tissue.

4. Modeling Procedure

Based on the spectral decomposition of the stress tensor, we
construct the stress tensor field by modeling eigenvector and
eigenvalue fields. Assuming that the residual stress field in
biological tissues is smooth, we propose the following ap-
proach: The user specifies eigenvectors and eigenvalues at a
few, sparsely distributed locations on the surface of the ob-
ject. These values are smoothly propagated over the entire
domain of the body by using Laplacian interpolation, with
the equilibrium equations serving as a regularization term.
After the residual stress tensor field has been computed, the
effect of this field on the underlying media (augmented by
a set of cuts) is immediately visualized (see Section 5). Fol-
lowing a computational steering approach, the domain ex-
pert can then further refine the eigenvector and eigenvalue
fields, until the desired result is obtained (see Figure 1 for an
illustration of this process).

In the modeling process, we first specify the eigenvec-
tor fields, followed by the eigenvalue fields. Since the three

A
o
-

Figure 4: Modeling the eigenvalue fields by adjusting frame-
arrow lengths. The local tensor frame (colored arrows) of a
user-selected location shows the specified eigenvalue along
each direction.

eigenvectors at each point are mutually orthogonal, it is suffi-
cient to specify two eigenvectors—the third eigenvector can
be obtained by computing their cross product. Moreover, the
normal on the surface is an eigenvector of the stress tensor
(since on = 0 on I'y, i.e., n is eigenvector for the eigenvalue
0). Therefore, only one eigenvector field must be specified
by the user, corresponding to Langer’s lines.

To specify this field for a patient specific geometry mod-
el, the user draws a set of strokes on the surface of the body.
From these strokes, a smooth vector field in the entire body is
constructed and visualized. As the user incrementally draws
more strokes, the vector field is further refined. An exam-
ple of user input strokes and the automatically constructed
eigenvector field is shown in Figure 3.

The eigenvalue fields are specified in a similar way. Since
the eigenvalue corresponding to the surface normal is always
zero, up to two eigenvalues can be specified at a point. Con-
sidering the user interface, after the user has selected a loca-
tion on the surface, we show the local tensor frame with col-
ored arrows indicating the direction of surface normal, the
Langer’s line, and the third vector resulting from their cross
product. The length of the arrow corresponds to the mag-
nitude of the eigenvalue as it is specified by the user (see
Figure 4).

(© The Eurographics Association 2012.
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Figure 5: Left: A visualization of the residual stress tensor by simulating the effect of many small round incisions. The long axis
of the outer ellipse corresponds to the major principle direction, while the width of the wound gives a direct visual impression
how the tissue behaves when being cut. Middle: The resulting cutting surfaces are colored by the depth. Right: The cutting
surfaces are colored by the magnitude of the residual stress component in the direction of the cutting surface normal.

Figure 6: A streamline visualization of the interpolated 3D
volumetric eigenvector field.

5. Visualization

The residual stress tensor field could be visualized by show-
ing streamlines that are traced in the eigenvector fields (see
Figure 6). However, from such a visualization it is rather dif-
ficult for the surgeon to interpret the physical behavior of the
material after cutting, which depends on not only the residu-
al stresses, but also the material properties, and the depth and
the length of an incision. Therefore, for our particular ap-
plication, we propose a visualization method which directly
shows this behavior.

Our method is based on introducing a set of small, round
incisions distributed over the surface of the body. Then, the
deformation of the body due to the residual stress is comput-
ed (see Figure 5). Typically, due to the relaxation of residual
stress after cutting, the body will shrink, and the wounds will
open. If the residual stress is anisotropic, both the outer and
inner wound margins become elliptical in shape with their
axes mutually orthogonal (see Figure 7). The major axis of
the outer ellipse indicates the eigenvector direction for the
major eigenvalue. On the surface, it corresponds to Langer’s
lines. The gap between the outer and inner boundary of the
wound indicates the magnitude of the stress.

(© The Eurographics Association 2012.

Figure 7: Left: An eigenvector field (red and blue curves) of
the residual stress, the eigenvalues along the red curves are
larger than those along the blue ones. Right: After a round
incision (the dashed circle), the wound gapes.

This visualization approach is similar to how Langer ob-
served the anisotropic phenomenon of the residual stress
[Lan78]. Langer marked circular outlines at short distances
from each other on the skin of cadavers, and then incised
around the circles. From the resulting deformation he ob-
served patterns and determined "line directions" by the
longer axes of the outer wound margins.

We provide two coloring approaches of the new cutting
surface to better indicate some important information, i.e.,
the depth of the cutting, and the stress in the direction normal
to the cutting surface. The depth field is computed in a way
similar to Takayama et al. [TOII08]. We define the skin layer
of the abdomen wall as having depth O (red color), and the
inner layer as having depth 1 (yellow color). Radial based
function interpolation is then used to interpolate the depth
values.

To better visualize the anisotropic behavior of the defor-
mation, we color the cutting surface by the norm of the nor-
mal component of the residual stress, ||on||,, where n repre-
sents the normal of the newly created cutting surface, with
a linear color map from red for the highest tension to blue
for the lowest. These colors are consistent with the color of
arrows for eigenvalue editing. As we can see from Figure
5 right, the red area means higher released tension, while
blue area means lower tension. The axis passing through red
poles indicates the Langer’s line.
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6. Implementation

In this section, we introduce the interpolation of residual
stress tensors (i.e., eigenvector fields and eigenvalues field-
s), and the dynamic simulation of deformable bodies with
residual stresses. The eigenvector fields are interpolated by
Laplacian smoothing, while the eigenvalue fields are inter-
polated by combining the Laplacian equation and the static
equilibrium equation in a least square sense. It is arguable
that an interpolation approach which treats the whole ten-
sor as a unity may produce more reasonable results. How-
ever, since the tensor is preferably represented by eigenvec-
tors and eigenvalues for intuitive modeling inputs, and they
are of different units and scales, the resulting formulation of
optimization problem in that case is ill conditioned and its
convergence is poor. Thus, we choose to generate the tensor
field by interpolating eigenvectors first and then eigenvalues.

Our interpolation and simulation are based on a hexa-
hedral finite element discretization using a uniform Carte-
sian grid, following the approach proposed in [DGW11] and
[WDW11]. The topology of the finite element model is rep-
resented by using a linked volume, where face-adjacent el-
ements are connected via links, and these links are marked
as disconnected when the respective elements are separat-
ed by a cut. A visually smooth render surface that is topo-
logically consistent with the hexahedral finite element mod-
el is constructed directly from this model by using a dual-
contouring approach. For details, we refer the reader to the
original works.

For the modeling of the residual stress tensor field, the
user paints eigenvectors and eigenvalues onto the smooth
render surface. The respective values are propagated to the
closest hexahedral finite elements. The computation of the
residual stress tensor field is then performed on this grid.

6.1. Static equilibrium equations

For the discretization of the continuous equilibrium equa-
tions, we employ a hexahedral finite element discretization
using piecewise constant interpolation for the residual stress
tensor field (i.e., we store one stress tensor per element) and
trilinear interpolation for the test functions. This leads to a
linear system of equations

TG =0. ()

Here, G is a linearization of the per-element stress ten-
sors, each of which is represented as a 6-component vector
G = (6¢,,05,,0%,0%,,0%3,6%;)7 using Voigt notation. T
is an ny X ne matrix which maps per-element stress tensors
to per-vertex forces, where n. and n, denote the number of
finite elements and vertices, and each matrix entry is itself a
matrix consisting of 3 x 6 scalars. T is assembled from the
per-element matrices

T¢ = / (B dx,

by considering the sharing of vertices between adjacent finite
elements. Here, B¢(x) is the element strain matrix, and Q° is
the domain of the finite element. Note that the matrix 7 de-
pends only on the geometry and topology of the deformable
body; it does not depend on the material properties such as
Young’s modulus or Poisson’s ratio.

For eigenvalue interpolation, we employ a formulation of
Equation (5) in terms of eigenvalues. According to Equation
(4), it is given by
dc
—A=0 6
an ; (6)
where A is a linearization of the per-element stress ten-
sors’ eigenvalues, and fi—g is assembled from the per-element

T

third-order tensors ‘d‘!—;’; given by

do®
(d?»e ) i jk = (k@ nij.
ij

6.2. Interpolation of eigenvalues

In the following, we introduce our interpolation scheme for
the case of eigenvalue interpolation. The interpolation of the
eigenvectors, which is algorithmically performed prior the
interpolation of the eigenvalues, is performed in a similar
way and is described in the following section.

For the formulation of our interpolationA scheme, we con-
sider a vector-valued function ¢(i) = A" = (A} A5, AT,
which specifies the three eigenvalues for each finite element
i=1,...,n.

Laplacian operator: We use Laplacian smooth-
ing [SCOL*04] to propagate the prescribed values
over the entire domain of the body. The discrete Laplacian
operator A acting on ¢ is defined as

(A0)(H) =Y, of,))[o()—e)],
JEN (i)

where N (i) is the set of elements that are face-adjacent to
element i. Since we use a uniform discretization, the weight
(i, j) is chosen as (i, j) = |N11(i)\ . To get a smooth tensor
field, we seek for

(A0)(i) =0, i=1,...,0.

In matrix form, this is written as

LA =0, )
_ T m\T\T . .
where A = ((A)",...,(A")")", and L is an n X ne matrix
defined by
—I3x3 ifi=j,
Lij = CO(i,j)]3><3 lf] ENl(i),
0 otherwise.

Boundary condition: The eigenvalues for some elements

(© The Eurographics Association 2012.
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are prescribed by the user. This is modeled by
Dli) = X+,
meaning that for element i; the eigenvalues A0 are pre-

scribed. np, denotes the number of these elements. The ma-
trix form of these constraints is given by

ch=2", 8)

where A = (W7 .. (A O)T and Cis an np x ne ma-
trix defined by

k=1,...,np,

Cre = .
) 0 otherwise.

{13X3 if ¢ = iy,

We solve the linear systems given by the Laplacian op-
erator Equation (7), the boundary constraint Equation (8),
and the equilibrium constraint Equation (6) in a least squares
sense, i.e.,

argmin||AA — b3, ©)
A

\T T
where A = (L C Tj—i) ,and b = (O A0 0) . The corre-

sponds the linear system, ATAN = ATb, is evaluated by a
conjugate gradient solver.

6.3. Interpolation of eigenvectors

For the eigenvector interpolation, which is performed
component-wise, the formulation of the Laplacian operator
and user-specified constraints is analogous, with the excep-
tion that the equilibrium equation is not considered in the
minimization problem.

Note that due to the component-wise interpolation of the
eigenvectors, it is finally required to orthonormalize the re-
sulting fields in order to obtain a set of mutually perpendicu-
lar eigenvector fields. In the orthonormalization process, the
eigenvector along the normal direction is fixed, while the one
along Langer’s line is clipped and normalized.

6.4. Dynamic simulation

The incorporation of the residual stresses into the simula-
tion of the deformable body leads to the spatially discretized
Lagrangian equation of motion

TS + Mii+ Dii+ Ku = f. (10)

Here M, D, and K are the mass, damping, and stiffness ma-
trix, and u# and f are the linearized vertex displacements
and per-vertex forces. Note that the matrices in this equa-
tion have to be reassembled whenever the topology of the
object has changed, i.e., whenever the object has been cut.
To enable the accurate simulation of large deformations us-
ing linear elasticity, we employ the corotational formulation
of the linear strain tensor. The linear system of equations re-
sulting from applying the implicit Newmark time integration
scheme is solved by using an efficient geometric multigrid
solver [DGW11].

(© The Eurographics Association 2012.

Figure 8: The left cut crosses the Langer’s lines, while the
right cut follows Langer’s lines (the lines are shown in Fig-
ure 2). The wound caused by the cross cut is wider.

7. Results and Discussion

For our experiments, the Young’s modulus and Poisson’s ra-
tio are chosen as 80 kPa and 0.4 respectively, which are com-
parable to those of an abdominal wall [SAF*06]. The tension
along the Langer’s lines is typically prescribed as 20 kPa,
while along the cross direction it is 10 kPa [JJKGO8]. Our
experiments were run on a standard desktop PC equipped
with an Intel Core Q9450 processor running at 2.66 GHz (a
single core is used), 4 GB of RAM, and an NVIDIA GeForce
GTX 280 graphics card.

Figure 8 shows two cuts, the left cut crosses Langer’s
lines, while the right one follows Langer’s lines. It can be
seen that the wound caused by the cross cut is wider. Figure
9 left shows the simulation of a flap surgery using the resid-
ual stress distribution computed from a reasonable model-
ing. Dynamic simulation is shown in the attached video. The
width of the wound is typically 5 ~ 20 mm. So far, the doc-
tors were not able to clearly differentiate the Langer’s lines
for different types of bodies. The doctors, however, found
our simulated cuts to be in line with what they were ex-
pecting for the particular body type presented in this paper.
Therefore we are planning to compare the results of our sim-
ulations to measurement of real cuts in the future.

Flap surgery simulations with residual stresses comput-
ed from different eigenvector and eigenvalue specifications
are shown in Figure 9. This demonstrates the variations of
wound openings depending on the residual stress distribu-
tion.

Figure 10 shows our modeling and visualization tech-
niques applied to a cylinder model. In the upper part of the
cylinder, we assign the same eigenvalue on the Langer’s di-
rection and the cross-Langer’s direction. In the lower part,
the eigenvalue on the cross-Langer’s direction is reduced by
half. As a consequence, in the upper part the shape of inci-
sions is still circular, while those in the lower part become
ellipses.
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Figure 9: Top: Three different specifications of eigenvectors and eigenvalues. Bottom: Flap surgery simulations with resid-
ual stresses computed from different specifications. The cutting surfaces are colored by the magnitude of the residual stress

component in the direction of the cutting surface normal.

Figure 10: Modeling and visualization on a cylinder model.
The stresses in the upper part are set isotropic, while that
in the lower part are set anisotropic. The resulting shapes of
round incisions are circular and elliptical respectively.

Table 1 shows the performance of our system for differ-
ent models and different resolutions. The second group of
columns gives information about the models, i.e., the resolu-
tion, the number of hexahedral finite elements, and the num-
ber of simulation vertices. The third group shows the timing
statistics for each modeling step. The first column gives the
time for the eigenvector interpolation, which includes the in-
terpolation of the user-specified Langer’s lines and the sur-
face normals, orthonormalization and the computation of the
third eigenvector. The next column shows time for the inter-
polation of the user-specified eigenvalues. The last column

gives the time for a single step of the dynamic deformation
simulation. The statistics demonstrate that for models of a
few thousands of cells, the model can be computed in one
second. For models consisting of a few tenthousand of cells,
the computations take a few seconds.

Time [ms]

Model } Resolution  # Cells #Verncesm

Cylinder | 21x21x26 5,550 7,540 | 2614 2152 833
Cylinder | 42x42x51 44,000 51,714 | 5,517 8,951 637.4
Abdomen | 63x21x42 5,734 10,189 | 155.6 106.1 98.6
Abdomen | 126x41x84 45313 62,481 | 3,046 3,607 707.8

Table 1: Performance statistics for different models and dif-
ferent resolutions. The last three columns give times for the
eigenvector interpolation, the eigenvalue interpolation, and
the dynamic simulation, respectively.

8. Conclusion and Future Work

We have presented methods to design and visualize a patient-
specific residual stress tensor field with respect to physical
constraints. The design is based on the mechanics of resid-
ual stress in soft biological tissues. We proposed a method
for interactively designing tensor fields via a sketch-based
interface. A graphical depiction of the residual stress dis-
tribution is achieved by visualizing the simulated deforma-
tions of a set of small round incisions. In a number of ex-
amples we demonstrated the potential of our approach in
patient-specific surgery simulation, where a consistent resid-
ual stress tensor field is desired.

(© The Eurographics Association 2012.
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Our method is well suited for modeling the residual stress
distribution on shell-like structures, which are common in
biological tissues. For complex-shaped structures, it would
be interesting to allow the user to draw stress directions in-
side the body, if the user has prior knowledge of the inte-
rior residual stress. Meanwhile, as a modeling tool, the ac-
curacy of its results depends heavily on the correctness of
user’s inputs. Thus it would be beneficial to incorporate into
the modeling framework accurate measurements of some pa-
rameters as a complement to surgeon’s experience. Another
issue is that the user-sketched stroke has a specific direction,
while the eigenvector of a tensor is actually bidirectional.
This specification may produce some artifacts in vector field
generation. Further investigation is needed to address this
open problem.

In the future we will also investigate the parallelization
of our approach on GPU and Multicore-CPU architectures.
Even though our method already achieves quite satisfying
update rates, it can still take several seconds to update a
residual stress field with respect to the user input. In order to
achieve good scalability on a parallel system, we will in par-
ticular address the integration of iterative solution methods
into our approach. Furthermore, we will evaluate the confi-
dence of our results with respect to real-world measurement.
It is planned for the near future to measure and compare with
the shrinkage of flaps in breast reconstruction surgery using
the same patient model.
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