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Abstract

Most trans-tibial amputation (TTA) patients use a prosthesis to retain upright mobility capabilities. Unfortunately, interaction
between the residual limb and the prosthetic socket causes elevated internal strains and stresses in the muscle and fat tissues in the
residual limb, which may lead to deep tissue injury (DTI) and other complications. Presently, there is paucity of information on the
mechanical conditions in the TTA residual limb during load-bearing. Accordingly, our aim was to characterize the mechanical conditions
in the muscle flap of the residual limb of a TTA patient after donning the prosthetic socket and during load-bearing. Knowledge of
internal mechanical conditions in the muscle flap can be used to identify the risk for DTI and improve the fitting of the prosthesis. We
used a patient-specific modelling approach which involved an MRI scan, interface pressure measurements between the residual limb and
the socket of the prosthesis and three-dimensional non-linear large-deformation finite-element (FE) modelling to quantify internal soft
tissue strains and stresses in a female TTA patient during static load-bearing. Movement of the truncated tibia and fibula during load-
bearing was measured by means of MRI and used as displacement boundary conditions for the FE model. Subsequently, we calculated
the internal strains, strain energy density (SED) and stresses in the muscle flap under the truncated bones. Internal strains under the tibia
peaked at 85%, 129% and 106% for compression, tension and shear strains, respectively. Internal strains under the fibula peaked at
substantially lower values, that is, 19%, 22% and 19% for compression, tension and shear strains, respectively. Strain energy density
peaked at the tibial end (104 kJ/m?). The von Mises stresses peaked at 215 kPa around the distal end of the tibia. Stresses under the fibula
were at least one order of magnitude lower than the stresses under the tibia. We surmise that our present patient-specific modelling
method is an important tool in understanding the etiology of DTI in the residual limbs of TTA patients.
© 2008 Elsevier Ltd. All rights reserved.
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unnatural mechanical conditions that result from the
interaction between the soft tissues of the residual limb
and the prosthetic socket often lead to pain, blisters,
edema, pressure ulcers and sometimes flap necrosis and
osteomyelitis (Lyon et al., 2000; Mak et al., 2001). The

1. Introduction

During lower-extremity amputations, the posterior
shank muscles (gastrocnemius and sometimes the soleus)
are folded over the distal ends of the truncated bones, and

create a muscular flap that is pressed transversely during
load-bearing. The majority of trans-tibial amputation
(TTA) patients use prostheses on a daily basis. The
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surgically sharpened tibial end can cause critical mechan-
ical loads in the tissues underneath, which may eventually
lead to flap ulceration (Henrot et al, 2000). It has been long
known that tissue loads are higher internally near bony
prominences than at the skin surface (Le et al., 1984).
However, only recently, a perilous injury condition named
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“deep tissue injury” (DTI) was introduced. Deep tissue
injury is a muscle lesion under intact skin (Black, 2005;
Ankrom et al., 2005; Agam and Gefen, 2007). In TTA
patients, DTI results from compression of the muscle flap
by the truncated bones against the socket. Knowledge of
DTI etiology is yet to be established; however, the
undisputed factors are pressure-related ischemia together
with excessive soft tissue deformation (Bouten et al., 2003;
Gefen, 2008). The onset of DTI strongly depends on the
geometrical and biomechanical characteristics of the
bone—muscle interface (Gefen, 2007a,b), which differ
widely across individual TTA patients due to different
surgical techniques, level of amputation, muscle atrophy
and scarring (Portnoy et al., 2007). Since approximately
80% of lower limb amputees suffer peripheral vascular
disease, diabetes or both (Kulkarni et al., 2006), the
neuropathy associated with these diseases prevents patients
from detecting pain and injury to their residual limb.
Presently, there is paucity of information on mechanical
conditions in the residual limb during load-bearing. Since it
is not feasible to invasively measure internal strains and
stresses in the muscle flap of TTA patients, computational
models must be incorporated. Finite-element (FE) model-
ling was used by several research groups to create two-
dimensional (2D) or three-dimensional (3D) residual limb
models, for determining pressure and shear distributions at
the skin surface (Reynolds and Lord, 1992; Sanders and
Daly, 1993; Zhang and Roberts, 2000). However, FE
analysis was never before utilized for characterizing
internal strains and stresses in muscle flap of residual
limbs, excluding our recent study (Portnoy et al., 2007)

which employed a 2D real-time approach. Knowledge of
internal mechanical conditions in the 3D residual limb is
very likely to prove useful in preventing DTI in TTA
patients, as well as in aiding in surgical planning and
rehabilitation, thus improving the health and comfort of
the active amputee.

Consequently, our goal was to characterize the mechan-
ical conditions in a muscle flap of a TTA patient during
static load-bearing. We specifically aimed at developing a
technique that, ultimately, will be able to identify the risk
for DTI in individual patients and improve prosthetic
fitting based on integration of MRI and interface pressure
measurements in a patient-specific FE model.

2. Methods

Two thin (0.3mm) and flexible pressure-sensing mats based on
piezoresistive sensors were designed specifically for this project, jointly
by our Musculoskeletal Biomechanics Laboratory (AG) and Sensor
Products Co. (NJ, USA). Dimensions of the mats were selected according
to anthropometric data of lengths and circumferences of residual limbs of
TTA patients (Sanders et al., 2005). The posterior pad consists of 175
pressure sensors, where the proximally located part is wider (rectangular
array of 15 x 5 sensors) than the distally located part (10 x 10 rectangle) to
adequately envelope the upper shin (Fig. la, b). The anterior pad consists
of 150 sensors (6 x 25 rectangle) and is long enough to be folded over the
distal end of the residual limb (Fig. la, c). The area of one sensor is
1.024cm? and its measurement capacity is ~700kPa. The accuracy,
repeatability, hysteresis and non-linearity of sensors are +10%, +2%,
+5% and +1.5%, respectively. Sensors and cables were shielded to
minimize electrical noise and potential effects of in-socket temperature
and humidity. Together, the sensor arrays were sampled at 19 Hz. Data
were processed using commercial software (Tactilus, version 3.1.12,
Sensor Products Co., NJ, USA). The pressure-sensing mats were placed

Top view of the socket

Anterior pad

Posterior pad

\

Fig. 1. The pressure measurement system (a) and an example of a pressure distribution recorded around the residual limb during static load-bearing by
(b) the posterior mat and (c) the anterior mat, folded at the distal end of the residual limb. The peak pressure value (red spots at the fibular head and tibial

crest) was 65 kPa.
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between the prosthetic socket and residual limb to obtain static interface
pressure diagrams (Fig. 1). Though it was ideal to acquire pressure data
simultaneously with the MRI studies described below, electronic inter-
ferences prevented this, so pressure data were acquired before the MRI
trials.

The MRI studies were carried out at an open MRI (Fig. 2), which
consists of two vertical magnets with a space between them for access
during surgical procedures (field intensity 0.5 T, spatial resolution 0.1 mm,
slice thickness 4 mm, images were T1-weighted, phase field-of-view 100%,
“Signa SP”” model, General Electric Co., CT, USA). Herein, we employed
the space between the magnets to study the internal anatomy of the
residual limb while the TTA patient stood between them (Fig. 2). We
recruited a healthy-traumatic active TTA female subject (age 29, height
1.69 m, weight 50 kg) with no history of diabetes mellitus or symptoms of
peripheral neuropathy. Helsinki approval (#4302/06 from Sheba Medical
Center, Israel) and informed consent were obtained. The patient
complained about daily pain and discomfort at the distal end of her
residual limb and at the fibula head region, while using her prosthesis. She
also complained about frequent skin injuries at the distal residual limb.

A plaster cast was created from the residual limb pre-trial (Fig. 3a), and
used as a non-metallic substitute for the patient’s own socket during MRI
scans. Two scan sequences were acquired: (i) when the patient was
donning the plaster socket with no externally applied load (Fig. 2a), and
(ii) during static external loading of the socket by the patient’s body weight
(Fig. 2b). Two thin piezoresistive force sensors (accuracy + 5%, capacity
440N, FlexiForce, Tekscan Co. MA, USA) were placed between the
socket and the MRI’s patient table to verify continuous loading on the
residual limb.

The 3D surfaces of bone and muscle tissues were obtained from coronal
and transversal MRI scans (Fig. 3b). The MRI scans were loaded into
parallel planes and contours of the bones and muscle were manually
drawn per each slice and lofted into 3D bodies (Fig. 3c) by means of a
solid modelling software (SolidWorks 2005, SolidWorks, MA, USA). The
3D reconstruction of the unloaded residual limb was imported to an FE
solver (ABAQUS version 6.6, SIMULIA, RI, USA) for non-linear large-
deformation strain/stress analyses (Fig. 4a).

Plaster cast of
residual limb

Support to allow stable
positioning of the residual

limb without load-bearing

The model included the tibia and fibula bones, the muscle flap, skin and
the socket. Vertical movement of the bones during weight-bearing was
measured by comparing the 3D reconstructions of the unloaded and
loaded MRI scans; we then applied these bone movements as displacement
boundary conditions for the FE model. The external cast surface was
constrained for all translations. The friction coefficient between the skin
and cast was set to 0.7 (Sanders et al., 1998). The cast was assumed to be
homogeneous isotropic and linear-elastic material, with elastic modulus of
1 GPa and Poisson’s ratio of 0.3. Since the cast acts as a rigid container for
the residual limb (e.g. it is over 4-orders-of-magnitude stiffer than muscle
tissue; Palevski et al., 2006), we referred to it as such. Bones were
considered rigid, and all soft tissues were assumed to be homogeneous,
isotropic and incompressible. Skin was characterized using an energy
function based on the strain energy function by James et al. (1975)
assuming incompressibility (Reihsner et al., 1995; Lanir et al., 1990):

Wekin = Crol1 —3)+ Cri(ly = 3)(I2 —3) Q)

where W, is the skin’s strain energy per unit of reference volume, and
the invariants of the principal stretch ratios are I, = 227 and
I, =X 12,72 where A, are the principle stretch ratios, and the material
constants are Cjp = 0.4kPa and C;; = 82kPa (Hendriks et al., 2003). The
constitutive behavior of muscle tissue was also represented using an energy
function, but viscoelastic stress relaxation, which is considered important
in static load-bearing (Palevski et al., 2006; Linder-Ganz et al., 2007), was
incorporated. Specifically, following the work of Linder-Ganz et al.
(2007), the instantaneous stress response of muscle was represented using a
neo-Hookean strain energy function:

ins
2

where G™8.5kPa is the short-term transverse shear modulus of non-
preconditioned muscle tissue (Palevski et al., 2006). Viscoelasticity was
then considered by means of a Prony series expansion:
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Interface pressure and GRF
measurements acquired during
the load-bearing posture

Fig. 2. A scheme of the imaging configuration at the open-MRI, where the residual limb of the subject is (a) unloaded and (b) statically loaded. Ground
reaction force (GRF) measurements were taken by means of two force sensors located between the bottom of the socket and the MRI’s patient table, to
ensure continuous load transfer through the residual limb while it was scanned by MRI at the load-bearing experimental mode. The contact pressure

distribution around the residual limb was acquired before the MRI scan.
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Fig. 3. The process of patient-specific finite-element (FE) modelling: (a) After creating a plaster cast of the residual limb of a TTA patient, (b) Coronal and
transverse MR images were acquired in an open MRI at a static posture, with and without load-bearing (as depicted in Fig. 2). (c) Then, a three-
dimensional solid model of the residual limb was created from the MR images (SolidWorks, 2005), for export to the FE solver.

where S is the second Piola—Kirchhoff stress, E is the Green—Lagrange
strain, 7 is the relaxation time constant and ¢ = 50% is the percentage
difference between tissue moduli at the instant of deformation and
at the asymptotic response (Linder-Ganz et al., 2007). Since we only
account for tissue stress distributions at long terms (considering that MRI
scans took several minutes to acquire but most stress relaxation in
transversally loaded skeletal muscle tissue already occurs within ~20s;
Palevski et al., 2006), muscle stresses can be approximated as S=
(1—3)0W/OE.

The “‘rigid” bones were meshed with 3071 4-node quadrilateral surface
elements (“SFM3D4” in ABAQUS) which cannot deform and are not
assigned with mechanical properties. Muscle tissue was meshed with 27470
second-order 10-node modified quadratic tetrahedron elements
(“C3D10M™). “No slip” conditions were set at the interfaces between
muscle and bone. The outer muscle layer was configured as skin tissue,
and meshed with 2136 6-node triangular membrane elements (“M3D6”).
The cast was meshed with 3744 “C3D10M” elements. The mesh density
was tested in preliminary simulations, where it was found that denser
meshes increased the runtime but had negligible effect on the strain/stress
measure outcomes. At its final configuration, the runtime of the model was
approximately 12h using pentium-class workstation equipped with 1 GB
RAM and designated graphic processor board.

The FE model was first analyzed for distributions of internal principal
strains and maximal shear strains in the muscle flap. We also calculated
the strain energy density (SED) distribution in the flap, as a useful scalar
measure of the intensity of tissue loading. We further calculated
distributions of principal stresses, maximal shear stresses and von Mises
stresses, which are reported as Cauchy stresses (o)

0 = FSucd "' Fp. “4)

where F is the deformation gradient tensor and J = det(F).

3. Results

The patient had relatively thin and muscular residual
limb, and accordingly, the MRI scan did not reveal fat
tissue (Fig. 3b, c). Consequently, fat was not modelled
herein. Anatomical dimensions of the residual limb are
listed in Table 1, with respect to those of a group (N = 5) of
previously studied TTA patients (Portnoy et al., 2007).
These data show that the muscle flap of the present patient
was considerably narrower and thinner than of other
patients.

A 0.94+0.1 mm downward displacement of the bones
relative to the socket was measured in the residual
limb during load-bearing, by comparing between MRI
scans of the non-weight-bearing versus weight-bearing
using the technique of Linder-Ganz et al. (2007).
Hence, a 0.9mm downward displacement was imposed
on the bones in the FE model, resulting in a 3D
distribution of soft tissue deformations (Fig. 4b).
As the truncated bones were pushed against the cast,
underlying muscle tissue was compressed, whereas
more distant muscle tissue was pushed upwards, toward
the knee (Fig. 4b). Sliding of the skin against the
cast peaked at 0.61 mm under the tibia (Fig. 4c). Inter-
face limb-socket pressures, calculated from the FE
model, peaked at 65kPa, and were in excellent agree-
ment with the experimental pressure measurements that
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Fig. 4. Finite-element (FE) meshing and displacement boundary conditions imposed on the tibia and fibula bones: (a) The FE meshes of the tibia and
fibula, muscle and skin, and the plaster cast. (b) Distribution of tissue displacements in the vertical direction after a downward movement of ~1 mm was
imposed on the truncated bones, whereas the outer cast surface was constraint for all translations. (c) Sliding of the skin (mm). It is shown that
displacements of skin elements occur mainly at the proximal and distal ends of the FE model.

Distal end of tibia

Table 1
Residual limb geometrical characteristics measured from an MRI scan of the trans-tibial amputation (TTA) patient studied herein, compared with residual
limb geometrical characteristics obtained from X-rays of a group of 5 TTA patients in a previous study (Portnoy et al., 2007)

Residual limb characteristics Tibia length (cm) Fibula width (cm) Posterior muscle width (cm) Minimal flap thickness (cm)
TTA patient from current study 12.76 1.23 1.1* 0.22*
TTA patients from previous study™ 13.26+3.27 1.354+0.38 3.9+0.94 2.48+1.51

It is shown that the muscle flap of the present patient is significantly narrower and thinner with respect to that of other TTA patients.
*p<0.01 in a 2-tails, unpaired r-test.

fluctuated +10kPa around this value with postural sways The internal strain distributions at the distal ends of the
(Fig. 1). Shear stresses on the skin peaked at 51.9kPa tibia and fibula are shown in Figs. 5 and 6, respectively.
under the tibia. Principal compression and tension strains, SED and
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Fig. 5. The internal strain distribution at the distal end of the tibia. Strain energy density, principal compression and tension strains and maximal shear
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maximal shear strains were plotted along paths below the
tibia and fibula. The SED peaked directly at the distal tibial
end (104kJ/m?) and laterally to the distal fibular end,
where it was at least 2-orders-of-magnitude lower than
under the tibia. Principal compression and tension strains
and maximal shear strains peaked directly at the distal
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tibial end and laterally to the distal fibular end. Peak
internal strains under the tibia were 85%, 129% and 106%
for compression, tension and shear, respectively. Peak
internal strains under the fibula were substantially lower:
19%, 22% and 19% for compression, tension and shear,
respectively.
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Fig. 6. The internal strain distribution at the distal end of the fibula. Strain energy density, principal compression and tension strains and maximal shear
strains are plotted along a path below the fibula.

The internal stress distributions at the distal tibial and  path below each bone. Stress distributions in the muscle
fibular ends are presented in Figs. 7 and 8, respectively. The flap corresponded to strain distributions, i.e. all stresses
von Mises stresses, principal compression and tension peaked directly at the distal tibial end and laterally to the
stresses and the maximal shear stresses were plotted along a distal fibular end (Fig. 7). Stresses under the fibula were at
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Fig. 7. The internal stress distribution at the distal end of the tibia. Von Mises stresses, principal compression and tension stresses and maximal shear

stresses are plotted along a path below the tibia.

least one-order-of-magnitude lower than under the tibia.
The von Mises stress concentrations created in the muscle
flap by the end of the truncated tibia (peak 215kPa) is
shown in Fig. 9.

Overall, the highest muscle flap strains, SED and stresses
were found directly under the distal tibial end (Figs. 5, 7

and 9 and Table 2). For example, peak muscle compression
stresses under the tibia (Fig. 7) were over 4-fold greater
than skin interface pressures at that location. We conclude
that the stress concentrating effect of bony prominence,
which was already identified as a key contributor to the
formation of pressure ulcers and DTI (Gefen, 2007a, b), is
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stresses are plotted along a path below the fibula.
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Fibula head

Distal end of tibia

Fig. 9. The von Mises stress distribution in the residual limb of a trans-tibial amputee during static loading: (a) Stresses on the surface of the residual limb.
(b) Stresses in a coronal cross-section through the truncated bones, with views on the muscle tissue surrounding the bones. A magnified region under the
truncated tibia, in the bottom frame, shows elevated von Mises stresses in the muscle flap and the interaction with the hard cast.

Table 2

Calculated strains, strain energy densities and stresses at important anatomical sites

Parameter Tibial tuberosity Tibia end Popliteal depression Fibula head Fibula end
Principal compressive strain (%) 7 85 0.2 0.2 19
Principal tensile strain (%) 6.9 129 1.8 4.5 22
Maximal shear strain (%) 8.9 106 1 1.5 19

Strain energy density (kJ/m®) 0.04 104 0.01 0.02 1
Principal compressive stress (kPa) 33 240 1.1 4 8.9
Principal tensile stress (kPa) 1.4 263 0.7 7 2.2
Maximal shear stress (kPa) 0.5 23 0.4 32 33

von Mises stress (kPa) 1.3 215 0.9 6.4 7.4
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particularly strong under the truncated tibia of the patient
studied herein.

4. Discussion

This study introduces a new experimental-computational
technique for quantifying internal mechanical conditions in
residual limbs of TTA patients. Over the last two decades,
efforts were invested in drawing FE models closer to
resembling the actual residual limb, anatomically and
mechanically. Childress and colleagues were the first to
confront this challenge (Steege et al., 1987). Since then,
linear elastic simplified 2D models have evolved into
geometrically accurate non-linear 3D models, bearing
fewer assumptions regarding mechanical behavior of
tissues and contact conditions. Some models included slip
and friction at the limb-socket interface (Lee et al., 2004;
Zachariah and Sanders, 2000; Zhang et al., 1995). Others
considered inertial effects (Jia et al., 2004) and non-linear
properties of soft tissues (Tonuk and Silver-Thorn, 2004).
Anatomically accurate FE model of a TTA residual limb
was created for surface temperature analysis (Peery et al.,
2006). However, so far, no study combined non-linear
characterization of soft tissues in an anatomically accurate
3D model of the residual limb, while considering large
deformations and friction between the skin and socket.
This is the first study that considers these features
simultaneously, and, importantly, it is the first to report
internal conditions in the muscle flap that are required for
pressure ulcer and DTI etiological research.

We found strain and stress concentrations in the
flap under the tibial end, demonstrating the perilous
condition of muscle tissue in the loaded residual limb.
Nevertheless, the residual limb of our TTA patient is slim
and muscular, and no significant fat tissue partitioned
between the muscle flap and hard inner surface of the cast.
Moreover, as indicated in Table 1, the flap thickness of her
residual limb is less than 10% and the posterior muscle
width is "3-fold smaller than those of residual limbs of
TTA patients we previously studied (Portnoy et al., 2007).
It is therefore likely that this patient is exposed to relative
higher strain/stress levels, and her complains about
discomfort and pain at the distal residual limb further
support this.

The peak principal compression strain in the muscle flap
of our TTA patient was slightly higher than physiological
compression levels previously reported for the gluteus
muscle of healthy subjects during sitting (Linder-Ganz
et al., 2007). However, the peak principal tensile strain and
shear strain found in her flap were ~5-fold the physiolo-
gical levels in Linder-Ganz et al. (2007). It has been widely
reported that the residual limb is subjected to high external
shearing forces at the limb—socket interface (Zhang et al.,
1998, Sanders and Daly, 1993; Quesada and Skinner,
1991). It is also known that with increasing shear, the
pressure necessary to occlude skin blood flow drops as low
as half the baseline value (Bennett et al., 1979; Linder-Ganz

and Gefen, 2007). Hence, although compression strains
found in the muscle flap of our subject appeared to be at
physiological levels, the high tensile and shear strains might
be a risk for tissue viability.

We included SED calculations, which were previously
used to predict tissue breakdown, e.g. of kidney (Snedekera
et al., 2005.). In lack of an SED-based injury threshold for
skeletal muscle, we cannot predict the risk for tissue
breakdown in the patient examined herein, but hopefully,
in the future, such SED threshold will become available.
This will require animal studies where tissue viability is
monitored under compound (compression + tension + -
shear) loading. An initial work to establish tissue injury
threshold for skeletal muscle (considering only compres-
sion loading at this stage) has already started in our
laboratory (Linder-Ganz et al.,, 2006). The pressure
ulcer research group in Eindhoven University of Technol-
ogy is also progressively acting to provide such data
(Stekelenburg et al., 2006a, b, 2007).

The limitations of our study are mostly related to the
mechanical properties assigned to the muscle flap. We did
not take into account effects of muscle tonus or scars on
the tissue’s mechanical behavior, in lack of appropriate
constitutive data. In TTA patients, the distal end of
the muscle flap is surgically attached to the distal tibial
end but for the purpose of FE analysis, bone-muscle
interface nodes were assigned “‘tie”” connection, and no
relative motion was allowed. Another limitation of our
clinical trial is the use of a plaster substitute for the
prosthetic socket. In rehabilitation centers, sockets are
rectified “‘custom-made” to divert pressures from sensi-
tive areas to more tolerant areas (Silver-Thorn and
Childress, 1996; Fergason and Smith, 1999). Since these
modifications were not performed, we may have somewhat
overestimated tissue loading in a custom prosthetic socket.
Additionally, considering that our sensing mats were very
thin (0.3mm) and completely flexible, effects of the
presence of the sensor layer on measured pressure data
were assumed negligible. To conclude, we surmise that our
approach is adequate for characterizing internal strains/
stresses in residual limbs, and that its contribution in
understanding pressure ulcers, DTI and flap necrosis
etiologies is significant.
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