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ABSTRACT
Displaced intra-articular distal radius fractures

are difficult to treat, with numerous associated
complications. The potential onset of post-trau-
matic osteoarthritis (OA) is a major concern. The
relationship between malreduced intra-articular
fracture of the distal radius and subsequent early
onset of radiocarpal OA is clinically important,
yet poorly understood. To better understand this
presumed mechanical relationship, detailed infor-
mation regarding joint loading, kinematics and
associated stress distributions must be obtained.
Toward this end, a three-dimensional finite ele-
ment (3D FE) contact model of the radiocarpal
joint has been developed, including the radius,
lunate, scaphoid, articulations between these
bones and selected soft tissues near the joint. FE
model geometry was derived from cryomicrotome
sections of a cadaver wrist. Radiocarpal contact
stress distributions in the intact and simulated
malreduced fracture conditions, previously col-
lected using a cadaveric intra-articular fracture
model, are used to establish validity of the com-
putational model. Finally, a section of the distal
radius constituting the entire lunate fossa was

displaced 1, 2 and 3 mm to represent a depressed
lunate die-punch fracture.

INTRODUCTION
Intra-articular fractures of the distal radius are a sig-

nificant clinical problem. In a large number of such frac-
tures, the normally smooth articular surface is greatly
disrupted (Figure 1). The frequency of post-traumatic
OA of the wrist after this injury has been reported to
be as high as 40 to 65%,1 and the clinical result is often
a painful stiff wrist. It has been suggested that this is of
particular concern in the younger patient with an in-
congruity of greater than 2 mm.1 The development of
OA following displaced intra-articular fractures has been
attributed to a variety of factors, including the initial
trauma to cartilage, elevated contact stresses and joint
instability.2 Although this is a current area of intense
research, there remains little that can be done to re-
verse the initial cartilage trauma, and its influence on
subsequent joint loading is poorly understood. With
operative intervention, an incongruous joint can be re-
stored to its original anatomical position. Joint instabil-
ity can be addressed surgically, as well, but has received
little attention overall in the management of intra-articu-
lar fractures.

Several authors have shown in clinical studies that
radiographically-evident “step-offs” that persist follow-
ing wrist fracture are highly correlated with the onset
of early OA. Knirk and Jupiter found that OA developed
in 91% of distal radius fractures that healed with any
articular incongruity, and in 100% of those that healed
with a step-off of 2 mm or more.1 In contrast, they found
a poor correlation for the extent of initial intra-articular
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Figure 1.  Natural history radiographic appearance of the wrist fol-
lowing healing of lunate die-punch-type fracture of the distal ra-
dius.
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disruption with the subsequent development of arthri-
tis. Over half of their patients with arthritic changes had
a fair or poor clinical result. Fernandez and Geissler
confirmed that operative reduction of displaced intra-
articular fractures reduced the incidence of OA to ap-
proximately 5%.3 Bradway et al. found radiographic evi-
dence of OA in only 9% of patients with a step-off of
less than 2 mm, but in 100% of those with a step-off of 2
mm or more.4 While they found that the worst results
in their series tended to be in patients who had the most
comminuted fractures, they noted that the prognosis
was most directly related to a surgeon’s ability to re-
construct a congruent distal radial articular surface.
This belief represents the current clinical consensus,5

and these findings in the wrist are generally consistent
with clinical experience in other articular joints.6,7

The heterogeneity of injuries involved in clinical stud-
ies makes it difficult to arrive at specific conclusions
regarding clinical outcome, especially since such series
normally include only a relatively small number of pa-
tients at any one institution. The compilation of relevant
clinical information regarding the management of these
fractures has been complicated by patient-to-patient vari-
ability, and by the great range of fracture fixation de-
vices used to treat them. The fractures are seldom con-
tained within a single plane, and it is not uncommon
for multiple fracture fragments to be present. Thus, the
use of plain radiographs to assess the degree of frac-
ture malreduction can be misleading, with their appear-
ance sensitive to the obliquity at which radiographs are
obtained.8 The extent of concomitant ligamentous in-
jury associated with these fractures has only recently
begun to be appreciated. In most clinical studies, little
attention has been given to the presence of these liga-
mentous injuries, and their potential influence upon
post-injury mechanics has not been studied.

Finally, while clinical study may help to identify gen-
eral relationships between fracture management and
clinical outcome, it provides little information regard-
ing relationships between the details of fracture man-
agement, the resulting alterations in joint loading and
the eventual clinical outcome. Without this information,
there is little rigorous guidance toward further improve-
ment and refinement in intra-articular fracture manage-
ment techniques. In order to begin to understand these
relationships in the wrist, more information must be
obtained regarding, first, the nature of stress distribu-
tions in the vicinity of the articular surfaces, and sec-
ond, the associated kinematics of the carpal bones.

Laboratory research into the biomechanics of these
intra-articular fractures offers an alternative means of
investigating the mechanical implications of residual
incongruity.9-13 Although most agree that both mechani-

cal and biological processes cause OA, the factors con-
tributing to its onset are believed to be primarily me-
chanical in the specific clinical situation of post-traumatic
OA. Altered juxta-articular geometry associated with the
presence of residual surface incongruities is a logical
mechanism by which the details of stress transfer across
the joint could be changed following distal radius frac-
ture. Any resulting abnormal stresses would likely be
implicated in subsequent disease pathology. Trauma-
related injury to the osteochondral zone beneath the
articular surface is another potential contributing fac-
tor.14 Our experience with a cadaver model of a simple
intra-articular fracture suggests that changes in the
proximal carpal row kinematics probably accompany
irregularities in articular surface geometry, as well.11

The presumed mechanical relationship between re-
sidual surface incongruity and subsequent OA is poorly
understood, in part because alterations in radiocarpal
stresses accompanying fracture step-off are unknown.
Cadaveric models (Figure 2) have demonstrated in-
creased contact stresses (measured using pressure-sen-
sitive film inserted into the joint space)9,10,13 and altered
kinematics (measured using electromagnetic sensors
affixed to the bones)11 associated with 1-, 2- and 3-mm
step-offs simulating a depressed lunate fossa fracture.
While useful in terms of establishing the details of sur-
face loading, these data provide only limited insight into
potential initiating factors in the degenerative sequence
of events, since they yield little direct information re-
garding the full juxta-articular stress distribution. Ana-
lytical15 or computational16,17,18 modeling of articular
joints can greatly complement experimental methods,
especially when the two methodologies are tightly
coupled.

A computational model of the radiocarpal joint per-
mits parametric study of relationships between surgi-
cally relevant parameters and alterations in the radio-
carpal stress distributions. A two-dimensional FE model
of the radiocarpal joint was previously developed to in-
vestigate precisely this problem (Figure 3).16 While pro-
viding reasonable agreement with measured contact
stress distributions, it was limited to a single plane of
analysis. In the case of the radiocarpal joint, in which
out-of-plane motions are substantial, two-dimensional
analyses are clearly of limited utility. Previous three-di-
mensional FE models of the wrist have been described
in the literature; one restricted to the radiocarpal joint17

and the other including the entire wrist.18 Both models
relied on CT for source geometry, thus the inclusion of
articular cartilage was restricted to uniform thickness
regions layered on the ends of the bones. Both also
modeled contact in a fairly constrained and arbitrary
fashion—Ulrich et al.17 did not explicitly solve the ra-
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diocarpal contact problem, while Carrigan et al.18 con-
strained articulating bodies to small displacements.

In this paper, we briefly describe the development of
a computational model of the radiocarpal joint that, in
concert with our previously developed experimental
models, provides insight that might one day lead to
improvements in intra-articular fracture management
techniques. FE-predicted stresses are compared with
previously available experimental data reflecting radio-

carpal stress distributions in order to validate the model.
Finally, a step-off incongruity is introduced into the FE
mesh.

METHODS
Radiocarpal geometr y was obtained from

cryomicrotome sections of a cadaver wrist. This proce-
dure (performed at the Medical College of Wisconsin)
involved freezing a cadaver forearm to a very low tem-

(A) Loading fixture (B) Simulated distal radius
fracture step-off

(C) Pressure transducer placement and orientation
relative to distal radius articular surface

Figure 2.  Schematic of cadaveric model previ-
ously used to study the effect of intra-articular
distal radius fracture step-off on radiocarpal con-
tact stresses, measured using Fuji Pressensor
pressure-sensitive film (modified from Baratz et
al. 1996).
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perature, then sectioning it at specific intervals (0.5 mm)
sagittally with a microtome. A total of 144 tissue slices
were cut at 0.5 mm intervals from the mid-forearm

through the fingers and photographed. Tissue bound-
aries were digitized and slices were subsequently reg-
istered. One such image is shown in Figure 4, allowing

   Maximum Contact Stress (MPa)

Step-off Experimental* FE
 (mm)  (mean±SD)

0 4.79 ± 0.97 4.87
1 5.66 ± 0.98 6.07
2 7.22 ± 1.19 6.93
3 8.36 ± 2.15 7.73

* n = 8 specimens

RADIUS

LUNATE

SCAPHOID

TFCC/
ULNA

σxx (MPa)

-5.00
-4.67
-4.33
-4.00
-3.67
-3.33
-3.00
-2.67
-2.33
-2.00
-1.67
-1.33
-1.00
-0.67
-0.33
 0.00

Figure 3.  Contour plots of FE-computed stress distribution and graphs comparing computed contact stresses to those measured experi-
mentally (NOTE: The symbols in the graphs are from a single experimental specimen).
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clear identification of boundaries for the radius, lunate,
and the associated cartilage surface layers.

These image data were then processed to yield full
three-dimensional reconstruction of relevant bone and
cartilage geometry (Figure 4). Starting from the digi-
tized boundary point data, solid modeling software
(PATRAN, MSC Software) was used to create geomet-
ric entities (parametric bicubic surfaces) bounding the
bone and cartilage regions. A volumetric mesh, consist-
ing of eight noded hexahedral elements, was created
on the geometry using mesh generation capability
within PATRAN.

Linear elastic isotropic material regions represent-
ing cortical bone (E=13.8 GPa), three different densi-
ties of cancellous bone (1400 MPa, 690 MPa, and 345
MPa) and subchondral bone (2800 MPa) were defined.
The Poisson’s ratio of all bone elements was prescribed
to be 0.3. Elements were assigned bone modulus val-
ues according to their distance from the outer cortical
shell, with progressively less dense cancellous regions
from the cortex to the center of the bones. After a mesh

RADIUS

LUNATE SCAPHOID

Geometry derived from
cryomicrotome sections

1

Z

Y

X

FE mesh created
from geometry

Representative mid-sagittal
cryomicrotome section

Palmar Distal

Figure 4.  This schematic high-
lights the procedure for generat-
ing a 3D FE model of the radio-
carpal joint from cryomicrotome
source image data.

Figure 5.  This cut-away view of the distal radius FE mesh shows
the prescribed material property distribution.



Volume 25 113

A Three-Dimensional Finite Element Model of the Radiocarpal Joint

was created, material property distri-
bution was assigned to the mesh
based on the proximity of element
centroid locations to the cortex using
custom-written PATRAN subroutines.
The resulting mesh is depicted (Fig-
ure 5) in a mid-coronal view of the
radius.

Cartilage elements were meshed
across the articular surfaces of the
radius, scaphoid, and lunate. These
elements were assigned a modulus of
10 MPa, and a Poisson’s ratio of 0.45.
Relevant wrist ligaments were mod-
eled as piecewise linear spring ele-
ments. These included the
radiolunate, radioscaphoid,
scapholunate and scaphotriquetral
ligaments. The spring constants as-
signed for all ligaments were taken
from the literature.15 While the ulna
contributes structurally to support the
wrist joint, it was not explicitly mod-
eled as a continuum. The structural
support provided by the ulna through
the triangular fibrocartilage complex
(TFCC) was included by modeling
TFCC/ulnar support as a parallel ar-
ray of compressive springs attached
from fixed nodes to the lunate.

Contact elements (3D slidelines)
were defined on the articulations be-
tween the radius and lunate, radius
and scaphoid, and scaphoid and lu-
nate. These elements allowed for fi-
nite sliding between the contacting
bodies and accommodated a non-zero
frictional coefficient of 0.01. The en-
tire proximal end of the radius was
fixed, and two different mid-carpal
load/displacement driving conditions
were studied. In one case, mid-carpal
loads were applied on the distal sur-
faces of the lunate and scaphoid
(force control). These loads were ob-
tained from a previously reported
analysis.15 In another case, experimen-
tally recorded carpal bone motions
were used to drive the FE model via
applied displacements (displacement
control). The source kinematic data
reflecting carpal bone motionwas re-
corded by rigidly attaching electro-
magnetic sensors19 (3Space Tracker,
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Polhemus, Inc.) to the lunate and scaphoid during ap-
plication of a 100 N load across the radiocarpal joint.11

These displacement data were scaled and applied to the
carpal bone FE models.

The FE solutions were obtained using a large dis-
placement static analysis in ABAQUS FE software
(ABAQUS, Inc.) on a Cray C90 at the Pittsburgh
Supercomputing Center. The average analysis time for
the models (nominally 13,000 degrees of freedom) was
about 700 CPU seconds.

One of the objectives of the FE modeling undertaken
was to study the effect of articular incongruities on the
stress distribution in the joint. Toward this end, the FE
mesh was modified to reflect the depressed lunate die-
punch fracture simulated experimentally. A section of
the distal radius mesh constituting the entire lunate
fossa was freed from its neighboring elements, and dis-
placed 1, 2 and 3 mm along the long axis of the radius.
This was accomplished by removing elements at the
base of the fragment, and then tying the nodal degrees
of freedom at the fragment base to their nearest neigh-
boring nodes on the remainder of the radius using tied
multi-point constraints (MPC’s). The model was driven
using carpal kinematic data obtained for the correspond-
ing step-off case. Computed contact stresses were then
compared to previous experimental recordings of con-
tact stress obtained in the cadaveric fracture step-off
studies.

RESULTS
The results from the FE simulations reflect two dis-

tinct zones of contact on the distal radius, one each for
the scaphoid and the lunate (Figure 6). Large displace-
ments of the lunate and scaphoid were computed in the
course of the solution. Adequate mesh refinement was
established by performing a mesh convergence study
considering three distinct levels of mesh sizes. The
coarsest mesh had 3229 elements and the most refined
mesh had 8980 elements. For the force control case,
applied loads corresponded to a force of 100 N distrib-
uted over the distal surfaces of the lunate and the
scaphoid. The maximum contact stress predicted in
force control was 4.6 MPa on the scaphoid fossa. The
resulting loads were distributed as 53 N through the
scaphoid fossa and 49 N through the lunate fossa, con-
sistent with previously reported results. The mesh con-
vergence study showed that as mesh refinement was
increased, the computed maximum contact stress ap-
proached the experimentally reported maximum con-
tact stress value of 4.8 MPa (averaged over eight fore-
arms tested).10

In displacement control, the resulting radiocarpal
contact stress distribution also showed two distinct

zones of contact (one each on the lunate and scaphoid
fossa). The maximum predicted contact stress value was
5.3 MPa and it occurred on the scaphoid fossa in a more
dorsal location than computed with the force control
condition.

Figure 7a shows a close-up of the radiocarpal articu-
lation including a 1-mm step-off. In the presence of a 1-
mm step-off of the lunate fossa, the computed contact
stress distributions shifted ulnarly (Figure 7b), as was
observed experimentally. As the magnitude of step-off
increased, there was a continued trend toward unload-
ing of the lunate fossa, increased loading in the scaphoid
fossa and a shift in location of maximum stress on the
scaphoid fossa toward the fracture line. These findings
are all consistent with our previously published results
obtained in a cadaveric step-off model.10

Figure 7.  Simulated distal radius without step-off (A) and with
1-mm step-off (B) on the FE mesh of the distal radius articular
surface with computed contact stress distribution shown.
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DISCUSSION
One of the motivations for this research was the need

for a more accurate three-dimensional representation
of multibody contact in the radiocarpal joint with which
to study juxta-articular stress distributions following
imprecise fracture reduction. A high-fidelity 3D FE
mesh was generated from cryomicrotome sections of a
cadaver forearm. The resulting 3D model incorporated
finite sliding large deformation contact modeling capa-
bilities not previously used in articular joint simulation.
The model was run under force and displacement con-
trol in independent simulations. The force control analy-
sis was performed to establish the utility of this gen-
eral FE approach. The very close agreement of FE
predictions to experimental results obtained with force
control was highly encouraging, even if the kinematics
of the carpal bones were somewhat circumscribed. Dis-
placement control of the FE model was then imple-
mented to allow simulation of intra-articular fracture
step-off utilizing previously collected experimental data
reflecting radiocarpal kinematics in a cadaver forearm
subjected to static loading.

The 3D radiocarpal FE model exhibited behavior
consistent with findings from earlier models of joint
contact. The predicted compressive strains (εxx) on the
cartilage were on the order of 25-30%, reaffirming the
function of cartilage as a load-distributing layer. The role
of the subchondral plate in transferring the load applied
on the joint surface to the cortical shell was also af-
firmed.

The load carried by the springs representing the
TFCC was around 20% of the total applied load that
agreed well with prior analytical models,15 in which the
TFCC/ulnar component of the total load on the wrist
was calculated to be 22%. In previous experimental stud-
ies, this component was determined to be around 18%
in an intact forearm when the wrist was in a neutral
position,20 and around 8% with ulnar deviation of the
wrist.15 In reality, the ulna is a complex structure, and
its shape and position with respect to the carpus influ-
ences the load transfer at the wrist.

Another important finding relates to the maximum
shear stress at the interface between the cartilage and
subchondral bone on the radius. Maximum shear stress
levels at the deepest (fourth layer of elements) level of
cartilage were higher than those seen in more superfi-
cial layers. The location of this maximum shear corre-
sponded to the rim of the contact area. Cartilage is a
nearly incompressible material (υ=0.45), and the high
compressive contact stresses on the surface generate
large transverse (shear) deformations. Immediately
beneath the cartilage, the subchondral plate, by virtue
of its much smaller Poisson’s ratio (υ=0.3) and much

higher elastic modulus, resists this transverse deforma-
tion leading to high stresses at the cartilage-subchon-
dral bone interface. This shear stress is proportional to
the longitudinal (compressive) stresses in more super-
ficial layers. Any aberrant behavior in the joint that gives
rise to abnormal local contact stresses would directly
influence the maximum shear at the deeper levels of
cartilage. Elevated levels of shear stress at the osteo-
chondral junction have been suggested to be initiators
of fissures in the deeper zones of cartilage as observed
in clinical OA.2

The success of any type of modeling technique de-
pends upon its being validated using previously estab-
lished methods. In the present situation, experimental
methods employing pressure-sensitive film have been
successful in measuring the contact pressures on the
articulating surfaces of the radiocarpal joint.9,10,12 Com-
paring the FE-predicted stress distribution on the ar-
ticular surface to the experimental measurements forms
a sound basis for validating the FE model. However, a
number of important guidelines need to be followed
before such comparisons can be made. Most impor-
tantly, it is necessary to ensure that the FE model ac-
curately represents the experimental loading conditions.
Large deformation FE contact simulations are sensitive
to small changes in initial appositions of the contacting
bodies, making it critical to ensure that the carpal bones
are in the same relative positions and orientations in
the computational model in comparison with the experi-
mental cadaver specimen.

For the present model, a number of unique situations
confounded validation efforts. The specific cadaver
specimen used to generate the base geometry for the
FE model was not first tested in our experimental pro-
tocol. This implied that, before applying the experimen-
tal boundary conditions to the FE model, a one-to-one
correspondence had to be established between the
bones of the model and of the cadaver specimen used
in the experiments. To make this comparison, data rep-
resenting the boundary of the bones of the experimen-
tal cadaver specimen were necessary. Although avail-
able, the data points were few in number (compared to
the cryomicrotome-based data). These data were col-
lected by manually digitizing the outer surfaces of the
bones using an electromagnetic digitizing stylus. The
combination of these two factors resulted in a less-than-
ideal situation for establishing correspondence. In ad-
dition, no contact pressure measurements were made
for this particular cadaver specimen. Contact stress dis-
tributions were available for a number of other speci-
mens, but for which no bone boundary information was
available for establishing post hoc correspondence. The
cadaver specimen, which was used for establishing cor-
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respondence with the FE model, provided the kinematic
data of the carpal bones when the wrist was taken from
an unloaded to a fully loaded state.

Another limitation relates to constitutive treatment
of articular cartilage. Prior FE models of joint contact
that have placed emphasis on accurate description of
cartilage constitutive behavior have tended to be geo-
metrically simple.21-24 In real joints, as demonstrated by
the present model, articular surfaces tend to be highly
irregular and cartilage thickness varies as a function of
location. Such variations cannot be adequately repre-
sented with simplistic geometric representations of ar-
ticular joints. The advantage that the present model of-
fers is thus obvious. It can couple the sophistication of
material models with true geometric representation of
the joint. The ABAQUS FE code utilized in this study
has a poroelastic material capability, which can emu-
late the biphasic behavior of cartilage. Poroelastic mod-
eling provides capabilities for representing coupled pore
fluid diffusion/stress analysis involving partially or fully
saturated fluid flow. Incorporating more complex mate-
rial definitions would be a straightforward extension of
the present FE model.

Despite the previously mentioned limitations, the
present three-dimensional FE model of the radiocarpal
joint is the first attempt at accurately characterizing ar-
ticular joint contact stresses using existing modeling
techniques. The utility of the model lies in the fact that
it can now be used as the baseline for making any modi-
fications that would potentially increase model sophis-
tication and applicability. The model has potential to
provide a clinician with rigorously established guide-
lines for treatment of intra-articular fractures. Clinical
series have recognized the relationship between the
degree of residual articular incongruities and eventual
degenerative changes.1 The FE-predicted results pro-
vide quantitative descriptions of the load transfer mecha-
nism through the joint, and therefore potentially rein-
force the decision-making process by detailing the
efficacy of a treatment procedure. Additionally, the
model has capability to incorporate the structural con-
tributions of fracture fixation devices that are conven-
tionally employed to promote faster healing. In this sce-
nario, the clinician, with the help of the model, can
decide which type of fixation technique/device is the
most suitable one for a specific wrist. This means that
the models have to be more patient-specific, and present
advancements in the field of musculoskeletal imaging,
combined with the availability of faster computers, make
such a scenario possible in the foreseeable future.
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