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1. Introduction

ABSTRACT

The wrist is a complex kinematic link connecting the forearm and hand. The kinematic design of the
wrist is permanently altered during surgical salvage procedures, such as proximal row carpectomy
(PRC) and scaphoid-excision four-corner fusion (SE4CF), which have the unintended consequence of
long-term functional impairments to both the wrist and hand. We developed simulations of the
nonimpaired, PRC, and SE4CF wrists to evaluate if surgically altered wrist kinematics contribute to
functional impairments. Specifically, as a step toward understanding the connection between
kinematics and function, we examined the torque necessary to statically maintain functional postures.
All simulations included only bone geometry and joint kinematics; soft tissues were excluded. Our
simulations demonstrate that the torque necessary to maintain a functional posture is influenced by
the orientations of the flexion and deviation axes of rotation relative to each other and the anatomical
planes of the radius. The magnitude of torque required to hold the hand against gravity decreased in
simulations of the PRC wrist compared to the nonimpaired wrist. In contrast, the torque required
increased relative to the nonimpaired wrist in simulations of the SE4CF wrist. These divergent results
are directly related to how motion is coupled between the flexion-extension and deviation axes of
rotation. This study highlights that, even without considering the effects of soft tissues, changing the
kinematic design of the wrist influences function; therefore, kinematics should be considered when
surgically redesigning the wrist.

© 2012 Elsevier Ltd. All rights reserved.

impairments, salvage procedures are commonly performed
because they successfully relieve the pain associated with degen-

The wrist is a complex kinematic link connecting the forearm
and hand. As such, a nonimpaired wrist is essential for hand
function (Levadoux and Legre, 2003). For example, the ability to
produce force with the hand is directly related to the ability to
maintain wrist extension (O’Driscoll et al., 1992; Adams et al.,
2003). A person with insufficient wrist extension cannot produce
the forces necessary to easily perform activities of daily living
(Adams et al., 2003).

Difficulty performing activities of daily living is an unintended
consequence of surgical salvage procedures on the wrist (Bain and
Watts, 2010; Richou et al.,, 2010). Despite long-term functional
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erative wrist conditions (e.g., osteoarthritis; Mulford et al., 2009)
and have a lower complication rate than alternative proce-
dures (e.g., wrist arthroplasty; Levadoux and Legre, 2003; van
Winterswijk and Bakx, 2010). However, salvage procedures sacri-
fice the complex design of the wrist. In particular, carpal kine-
matics are simplified. In the nonimpaired wrist, carpal motion is
distributed across the radiocarpal and midcarpal joints (Ruby
et al, 1988). Following a salvage procedure, carpal motion is
limited to an altered radiocarpal joint (Stern et al., 2005; Vanhove
et al., 2008). Two common salvage procedures are proximal row
carpectomy (PRC) and scaphoid-excision four-corner fusion
(SE4CF). PRC and SEA4CF salvage the radiocarpal joint in different
ways (Fig. 1), thereby altering carpal kinematics relative to the
nonimpaired wrist and each other.

How the kinematic design of the wrist influences wrist and
hand function is not fully understood. For example, as described
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Fig. 1. Nonimpaired wrist (left, box) includes 8 carpal bones arranged in two rows. In PRC (right, top), the proximal row is removed, and the hand is shifted to establish a
new radiocarpal joint between the capitate and radius. In SE4CF (right, bottom), the scaphoid is removed, and the carpal rows are fused, eliminating motion at the

midcarpal joint. Bones marked with R are removed; bones marked with F are fused.

above, both PRC and SE4CF result in simplified carpal kinematics.
Yet, the mechanisms responsible for decreased functional capa-
bilities (Cohen and Kozin, 2001; Dacho et al., 2008; Mulford et al.,
2009) in surgically salvaged wrists are not known. There is no
consensus regarding which procedure better preserves function
(Mulford et al., 2009). The functional impact of the altered
kinematics introduced by either PRC or SE4CF has not been
evaluated.

To examine the impact that different kinematic designs of the
wrist have on wrist and hand function, we developed computer
simulations of the wrist following PRC and SE4CF. The specific
aim of this simulation study is to understand how the orienta-
tions of the wrist axes of rotation influence the torque necessary
to maintain wrist extension. This work is a step toward under-
standing whether the simplified wrist kinematics following PRC
and SE4CF contribute to post-operative functional impairments.

2. Methods

Kinematic computer models of the PRC and SE4CF wrists were developed to
examine biomechanical alterations imposed by surgical salvage procedures. These
models were developed in SIMM (Musculographics Inc.; Delp and Loan, 1995) by
adapting a validated model of the nonimpaired upper extremity (Holzbaur et al.,
2005). All models included only bone geometry and joint kinematics; muscles and
other soft tissues were excluded.

To examine different kinematic designs of the wrist, we altered the skeletal
geometry and axes of rotation of a nonimpaired wrist model (Holzbaur et al.,
2005) to reflect wrist kinematics following PRC and SE4CF. For simulation of PRC,
the scaphoid, lunate, and triquetrum were removed and the distal carpal row and
hand were translated proximally to establish an interface between the radius and
capitate. Axes of rotation for flexion-extension and radial-ulnar deviation follow-
ing PRC (cf. Fig. 2 red lines) were implemented based on the axes of rotation
identified by a cadaveric experiment (Blankenhorn et al., 2007). For simulation of
SEA4CF, the scaphoid was removed and the lunate, capitate, hamate, and trique-
trum were fused using a weld joint, thereby creating a wrist joint in which motion
occurred only between the radius and a single, rigid block of carpal bones.
To our knowledge, axes of rotation following SE4CF have not been measured.
Therefore, we developed two SE4CF models by implementing two possible
kinematic designs of the wrist (cf. Fig. 2 blue lines). Unit vectors describing the
orientation of all implemented axes are provided in Table 1.

The nonimpaired, PRC, and SE4CF models were used to evaluate the implica-
tions of different kinematic designs of the wrist for maintaining a functional
posture. Specifically, we calculated the wrist torque necessary to statically
maintain 30° wrist extension. We chose 30° wrist extension because it is a highly
functional posture that can be reliably achieved following both PRC and SE4CF
(Mulford et al., 2009). 30° wrist extension was defined as a 30° angle between the
long axes of the third metacarpal and radius, with the long axis of the third
metacarpal constrained to the proximal-palmar plane. This definition made it
possible to replicate an identical posture in each model, and is comparable to
measurements in clinical assessments. The mass and inertia properties of the
wrist and hand were defined to be consistent with those of a 50th percentile male
(McConville et al., 1980). Gravity opposed wrist extension.

In each model, the torque necessary to maintain 30° wrist extension was
calculated from a static torque balance. In this torque balance, the wrist and hand
were held against gravity in 30° wrist extension (as defined above). To specify this
posture, rotations about the modeled flexion and deviation axes were calculated
using a constrained optimization method (fmincon, Matlab 7.5). We then used the
inverse dynamics engine in SIMM (Dynamics Tool - > Joint Torques, v.4.2.1) to
solve the static optimization problem examining how torque is distributed across
the modeled flexion and deviation axes. The calculated torque, which corre-
sponded to the torque required to support the mass of the hand against gravity
while statically maintaining 30° wrist extension, was compared across models. To
enable direct comparisons between torques about different axes of rotation, all
torques were decomposed into components about a standard radius reference
frame (Fig. 4).

Due to the fact that the torque necessary to statically maintain 30° wrist
extension was substantially different for the nonimpaired, PRC, and SE4CF models,
we examined the torque necessary to maintain static postures throughout the
functional range of wrist motion. Specifically, we used the technique described
above to calculate the torque necessary to maintain static postures spanning from
40° wrist extension to 20° wrist flexion in 5° increments. This range encompasses
the functional range of nonimpaired wrist motion as defined by in vivo studies
(Brumfield and Champoux, 1984; Palmer et al., 1985).

3. Results

The simulations suggest that the axes of rotation imposed by
SE4CF make it more difficult to maintain 30° wrist extension.
Relative to the nonimpaired model, the magnitude of torque
required to maintain this posture increased between 20.0% and
41.6% (cf. gray bars in Fig. 3A), depending on the simulated axes of
rotation implemented in the SE4CF model. For both SE4CF
models, the increase in the torque magnitude can be primarily
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Fig. 2. Wrist axes of rotation implemented in the nonimpaired, SE4CF, and PRC models. The nonimpaired axes of rotation are separately defined based on Ruby et al.
(1988) for the proximal (left, yellow solid lines) and distal (left, yellow dotted lines) carpal rows. The SE4CF axes of rotation (center, blue lines) are defined to be equal to
the axes of rotation of the nonimpaired proximal row (left, yellow solid lines) and the nonimpaired distal row (right, yellow dotted lines) in the proximal SE4CF model and
distal SE4CF model, respectively. The proximal SE4ACF model is based on the assumption that fusion during SE4CF does not directly disturb the articulation between the
radius and lunate. The distal SE4ACF model is based on the assumption similar to that used in a recent 3D mathematical model of the SE4CF wrist (Dvinskikh et al., 2011).
The PRC axes of rotation (right, red solid lines) are defined based on Blankenhorn et al. (2007). (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article).

Table 1
Orientation of wrist axes of rotation.*

Axis Model® Radial- Proximal- Palmar-
ulnar (x) distal (y) dorsal (z)
Flexion- extension Nonimpaired 0.981 -0.189 0.042
PRC 0.982 —0.188 0.034
SE4CF-proximal 0.956 —0.252 0.147
SE4CF-distal 0.997 0.011 -0.075
Radial-ulnar deviation Nonimpaired -0.519 —0.145 —0.843
PRC 0.000 0.000 1.000
SE4CF-proximal —0.819 —0.136 —0.557
SE4CF-distal 0.899 —0.349 —0.264

2 All axes are reported as unit vectors in the radius reference frame
(see Fig. 3).

" The nonimpaired axes are a single-axis representation of the axes reported
by Ruby et al. (1988).

explained by the increase in the component of torque acting
about the radial-ulnar axis (cf. gray bars in Fig. 3B; 40.7% increase
for proximal row model, 24.1% increase for distal row model).
The torque component acting about the palmar-dorsal axis con-
tributed to the increased torque for only the SE4CF model based
on the kinematics of the proximal row (cf. gray bars in Fig. 3D;
50.9% increase for proximal row model, 37.8% decrease for distal
row model).

In contrast, the simulations suggest that the axes of rotation
imposed by PRC make it easier to maintain 30° wrist extension.
Specifically, the magnitude of torque required to maintain this
posture decreased by 36.5% (cf. white bars in Fig. 3A) when
comparing the PRC model to the nonimpaired model. This overall
decrease in torque magnitude reflects the fact that the component
of the torque about the radial-ulnar axis decreased by 33.7%
(cf. white bars Fig. 3B), while the component acting about the
palmar-dorsal axis decreased by 93.7% (cf. white bars in Fig. 3D).

The relative torque magnitudes between the nonimpaired,
PRC, and SE4CF models are independent of wrist posture (Fig. 4).
Across all postures, the magnitude of torque required to statically

hold the hand against gravity increased by 8.7-42.0% for the
SE4CF models (cf. dashed lines in Fig. 4) and decreased by 36.3-
42.8% for the PRC model (cf. bold solid line in Fig. 4) when
compared to the nonimpaired model.

4. Discussion

Computer simulations of the nonimpaired, PRC, and SE4CF
wrists indicate that the torque necessary to hold the hand against
gravity is sensitive to the kinematic design of the wrist. Most
notably, our results suggest that when compared to the non-
impaired wrist, the axes of rotation imposed by SE4CF are more
likely to limit the ability to maintain wrist extension than those
imposed by PRC. This difference is demonstrated by an increase in
torque magnitude for simulations of SE4CF, but a decrease for
simulations of PRC (Fig. 4). These divergent outcomes indicate
that different kinematic designs of the wrist influence function in
different ways, suggesting that kinematics are an important factor
to consider when surgically redesigning the wrist.

Examining whether the magnitude of torque necessary to
maintain wrist extension changes when different kinematic
designs of the wrist are simulated provides valuable insight into
how the orientations of the wrist axes of rotation impact function.
Importantly, the torque magnitude depends on both the orienta-
tion of the axes relative to each other and relative to the
anatomical planes of the radius. These orientations influence the
torque magnitude because they dictate how motion is coupled
between flexion-extension and deviation. Maintaining 30° wrist
extension constrained to the proximal-palmar plane requires
torque about only the axis normal to the plane (i.e., radial-ulnar
axis of the radius). If the flexion-extension axis of the wrist is
parallel to the radial-ulnar axis of the radius, no motion coupling
is required to maintain wrist extension because torque must be
generated about only the flexion-extension axis. Alternatively, if
the flexion-extension axis is not parallel to the radial-ulnar axis,
wrist extension requires motion coupling because torque must be
generated about both the flexion-extension and deviation axes.
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Fig. 3. (A) Magnitude of torque required to maintain 30° wrist extension following simulated SE4CF (gray bars) and PRC (white bar). Results are normalized by the
magnitude of torque required to maintain 30° wrist extension in simulation of the nonimpaired wrist. (B-D). The torque (reported in Nm) necessary to maintain an extended
wrist posture, decomposed into the (B) radial-ulnar, (C) proximal-distal, and (D) palmar-dorsal components of the radius reference frame. Black bars indicate the results from
the simulations of the nonimpaired wrist, gray bars indicate results from the simulated SE4CF wrists, and white bars indicate results from the simulated PRC wrist.
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Fig. 4. Magnitude of torque required to hold the hand against gravity following
simulated SE4CF (dashed lines) and PRC (bold solid line). For all simulated
postures, results are normalized by the magnitude of the maximum torque
required to hold the hand against gravity in simulations of the nonimpaired wrist.
Simulations were performed at 5° intervals; lines represent spline interpolation.

The magnitude of torque necessary to maintain wrist exten-
sion is directly proportional to the amount of motion coupling
imposed by the kinematic design of the wrist. For example,
simulations of PRC required the least torque and incorporated
the least motion coupling. PRC imposes nearly orthogonal axes of

rotation that are closely aligned with the anatomical planes of
the radius (Blankenhorn et al., 2007). In contrast, simulations of
SE4CF required the most torque and incorporated the most
motion coupling. The simulated SE4CF axes of rotation are neither
orthogonal to the anatomical planes of the radius nor to each
other; in fact the flexion-extension and deviation axes are closer
to being parallel to each other than orthogonal (angles between
flexion-extension and deviation axes in the SE4CF are 146.2°
and 24.2°, for the proximal and distal models respectively).
This orientation dictates severe motion coupling because torque
about the deviation axis primarily contributes to the radial-ulnar
torque direction (Table 1, radial-ulnar component of deviation
axis largest for both SE4CF models). This means torque about
either the flexion-extension axis or the deviation axis moves the
hand in the same primary direction, which makes it difficult to
position the hand in the proximal-palmar plane. Simulations of
the nonimpaired wrist fall in between those simulated in PRC and
SE4CF because the orientation of the axes of rotation fall near the
middle of the spectrum of nearly orthogonal to nearly parallel.
Therefore, the nonimpaired wrist has moderate motion coupling
because torque about the deviation axis is primarily directed
about the palmar-dorsal axis of the radius, but also contributes to
radial-ulnar torque direction (Table 1, nonimpaired palmar-dorsal
component of deviation axis greater than radial-ulnar compo-
nent). Importantly, because axis orientation does not change
with joint posture and the amount of motion coupling is related
to the orientation of the axes of rotation relative to the anatomical
planes of the radius, the amount of motion coupling is indepen-
dent of joint posture. Thus, the relative amount of motion
coupling across models explains why the relative magnitudes of
torque holds for all joint postures (Fig. 4).
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How motion coupling influences the torque necessary to main-
tain functional postures is an important consideration in determin-
ing the optimal kinematic design of the wrist. The PRC simulations
suggest that a wrist with orthogonal axes of rotation that eliminates
motion coupling minimizes the torque necessary to maintain wrist
extension. Alternatively, the SEACF simulations suggest that there is
the possibility of designing a wrist with too much motion coupling,
potentially limiting the ability of the muscles crossing the wrist to
generate the torque necessary to maintain functional postures.
However, it is important to realize that torque is not the only factor
influenced by motion coupling. For example, the oblique orientation
of the axes in the nonimpaired wrist means that the muscles
crossing the wrist need to generate more torque to maintain wrist
extension, but this orientation has the kinematic benefit of mini-
mizing motion of the proximal carpal row during the dart thrower’s
motion (Crisco et al., 2005). Additionally, the orthogonal orientation
of the axes in the PRC wrist may minimize the torque necessary to
maintain extension, but this does not necessarily mean muscles
have to generate less force because the orientation of joint axes
influences muscle torque-generating parameters, namely muscle
moment arm. We believe that biomechanical simulation will be an
important tool in understanding how muscles compensate for
altered torque requirements following salvage procedures.

Computer simulations of the surgically salvaged wrist provide
a means to examine the impact that different kinematic designs
of the wrist have on functionally relevant parameters. Our results
demonstrate that wrist kinematics alone, without contributions
of muscles or other soft tissues, affect the torque required to
maintain functional postures. Thus, our work highlights the
importance of axis orientation in complex, multi-degree-of-
freedom joints, such as the wrist, and demonstrates a simulation
method to elucidate the connection between kinematics and
function.
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