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Introduction
In an attempt to explain carpal mechanics, there have 
been multiple studies based on detailed empirical 
observation. These include ex-vivo cadaver studies 
(Short et al., 2007; Werner et al., 2005) and motion 
capture techniques from in vivo wrist data derived 
from computed tomography (CT) and magnetic reso-
nance imaging (MRI) scanning (Crisco et al., 2005; 
Moojen et al., 2002; Moojen et al., 2003). However, 
these purely kinematic descriptions (Gardner et al., 
2006) may not constitute usable and useful theories 
of carpal motion. A good theory must satisfy two 
requirements: ‘It must accurately describe a large 
class of observations on the basis of a model which con-
tains only a few arbitrary elements, and it must make 
definite predictions about the results of future observa-
tions’ (Hawking, 1996).

Because of the variation in carpal bone motion 
between wrists, a consistent and simple motion 

pattern has not yet been identified. It is therefore not 
possible to predict changes in normal and abnormal 
motion if such motion has not previously been studied 
or observed, which is in contrast to a good theory 
(Hawking, 1996).

Current carpal motion theories fail to achieve a 
consensus among researchers, are largely observa-
tional and thus poorly predictive, and are generally 

Unifying model of carpal mechanics 
based on computationally derived 
isometric constraints and rules-based 
motion – the stable central column 
theory

M. J. Sandow1, T. J. Fisher1, C. Q. Howard2 and S. Papas3 

Abstract
This study was part of a larger project to develop a (kinetic) theory of carpal motion based on computationally 
derived isometric constraints. Three-dimensional models were created from computed tomography scans 
of the wrists of ten normal subjects and carpal spatial relationships at physiological motion extremes were 
assessed. Specific points on the surface of the various carpal bones and the radius that remained isometric 
through range of movement were identified. Analysis of the isometric constraints and intercarpal motion 
suggests that the carpus functions as a stable central column (lunate–capitate–hamate–trapezoid–trapezium) 
with a supporting lateral column (scaphoid), which behaves as a ‘two gear four bar linkage’. The triquetrum 
functions as an ulnar translation restraint, as well as controlling lunate flexion. The ‘trapezoid’-shaped 
trapezoid places the trapezium anterior to the transverse plane of the radius and ulna, and thus rotates the 
principal axis of the central column to correspond to that used in the ‘dart thrower’s motion’. This study 
presents a forward kinematic analysis of the carpus that provides the basis for the development of a unifying 
kinetic theory of wrist motion based on isometric constraints and rules-based motion.

Keywords
Carpal, central column, isometric, kinematic, kinetic, motion, theory, wrist

Date received: 6th September 2012; revised: 21st August 2013; accepted: 22nd August 2013

1 Department of Orthopaedics and Trauma, University of Adelaide, 
Adelaide, Australia 

2 Department of Engineering, University of Adelaide, Adelaide, 
Australia 

3International Visualisation Centre, Adelaide, Australia

Corresponding author:
M. Sandow FRACS, Department of Orthopaedics and Trauma, 
Royal Adelaide Hospital, Adelaide, South Australia 5000, Australia. 
Email: msandow@woc.com.au

505407 JHS39410.1177/1753193413505407The Journal of Hand SurgerySandow et al.
2013

Full length article

http://crossmark.crossref.org/dialog/?doi=10.1177%2F1753193413505407&domain=pdf&date_stamp=2013-09-26


354 The Journal of Hand Surgery (Eur) 39(4)

unable to test the effect of a particular intervention in 
one part of the carpus on overall wrist biomechanics. 
Consistent with this is the observation by Moojen 
et al. (2003) that ‘… a single functional model of carpal 
kinematics could not be determined’ as well as work by 
Galley et al., (2007) and others (Craigen and Stanley, 
1995; Garcia-Elias et al., 1995; Moojen et al., 2002) 
who showed that there is a ‘spectrum of normal carpal 
kinematic motion’.

Kinematics describes the motion of bodies (objects) 
and systems (groups of objects) without considera-
tion of the forces that cause the motion (Beggs, 1983; 
Bottema and Roth, 1979). Carpal kinematics can be 
seen to comprise two components.

1. Analysis (inverse) kinematics, which aims to iden-
tify the parameters and characteristics of the wrist 
motion to create a record of the mechanics of the 
wrist (Tolani et al., 2000).

2. Synthesis (forward) kinematics, which creates a 
model to allow predictions of spatial motion of the 
system components relative to each other, but not 
the response of the mechanical system under a 
load or force (Bottema and Roth, 1979; Tolani 
et al., 2000).

Kinetics is concerned with what causes a body to 
move the way it does. It relates to the effect of forces 
and torques on the motion of bodies having mass 
(Bottema and Roth, 1979; Garcia-Elias, 1997).

Previous studies have been largely observational 
(inverse) kinematic analyses. In contrast, rules-
based motion (RBM) kinetic modelling states that 
the resulting motion of a solid body articulation is 
the net result of an applied load acting on the com-
ponents of the motion system that have a defined 
mass, surface interaction and connections (Papas 
and Sandow, 2001). This mechanical concept implies 
the presence of four ‘rules’ viz: (1) bone morphol-
ogy; (2) inter-bone constraints; (3) inter-bone sur-
face interaction; and (4) applied load (Papas and 
Sandow, 2001).

A kinetic (rules-based) analysis identifies specific 
controls and constraints between the motion seg-
ments that are unique to each individual wrist. Thus, 
if these ‘rules’ can be applied to an individual wrist, 
where these rules have been defined, there is a 
greater chance that some hitherto ‘unvisited’ motion 
sequence can be predicted.

This study is as part of a bigger project to develop a 
unifying kinetic model of carpal motion based on 
computational analysis of the three-dimensional (3D) 
isometric constraints within the wrist, as both kine-
matic analysis and synthesis are required stepping 

stones on the way to creating the kinetic model 
(Bottema and Roth, 1979; Tolani et al., 2000).

While this approach may challenge some of the 
existing concepts, by examining the causes and con-
trols of the carpal bones during motion, it is antici-
pated that a more unified theory of carpal mechanics 
could be developed. In reality this is likely to embrace 
and bring together many of the other wrist motion 
‘theories’.

Further, once the ‘rules’ are identified, the kinetic 
model can determine the behaviour of the system 
when a force is applied to the constrained objects. 
This model would potentially explain variances that 
occur in normal and injured wrists, as well as test the 
effect of certain reconstructive interventions.

The specific aim of this part of the project was 
therefore to develop a forward kinematic analysis of 
the carpus, which provides the basis for the develop-
ment of a unifying kinetic theory of wrist motion based 
on isometric constraints and RBM.

Methods
The project comprised a number of discrete stages.

1. Creation of 3D models of normal wrists taken from 
CT scans at extremes of radial and ulnar deviation 
using computer surface rendering software.

2. Identification of the spatial relationships between 
the bones of the wrist, and in particular the identifi-
cation of computer-derived isometric points 
between specific surfaces on individual carpal bones 
and between specific carpal bones and the radius.

3. Identification of the patterns of isometric relation-
ships on the volar and dorsal aspects of the 
carpus.

4. Based on isometric relationships and motion pat-
terns, development of a forward kinematic model 
of the wrist that could be used to help create a uni-
fying kinetic theory of carpal motion.

Creation of 3D models
Following institutional review board authorization, CT 
scans (GE light speed RT8 helical scanner, GE 
Healthcare, UK) were performed of the right wrists of 
ten normal adults (eight men and two women). Their 
wrists were placed manually in each of the three posi-
tions at 30° of ulnar deviation, neutral and at 30° of 
radial deviation and saved to compact discs in a DICOM 
compliant format (Kabachinski, 2005). The wrist posi-
tion during the CT image capture was established 
using a manual goniometer aligned with the long axis 
of the radius and the middle finger metacarpal.
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The CT scans were taken at the lowest possible 
radiation dose (25 mAs at 120 kV) consistent with 
adequate image resolution and clarity. To achieve 
adequate image generation, approximately 105 
slices (0.625 mm thick) were created for each wrist 
position. 3D models were generated using True Life 
Anatomy software (True Life Anatomy Pty Ltd, 
Adelaide, Australia), which creates mesh models 
that could be animated and manipulated within a 
graphics environment in an OpenGL platform. The 
various bones of the carpus were then separated 
(segmented) into the radius, ulna, scaphoid, lunate, 
triquetrum and trapezium. The hamate, capitate 
and trapezoid were not routinely individually seg-
mented, as these bones typically function as a rigid 
distal row (Taleisnik, 1976).

Identification of the isometric connections 
between individual carpal bones and between 
carpal bones and the radius
The spatial relationship between various bones of the 
carpus and the radius were analysed. We assessed 
the relationships between several pairs of bones 
looking for isometric points between the relevant 
bones throughout the ranges of movement. The bone 
pairs were: radius and lunate; radius and triquetrum; 
scaphoid and lunate; lunate and triquetrum; and 
scaphoid and trapezium.

To emulate carpal movement and allow assess-
ments of distance between pairs of bones in various 
positions of wrist motion, the bones were tracked and 
animated using 3D software from True Life Anatomy 
(True Life Anatomy Pty Ltd, Adelaide, Australia) and 
3dsMax (Autodesk, Inc., California, USA).

To identify the location of isometric connections, 
both the dorsal and volar aspects of the respective 
bones were analysed using a standardized template 
pattern of points and numbering system. To reduce 
computational work, the selection of points for study 
was based on the likely approximate ligament attach-
ment as described in previous cadaveric work (Berger, 
2001), but without being localized to exact attachment 
descriptions. Between four and six points were 
selected on each of the bone regions, depending on 
the actual target area of the bone.

To validate the concept of specific locations of iso-
metric constraints, the same template pattern of 
measurement points was applied to the opposite side 
of the bones and tested for isometricity. The extent of 
isometricity on the dorsal or volar aspect of certain 
bone pairs was then subjected to statistical analysis 
to establish a likelihood of isometricity occurring in a 
specific region on specific pairs of bones.

The distances between the selected measurement 
points on each of the respective paired bone surfaces 
was measured using the ‘distance measure’ and 
‘compare’ tools in the TLA software of the three wrist 
positions – at 30° of ulnar deviation, in neutral and at 
30° of radial deviation (Figure 1). All the measure-
ments obtained were straight line distances, and not 
the distance around curved surfaces. While this may 
create potential measurement errors, almost all dis-
tances measured in this study were ‘line of sight’. This 
contrasts with an assessment of the paired points that 
may correspond to the radio–scapho–capitate liga-
ment, which was not part of this study. There was a 
complete set of all measurements for all ten wrists.

A percentage change between the maximum and 
minimum lengths of each such connecting line was 
recorded. The measurements and percentage 
change in length was repeated three times and for 
each pair of points and an average recorded. 
Percentage differences of < 5% were designated as 
isometric connections points. The isometric connec-
tions that joined isometric points on various pairs of 
bones were regarded as representing the net effect 
of ligaments that constrain motion between those 
bones. This generally corresponds to a specific ana-
tomical structure, but may actually be the net result 
of a number of ligaments. It is important to appreci-
ate that the actual location and position of the iso-
metric constraints were identified not on the basis of 
previously described anatomical patterns but by the 
computer software.

Data was analysed with log binomial generalized 
estimating equations regression models (Liang and 
Zeger 1986). This was to determine whether the dif-
ference in the frequency of isometric lines between 
the ventral and dorsal bone regions was statistically 
significant. For the purpose of this analysis, isomet-
ric points were defined as those connecting lines 
that varied by 10% or less. The generalized estimat-
ing equations regression models were chosen, as 
the primary outcome is a binary variable. The analy-
sis of these findings was based on the percentage 
change in length of the connection lines between the 
paired bone surfaces in each region, and identified 
that respective bony regions remained either iso-
metric or non-isometric through the studied range 
of motion.

Identification of the patterns of isometric 
relationships of bones of the carpus
Using the 3D animation software True Life Anatomy 
(TLA Animator, True Life Anatomy, Adelaide, Australia) 
and 3ds Max (Autodesk, Inc., California, USA), the 
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patterns of isometricity of each pair of bone regions 
studied were determined by:

(a) isometric connections only on the volar aspect;
(b) isometric connections only on the dorsal aspect;
(c) isometric connections on both the volar and dor-

sal surfaces of the bones.

An isometric connection on both sides implied the 
bones move together throughout the range of motion 
of the wrists for these experiments.

Based on isometric constraints and motion 
patterns, development of a (forward) 
kinematic predictive model of carpal motion
To assess the respective spatial motion of the various 
components of the wrist, the geometric centre of 
mass (centroid) of the bones (or groups of bones that 
moved together) of the wrist were identified by using 
the volumetric analysis algorithms in 3ds Max 
(Autodesk, Inc., California, USA), and TLA Animator 
(TLA Animator, True Life Anatomy, Adelaide, Australia) 
programs (Belsole et al., 1988). The centroid (the geo-
metric centre of mass) is not the same as the centre 
of rotation, which is a point around which the object 

moves. For a body that moves with linear and angular 
motion, it is often not possible to have an instantane-
ous axis or point of rotation. This means that no single 
point in space, either within or outside the carpal 
bone, remains stationary through the testing range. 
Therefore, the most convenient method of kinematic 
analysis of rigid bodies in 3D space is by using the 
principles of relative motion of the centroids (Belsole 
et al., 1988). By using modelling software, 3ds Max 
and Adams (MSC Software Corporation, California, 
USA), the dynamic relationships between compo-
nents of the segmented carpus were reviewed to 
identify movement patterns. This looked specifically 
at the relative motion of the centroids of the individual 
segments of the carpus that appeared to move differ-
ently from other segments.

Results
Isometric connections between 
individual carpal bones and specific 
carpal bones and the radius
We identified patterns of isometric constraints 
between carpal bones corresponding to previously 
described ligaments. The occurrence of isometric 

Figure 1. Example screen image generated by True Life Anatomy (True Life Anatomy Pty Ltd, Adelaide, Australia, www.
truelifeanatomy.com.au) of a 3D wrist model, with the carpal bone segmented and measurement lines drawn between 
points on adjacent carpal bones in extremes of wrist motion. This example is of the assessment of isometricity on the 
volar aspect of the radius and lunate.
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lines was concentrated in specific areas and other 
areas demonstrated little or no isometricity (Figure 2). 
There was a clear difference (p<0.05) between those 
areas (typically either volar or dorsal depending on the 
bones) that remained isometric and those that did not 
(Figure 2). The isometric points corresponded to previ-
ously documented ligament attachments (Berger, 
2001).

Isometric connections were identified on the volar 
side of the wrist between the following joints:

• trapezioscaphoid;
• radiolunate;
• triquetrolunate.

Isometric connections were identified on the dorsal 
aspect of the wrist between the following joints:

 • scapholunate;
 • radio-triquetral.

It was not possible to measure the dorsal aspect of the 
trapezium and scaphoid because of overlap of the 
bones. In all subjects, the overall shape of the distal 
row (trapezoid, capitate and hamate) did not change in 
the various carpal positions, indicating that they move 
together, and can therefore be regarded as having iso-
metricity both volarly and dorsally. Similarly, there 
was isometricity between the volar and dorsal sur-
faces of the trapezium and trapezoid, indicating that 
the trapezium moves with the distal carpal bones.

There was no isometricity, either volarly or dor-
sally, between the triquetrum and the hamate, and 
there was no isometricity between the volar or dorsal 
surfaces of the lunate and the capitate.

The relative motion and spatial 
relationship between the carpal bones
An analysis of the spatial relationships between the 
carpal bones identified a number of distinct motion 

Figure 2. Average percentage change of the most isometric line joining points on the surfaces of respective bone pairs 
during extremes of wrist motion (at 30° of ulnar deviation, in the neutral position, and at 30° of radial deviation) in each 
region, in each of the 10 wrists studied. The statistical likelihood of a pair of bone surface regions being isometric is 
expressed as a p value, where volar and dorsal regions could be compared. The statistical comparison related to the fre-
quency of a pair of regions being isometric, not the occurrence of the most isometric line between each region.
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segments. Consistent with previous work by Taleisnik 
(1976), the capitate, hamate, trapezoid and trapezium 
moved as a single entity. These bones moved out of 
sequence with the other carpal bones (i.e. scaphoid, 
lunate, triquetrum and radius), which also moved rela-
tive to each other. The scaphoid, while attached to the 
trapezium and lunate, also moved out of sequence with 
other parts of the carpus, as did the triquetrum, despite 
its isometric attachments to the radius and lunate.

The triquetrum is connected to the radius, dorsally 
by the radio-carpal ligament and volarly via the lunate 
through the triquetrolunate and radiolunate liga-
ments. This would appear to give the triquetrum a 
role as preventing ulna translation of the carpus as it 
is constrained in an oblique direction to the radius 
both dorsally and volarly (Figure 3).

On the basis of the identified motion segments and 
previous work by others (Moritomo et al. 2006; 
Taleisnik 1976), the proximal row therefore comprised 
the lunate alone and the distal row comprised the cap-
itate, hamate, trapezoid and trapezium.

It was therefore considered that the wrist could be 
analysed as corresponding to four distinct motion 
segments.

1. The distal segment (capitate – hamate – trapezoid – 
trapezium).

2. Lateral column (scaphoid).

3. Proximal segment (lunate).
4. Medial segment (triquetrum).

Centroids were identified in each of the motion seg-
ments. The proximal row centroid (located in the 
lunate) translated radially with ulnar deviation and 
ulnarly with radial deviation. The centroid of the distal 
row of carpal bones (located in the central portion of 
the trapezoid) moved in a radial direction with radial 
deviation, and ulnarly with ulnar deviation (Figure 4). 
Therefore the centroid of the distal and proximal rows 
moved in opposite directions during radial and ulnar 
deviation.

The translation plus rotation that occurred between 
the proximal and distal rows is constrained by the 
documented isometric connections. There are two 
linkages between the proximal and distal rows, one 
being the scaphoid’s connection to the lunate and tra-
pezium and the other through the capitolunate articu-
lation, the latter acting as a ball and socket joint. 
These actual connections or articulations, plus their 
virtual linkages to the centroids, create four distinct 
arms (or bars) that form the carpus. This is more con-
sistency with a two-geared four-bar linkage (Figure 4) 
rather than a slider crank mechanism. Five- and 
four-bar linkages are a well recognized mechanical 
system and can incorporate an articulating joint or 
meshing gear as one or more of the linkages, thus 

Figure 3. The triquetrum acts as an ulnar translation restraint of the proximal row of the carpus. The connection to the 
radius is directly via the radio–triquetral connection, and on the volar side via the interosseous ligaments attached to the 
lunate. The other areas of the carpus that demonstrated isometric connections are shown.
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creating an additional linkage that provides greater 
power transmission with more design flexibility 
(Muller, 1996, Zhenying, 2011).

Motion modelling software was used to identify 
that the principle axis of rotation of the distal carpal 
row was in a plane approximately 45° pronated from 
the coronal plane of the radius and ulna, placing the 
trapezium anterior to the transverse plane of the 
radio-carpal joint. This appears to be in large part 
owing to the trapezoid shaped trapezoid, which rotates 
the principal axis of the distal row of the central col-
umn to correspond to the ‘dart thrower motion’ 
(Brigstocke et al. 2014, Crisco et al., 2005, Garcia-
Elias et al. 2014, Wolfe et al., 2006).

On the basis of the apparent isometric constraints, 
motion patterns and axes of rotation, the carpus 
appears to consist of a stable central column that 
could provide a platform for the relatively immobile 
(with respect to the distal carpal row) index and mid-
dle finger metacarpals. The thenar and hypothenar 
rays are mobile and could act against the central 
metacarpals. Owing to its connections to the trape-
zium and lunate, the scaphoid acts as a stabilizer of 
the proximal and distal rows, and the triquetrum acts 
as an ulnar translation restraint of the proximal row, 
and as a controller and restraint of lunate flexion 
(Figures 3 and 6).

Discussion
The analysis methods used in this study have been 
shown to be a powerful tool for quantitative kinematic 
in vivo analysis of carpal motion, and serve to provide 

insights into the complexity of wrist mechanics. By a 
combination of oblique isometric (ligamentous) con-
straints, obligate translation and rotation of the carpal 
bones, the carpus can achieve sufficient spatial excur-
sion with essentially two functional degrees of free-
dom. These ligamentous structures resist indirect 
rotation force delivered by the forearm muscles, cre-
ating a wrist that is stable in rotation but allows motion 
in other directions. Only pitch (flexion–extension) and 
yaw (radial and ulnar deviation) are under active con-
trol by muscular loading delivered direct to the car-
pus. Although some rotation through the actual carpus 
has been suggested, giving the wrist an extra degree 
of freedom as rotation (Garcia-Elias, 2008; Palmer 
et al., 1985), the forearm muscles are not aligned opti-
mally to control this motion vector.

The function of the wrist can therefore be seen to 
allow adequate excursion in space of the relatively 
immobile central metacarpals (second and third) with 
two degrees of freedom. These metacarpals provide a 
post on to which the more mobile lateral (first meta-
carpal) and medial (fourth and fifth metacarpals) rays 
can work – allowing thenar and hypo-thenar opposi-
tion. The connecting lines joining these isometric 
points largely corresponded to the previously 
described interosseous and extra-osseous carpal lig-
aments (Berger, 1997; Berger, 2001). However, it is 
important to appreciate that these connecting lines 
were computationally derived from the serially posi-
tioned 3D carpal geometric primitives and not by 
using existing anatomical descriptions or knowledge.

The lunate exhibits rotational and translational 
excursion during wrist motion yet has no tendon 

Figure 4. AP Frontal view: diagrammatic representation of the motion pattern of the carpus with overlaid linkages (as 
green lines) of the proximal and distal carpal row. The blue dots represent the connection points of the scaphoid to the 
proximal and distal rows, the red dot is the centroid of the distal row and the yellow dot is the centroid of the proximal 
row. The curved blue lines represent the cam motion between the two rows. The carpus appears to function as a two-gear 
four-bar linkage.
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attachments. Lunate stability and motion is achieved 
through the obliquely orientated volar isometric con-
straint to the radius (corresponding to the long radi-
olunate ligament), which limits extension, and on the 
volar aspect to the triquetrum, which acts as a flexion 
restraint. The lunate is attached on its dorsal aspect 
to the scaphoid, which causes it to largely, but not 
completely, follow the motion of that bone. The 

obliquity of the various constraints (in particular the 
long radiolunate ligament) allows stable lunate 
motion through a synchronous combination of rota-
tion and obligate translation during radial and ulnar 
deviation.

The ‘ring theory’ of Lichtman et al. (1981) suggests 
that the triquetrum plays an important role in stabi-
lizing the carpus on its medial side. However, this 

Figure 5. Axis of motion of the mid-carpal joint from the distal aspect corresponds to an angle of 45° to the transverse 
axis of the radius. Note the wider non-articular portion of the dorsal aspect of the trapezoid. This tends to push the trape-
zium anteriorly, thus rotating the prime mid-carpal motion axis in line with the dart thrower’s motion.
Tm, trapezium; Tz, trapezoid; C, capitate; H, hamate.

Figure 6. Stable central column theory of carpal kinetics. This consists of a stable central column that provides a 
platform for the relatively immobile second and third metacarpals. The thenar and hypothenar rays are mobile and act 
against the central metacarpals. The scaphoid acts as a stabilizer of the proximal and distal rows, and the triquetrum 
acts primarily as an ulnar translation restraint and as a controller and restraint of lunate flexion.
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would imply some specific connection or fixed rela-
tionship with the hamate. Our study failed to identify 
any isometricity between the triquetrum and hamate, 
and this is consistent with the recent work of Moritomo 
et al. (2004, 2006), suggesting the motion between 
these two bones does not have a fixed link, but moves 
in an ovoid pattern.

There was however, a very clear isometric connec-
tion between the triquetrum and the radius on the 
dorsal aspect, corresponding to the dorsal radio- 
carpal ligament (Viegas, 2001), and indirectly via the 
lunate on the volar aspect. This suggests the trique-
tral connections are ideally suited to act as an ulnar 
translation restraint of the proximal row of the carpus, 
rather than having any direct role in vertical carpal 
stability (Figure 3). The connection to the triquetrum 
on the volar aspect to the lunate is also ideally suited 
to control lunate flexion. Triquetral flexion is in turn 
controlled by the dorsal radio-carpal ligament. The 
triquetrum thus contributes to vertical carpal stability, 
but only by its connection to the volar aspect of the 
lunate, and not with any specific linkage to the medial 
carpus or, more specifically, the hamate.

Our findings contrast with the work by Xu and Tang 
(2009), who were unable to identify isometric connec-
tions between the carpal bones. The difference may 
be the inaccuracy owing to their manual selection of 
measurement points based on anatomical descrip-
tions of ligament attachment. As distinct from Xu and 
Tang (2009), clear evidence of isometricity (<5% vari-
ation) was identified, and this generally corresponded 
to the described ligament structures. It was evident 
that even minor variation in the position of the selected 
points on the surfaces of the bones to be assessed 
created quite large variation in connecting line length 
in the different wrist positions. As such, the existing 
description of ligamentous attachment may not 
exactly reflect the isometric points between various 
bones of the carpus in different individuals.

It should be noted however, that the simplicity of 
straight isometric lines measured between bone sur-
faces may not entirely represent the actual interac-
tions occurring within the carpus. Many ligaments do 
not run in straight lines, as they may at times pass 
over convex bone surfaces. Such interactions involv-
ing multiple other ligaments and the carpal bones 
should be considered in future work. The regions 
assessed in this study were largely connected by lines 
that did not have an intervening convex bony surface, 
and further, measuring around curves was outside 
the scope and software capabilities of this study.

On the basis of the computationally derived iso-
metric constraints and inter-row motion identified in 
this study, the carpus appears to function as a stable 

central column (lunate–capitate–hamate–trapezoid–
trapezium) with a supporting lateral column (scaph-
oid). The carpus can be seen as a closed linkage 
joining the radius to the bases of the metacarpals, 
achieving the required motion and stability. The car-
pus itself functions much more like a ‘two–gear four-
bar linkage’ (Figure 4) than the traditionally described 
‘slider crank’. On the medial side of the central col-
umn, the triquetrum acts principally as an ulnar 
translation restraint, counteracting the tendency of 
the carpus to slide down the obliquity of the distal 
radius (Figure 6). This is very similar to Taleisnik 
(1976) and earlier Navarro (1921), but with a more 
defined supporting lateral column (scaphoid) creating 
a four-bar linkage (incorporating two gears) – upon 
which tendons would act to achieve motion.

The ‘trapezoid’-shaped trapezoid places the trape-
zium anterior to the transverse plane of the radius 
and ulna, and thus rotates the principal axis of the 
central column, and more specifically the mid-carpal 
joint, to correspond to that used in the dart thrower 
motion. This arc of motion change allows for obliquity 
of the palm for gripping objects parallel to the fore-
arm, thus co-linearly extending the upper limb, which 
has major implications with respect to tool use. A 
variation in the shape of the trapezoid alters the prime 
axis of the rotation of the distal row, and may thus 
explain cross-species variations in wrist function, 
particularly the ability to throw darts (Crisco et al., 
2005; Wolfe et al., 2006). The anterior positioning of 
the trapezium and the attached thumb metacarpal 
may also facilitate tool use by allowing thumb pad to 
index finger pad holding, a function that is possible in 
humans but not in chimpanzees (Marzke, 2009; Young, 
2003).

The concept of the stable central column of carpal 
motion provides the basis for the development of a 
truly kinetic motion theory using the RBM system, 
extending the central column concept described by 
Taleisnik (1976). This is consistent with the ideals of a 
good theory in that it provides a simplified description 
of a mechanical system based on isolated observa-
tions, it is predictive and it can be tested (Hawking, 
1996). It unifies the mechanical observations derived 
from a range of previous researchers, in particular 
the intercalated segment motion of the lunate 
(Berger, 1997), the ovoid motion of the mid-carpal 
joint (Moritomo et al., 2004) and, more recently, the 
dart thrower motion concept (Crisco et al., 2005; 
Moritomo et al., 2007).

By identifying the derived and implied rules of a 
particular wrist, proposed reconstructive procedures 
could potentially be applied to the mathematical 
model to predict actual outcomes in a particular 
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patient or injury pattern. In the future, this may be 
able to identify the most appropriate reconstructive 
or repair procedure for the individual wrist with a 
particular injury pattern. Further work will be needed 
to develop and apply the kinetic theory to a range of 
injuries and validate the use of this quantitative anal-
ysis technology to plan more mechanically based 
treatments.
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