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Validation and Application of a Computational
Model for Wrist and Hand Movements
Using Surface Markers

Cheryl D. Metcalf*, Member, IEEE, Scott V. Notley, Paul H. Chappell, Member, IEEE, Jane H. Burridge, and
Victoria T. Yule

Abstract—A Kkinematic model is presented based on surface
marker placement generating wrist, metacarpal arch, fingers and
thumb movements. Standard calculations are used throughout
the model and then applied to the specified marker placement.
A static trial involving eight unimpaired participants was car-
ried out to assess inter-rater reliability. The standard deviations
across the data were comparable to manual goniometers. In
addition, a test-retest trial of ten unimpaired participants is also
reported to illustrate the variability of movement at the wrist
joint, metacarpal arch, and index finger as an example of model
output when repeating the same task many times. Light and
heavyweight versions of the tasks are assessed and characteristics
of individual movement strategies presented. The participant
trial showed moderate correlation in radial/ulnar deviation of the
wrist (r = 0.65), and strong correlation in both metacarpal arch
joints (r = 0.75 and r = 0.85), the MCP (r = 0.79), and
PIP (r = 0.87) joints of the index finger. The results indicate
that individuals use repeated strategies of movement when lifting
light and heavyweight versions of the same object, but showed no
obvious repeated pattern of movement across the population.

Index Terms—Biomedical measurements, hands, kinematics,
motion analysis.

1. INTRODUCTION

INEMATIC investigations of functional movements are
Kincreasingly required in clinical research to further un-
derstand the appropriateness of rehabilitation techniques and to
quantify the effectiveness of such techniques [1]. Historically,
this has been well developed in gait analysis but the added com-
plexity of functional movements available in the upper limb has
hindered assessment especially in a clinical research setting,
which relies on simplified techniques and ease of application
to minimize the impact on the patient.

Manuscript received August 18, 2006; revised July 26, 2007. This work was
supported in part by the University of Southampton’s Life Sciences Interfaces
Forum. Asterisk indicates corresponding author.

*C. D. Metcalf is with the School of Electronics and Computer Science,
Room 3231, Building 59, University of Southampton, Southampton SO17 1BJ,
U.K. (e-mail: cdm@ecs.soton.ac.uk).

S. V. Notley is with the Institute of Sound and Vibration Research, University
of Southampton, Southampton SO17 1BJ, U.K.

P. H. Chappell is with the School of Electronics and Computer Science, Uni-
versity of Southampton, Southampton SO17 1BJ, U.K.

J. H. Burridge and V. T. Yule are with the School of Health Professions and
Rehabilitation Sciences, University of Southampton, Southampton SO17 1BJ,
UK.

Digital Object Identifier 10.1109/TBME.2007.908087

Hand movement and upper limb movement, in general, is
complex [2]. The wrist is often defined as having two degrees
of freedom: flexion/extension and radial/ulnar deviation. The
movements of the hand, fingers, and thumb provide the func-
tional ability that is required for prehension. The hand, in terms
of the palm, can flex and extend to facilitate the opposition of
the thumb to the fingertips. The fingers themselves are also ca-
pable of multiple degrees of freedom including flexion/exten-
sion of the metacarpophalangeal, proximal and distal interpha-
langeal joints, as well as abduction/adduction at the metacar-
pophalangeal joints. There is also a small amount of rotation at
the fingers. The thumb, which is often ignored in most models
of hand movement, is capable of abduction from the palm, rota-
tion through to opposition, and flexion/extension of the metacar-
pophalangeal and interphalangeal joints.

Various models have been developed which attempt to char-
acterize all the complex movements of the hand [3]-[7], whereas
others are only concerned with specific aspects such as joint ro-
tations or wrist angles [8]-[11]. The work of Degeorges et al.
[10] is concerned with only modeling 3-D rotations of the index
finger joints. Their protocol uses a system of markers placed at
the end of rods in triads to denote the axis for each segment.
Although they only analyze the movement of a single finger,
their method requires the use of a thermoplastic cast molded
for each participant and they conclude that a major difficulty
of the system was the number of markers in a small sized cap-
ture volume. Fowler ef al. [9] use a similar system of rod axis
markers arranged in triads for the functional and biomechanical
assessment of normal and rheumatoid hand. As an indication of
the complexity of this method 12, markers are used just to ana-
lyze flexion/extension and rotation of the metacarpalphalangeal
joint.

With surface markers, skin movement may be a problem for
accurate measurement of angles and joint segments [8], [12].
The work of Schmidt et al. [13] concludes that it is necessary
to consider skin movement for accurate measurement of wrist
angles. They developed a rigid-segment marker placement
method to minimize skin movement based on markers placed
in triads. Su et al. [4] attempt to account for skin movement by
using two markers per segment of the fingers placed proximally
and distally to each joint. A similar system with two markers
per segment is used by Ryu et al. [8] to analyze the relationship
between the surface marker placements and the underlying
anatomy by comparing MRI images with model outputs for
static hand positions.
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Miyata et al. [3] have developed a computational model to
generate joint angles of the wrist, hand, fingers, and thumb
using single markers per joint. They discuss the advantages and
disadvantages of using complex protocols with large numbers
of markers to model all degrees of freedom of the hand. The
model subsequently developed models less degrees of freedom
of the hand and uses a total of 25 surface markers. Similarly,
Carpinella et al. [5] developed a model using a small number
of markers to calculate finger and thumb movements using
a single surface marker placed above each joint axis. The
two methods are comparable for generating finger and thumb
movements although the method of Carpinella et al. [5] does
not include movements of the wrist.

Small et al. [6] developed a model of wrist movement using
only six single surface markers and as such was suitable in clin-
ical applications. Their method relied heavily on the underlying
anatomy for precise marker placement and concludes that radio-
graphic methods to measure motion are no more accurate than
surface measurements. Murgia et al. [14] also concentrated only
on the analysis of wrist movement using single surface markers.
The model requires seven markers placed on bony landmarks on
the elbow, wrist and hand. The problem with using such a wide
surface area when applying markers is the possibility of marker
occlusion for markers more proximal to the body.

From the literature, it may been seen that no standardized
method of applying markers to the upper limb exists as there
does for lower limb analysis [1] and although standards have
been proposed [15] they are based on boney anatomical land-
marks beyond those obtainable directly from surface markers
[1] and are often too time consuming and laborious to apply in
a patient trial.

As an example, four commonly used marker placement
methods to gather information regarding the movement of the
proximal interphalangeal joint of the second finger are:

1) three linear markers placed in the metacarpophalangeal,

proximal, and distal interphalangeal joints [5], [15];

2) two markers placed at the distal and proximal heads of the
proximal and medial phalanges of the second finger [4],
[16] (four markers in total);

3) three noncollinear markers forming a triangle placed on
both the proximal and medial phalanges of the second
finger [3] (six markers in total);

4) arod axis system consisting of three or more noncollinear
markers on a frame above the joint or phalanx [9], [10].

Marker placement methods 2—4 are useful in a biomechanical
research setting where the objective is to minimize as much as
possible the effects of skin movement on an identified segment.
Marker placement method 1 is often used in a clinical research
setting where the emphasis is on clearly identifiable and repeat-
able placement using palpation techniques and where the effect
on the patient is kept to a minimum. Simple marker placements
can also be applicable to research involving children, where the
surface area of the hands are significantly smaller than would be
required by marker placement systems as described in methods
3 and 4.

This paper outlines the method used to develop a protocol for
modeling wrist, hand, finger, and thumb movements with an em-
phasis on clearly identifiable and repeatable marker placements
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TABLE 1
MARKER LABELS AND POSITIONS FOR 3-mm HEMISPHERICAL MARKERS

Marker Description of Placement

WRU Distal head of the ulnar

WRR Distal head of the radial styloid process

FAU Dorsal aspect of the ulnar

FAR Dorsal aspect of the radius

CMC1 Proximal head of the 1st metacarpal at the carpometacarpal joint
CMC2 Proximal head of the 2nd metacarpal at the carpometacarpal joint
CMCS5 Proximal head of the 5th metacarpal at the carpometacarpal joint
MCP1 Distal head of the 1st metacarpal

MCP2 Distal head of the 2nd metacarpal

MCP3 Distal head of the 3rd metacarpal

MCP4 Distal head of the 4th metacarpal

MCP5 Distal head of the 5th metacarpal

1P Distal head of the proximal phalanx of the thumb

FT1 Distal head of the distal phalanx of the thumb

PIP2 Distal head of the proximal phalanx of the second finger
DIP2 Distal head of the medial phalanx of the second finger
FT2 Distal head of the distal phalanx of the second finger
PIP3 Distal head of the proximal phalanx of the third finger
DIP3 Distal head of the medial phalanx of the third finger
FT3 Distal head of the distal phalanx of the third finger

PIP4 Distal head of the proximal phalanx of the fourth finger
DIP4 Distal head of the medial phalanx of the fourth finger
FT4 Distal head of the distal phalanx of the fourth finger
PIPS Distal head of the proximal phalanx of the fifth finger
DIP5 Distal head of the medial phalanx of the fifth finger
FTS Distal head of the distal phalanx of the fifth finger
CMCVM Virtual marker created halfway between CMC2 and CMC5

suitable for clinical applications. As such, the protocol iden-
tifies specific single surface marker placements which can be
easily identifiable through palpation techniques, and which will
not interfere with a participants’ normal range of movement or
compensatory movement strategies and is quick to apply. This
method could also be applied to studies involving children or pa-
tient groups. The proposed model generates vectors and planes
based on those marker placements. A validation procedure is
undertaken analyzing the variances between the model output
and known angle measurements of the wrist. The inter-rater re-
liability of surface marker placements is assessed. The model
is then applied to a participant repeatability trial to analyze the
movement strategies of individuals when repeating light and
heavy versions of the same lifting task. This task enables a sub-
jective assessment of the model in a practical setting with each
joint moving in all degrees of freedom. An analysis is under-
taken to ascertain whether there is any correlation to be found in
movement strategies for an individual and across a population.

II. METHODS

A. System and Setup

A Vicon 460 6-camera movement analysis system (Vicon,
Oxford, UK) sampling at 100 Hz was used to capture data for
all the trials. Twenty-six passive reflective markers were placed
at specific positions on the wrist and hand. Table I illustrates the
marker placements for the 26 x 3 mm hemispherical markers.
Particular attention was needed when choosing marker posi-
tions, especially those placed on the wrist and fingers. From
the previously outlined marker placement methods, an altered
version of the first option was used in this instance as it main-
tained the integrity of the movement, i.e., not impeding the nat-
ural movement of the joints. Marker placements were selected
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Fig. 1. Local coordinate system (Xr,, Y1,, Z1,) as defined by the model. The definition of wrist movement is presented, whereby radial deviation = —ve and
ulnar deviation = +4ve; flexion is defined as +ve and extension = —ve. Radial/ulnar deviation of the wrist is calculated independent of handedness.

that would be intuitive and easily identified by therapists using My2 4 [Extension-ve
palpation techniques. Markers were placed proximal to the joint pi > b

on the distal head of the proximal bone. In marker placement

method 1, markers often move onto the distal segment adjacent ”

to the joint during the grip due to skin movement. This distor- ;

tion of the resultant vectors does not correspond to the under- SR I

lying bone/anatomical segment and, therefore, compromises the ‘ » v Flexion +ve

position of the resultant vector and its relationship to adjoining
vectors.

For the purposes of describing the process of the orientation
of the vector calculations, each marker was taken into the model
as a set of three points indicating the relative zy and z coordi-
nates of the marker in space, relative to the Vicon coordinate
system, or the global coordinate system (GCS). A local coordi-
nate system (LCS) is then embedded in the forearm plane de-
fined by the model and subsequent planes and vectors are de-
scribed relative to the forearm plane. The orientation of move-
ment within the LCS is illustrated in Fig. 1.

B. Movements and Model Calculations

The movements of the wrist and hand that are generated from
the proposed model are defined as flexion/extension and radial/
ulnar deviation of the wrist, flexion/extension of the dorsal as-
pect of the transverse metacarpal arch, finger flexion/extension
at metacarpophalangeal (MCP), proximal interphalangeal (PIP)
and distal interphalangeal (DIP) joints, finger abduction/adduc-
tion at the MCP, flexion/extension of the MCP and interpha-
langeal (IP) joints of the thumb, as well as abduction/adduction
and rotation through to opposition of the thumb.

The computational model presented in this paper was devel-
oped using the MATLAB (MathWorks, Inc., Natick, MA) soft-
ware package. In instances where the vectors are the only con-
sideration, the scalar product is used to calculate the angle (1),
where 6 is the resultant angle for the joint located between two

Fig. 2. Flexion/extension between two planes. The direction of the movement
remains constant throughout the movements of the metacarpal arch, fingers, and
thumb.

segments defined by v1 and v2, where v1 and v2 are two vec-
tors defined from three markers

ey

§ = cos™! {V_l.ﬂ}

|v1]|v2]

When calculating the angular movement between the two planes
of the wrist, a vector normal to each plane is defined. The scalar
product between the two normals is calculated to produce the
angle for the movement between the two planes. Fig. 2 illus-
trates this process, where 1 is a normal vector perpendicular to
plane p, defined by the cross product of vectors v1 and v2 (2)

n, =vl xv2

f = cos™ ! w )
D1 | Do

Occasionally, there is a need to reduce a vector into its com-
posite 2-D coordinates, therefore eliminating any secondary
out-of-plane movement as discussed in [17]. Projections of a
vector onto a plane are calculated using (3), where v is a vector
represented in its composite X and y coordinates, projected
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TABLE II
MARKER ASSOCIATIONS WITH VECTORS AND PLANES

Plane/Segment From To Movement Associated
Plane
Forearm FAU WRU Wrist
FAR WRR Wrist
Hand CMC5 MCP5 Wrist
MCP2 MCP5 Wrist
Radial Hand CMCVM MCP3 Metacarpal Arch
MCP2 MCP3 Metacarpal Arch and part of joint 2 — 4
Mid Hand CMCVM MCP4 Metacarpal Arch
MCP3 MCP4 Metacarpal Arch and part of joints 2—4 & 3 - 5
Ulnar Hand CMCVM MCP5 Metacarpal Arch
MCP4 MCP5 Metacarpal Arch and part of joint 3 - 5
Thumb CMC2 MCP2  Thumb Abd/Add." & Rotation
CMCl1 MCPI Thumb Abd/Add., Rotation & F/E* MCP1
MCP1 MCP2 Thumb Abd/Add & Rotation
MCP1 IP F/E MCP1
[P FT1 F/E IP
Segment
Proximal Phalanx MCP2 PIP2 F/E MCP 2nd Finger & Abd/Add. Fingers 2-3
Middle Phalanx PIP2 DIP2 F/E PIP 2nd Finger
Distal Phalanx DIP2 FT2 F/E DIP 2nd Finger
Proximal Phalanx MCP3 PIP3 F/E MCP 3rd Finger & Abd/Add. Fingers 3-4
Middle Phalanx PIP3 DIP3 F/E PIP 3rd Finger
Distal Phalanx DIP3 FT3 F/E DIP 3rd Finger
Proximal Phalanx MCP4 PIP4 F/E MCP 4" Finger & Abd/Add. Fingers 4-5
Middle Phalanx PIP4 DIP4 F/E PIP 4" Finger
Distal Phalanx DIP4 FT4 F/E DIP 4th Finger
Proximal Phalanx MCP5 PIPS F/E MCP 5" Finger
Middle Phalanx PIPS DIP5 F/E PIP 5" Finger
Distal Phalanx DIP5 FT5 F/E DIP 5th Finger

T Abd/Add = Abduction/Adduction
§ F/E = Flexion/Extension

using the scalar product onto the plane p defined by the vectors
z and y

vp:VX—I—vX

where

(vex)

(voy)x.

Vx

[

3)

Three equations, therefore, present the foundation for all the
model calculations. These principles are applied purely within
the context of the specific surface marker placement method de-
fined here for the wrist and hand, which can easily be replicated
in a clinical research setting. Table II identifies marker associa-
tions with planes and vectors that will be referred to throughout
the modeling process.

Vy

C. Wrist Movements

Vectors were defined from markers placed on the forearm
(FAR, FAU, WRR, WRU) and hand (CMC2, CMC5, MCP2,
MCP5), which define vectors and planes for those segments,
respectively (Fig. 3). Radial/ulnar deviation is calculated from
two vectors, one either side of the wrist from markers MCP2
and MCPS5 at the hand and WRR & WRU at the forearm. In this
instance both vectors are projected onto the plane defined as the
forearm using (3) and the angle calculated using (1). The angle
of flexion/extension can be calculated between the normal vec-
tors 1,1 and f,» generated for each plane using (2).

D. Dorsal Aspect of the Transverse Metacarpal Arch

The dorsal aspect of the transverse metacarpal arch [18] is de-
scribed as two joints; 2—4 indicating the movement between the
radial and mid hand planes, and 3-5 indicating the movement
between the mid and ulnar hand planes. The numbers in this
instance represent the vectors created from metacarpal heads;
each vector is then projected onto its constituent plane. A vir-
tual marker CMCVM is created halfway between CMC2 and
CMCS. A further three planes are then defined from the posi-
tion of the virtual marker to the MCP markers 2-5, as illustrated
in Fig. 3, which are the radial (RHP), middle (MHP) and ulnar
hand planes (UHP). Vectors are defined from adjoining markers
placed on the MCP joints, which are first projected onto their
corresponding plane using (3) and then the metacarpal arch is
defined by calculating the angles between the MCP joints be-
tween the RHP and MHP, and also the MHP and UHP using (1).
Flexion of the metacarpal arch is defined as the arch of the hand
that is created when the fingertips of the fifth finger and thumb
move towards the position where the fingertips are touching. Ex-
tension is defined when the palm of the hand is moving towards
a position where the hand is flat, as when resting on the surface
of a desk.

E. Finger Movements

Three vectors, one for each phalanx are created for each
finger using markers placed on the MCP, PIP, DIP, and finger
tip. Flexion/extension movements of the MCP, PIP, and DIP
joints (2-5) are calculated with respect to the parent hand
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Fig. 3. Vectors and planes generated from markers positioned on the hand and forearm. A virtual marker (CMCVM) is created midway between markers placed
at CMC2 and CMCS5. CMCVM then joins with the markers placed on the MCP joints to define the radial (RHP), mid (MHP) and ulnar (UHP) hand planes. Vectors

are also created for the fingers and thumb.

plane for that vector using (1); where the second finger moved
with respect to the RHP, the third and fourth fingers moved
respect to the MHP and the fifth finger moved with respect to
the UHP (Fig. 3). Finger abduction/adduction is calculated by
first projecting the vectors defined for the proximal phalanx
of each finger onto the respective hand plane as above, then
calculating the resultant angle between the proximal phalanges
of each finger to determine the spread of the fingers during
object manipulation.

F. Thumb Movements

Thumb movement is notoriously difficult to define due to the
range of movement in all planes [19]-[21]. It is not, therefore,
appropriate to represent thumb movement in terms of a single

angle of opposition. Thus, in the following method, movement
of the thumb is described as a combination of rotation, abd/ad-
duction and flexion/extension of the metacarpophalangeal and
interphalangeal joints.

The method to generate angles of thumb movement starts by
extending the metacarpal arch to include a thumb plane defined
from the first metacarpal and a vector joining MCP1 to MCP2
(Fig. 3). Therefore, normal planes are described from the RHP
and thumb plane, and the angle is calculated from the normal
vectors using (2). Abduction/adduction of the thumb is calcu-
lated from projecting the vectors defined for the first and second
metacarpals onto the thumb plane. The angle can then be cal-
culated between the two resultant metacarpal vectors. Thumb
flexion/extension of the MCP and IP joints are calculated inde-
pendently using (1).
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Fig. 4. Metallic reference objects was used for measuring 90° (extension pic-
tured), 60°, and 30° angles and comparing against the model output for relia-
bility. For flexion, markers were placed on the opposite face of the objects in
the same positions.

III. MODEL VALIDATION AND PARTICIPANT TRIAL

A. Static Reference Frames

The model was validated against thirteen known static refer-
ence positions to test the accuracy of the generated output. They
were neutral (0°), radial deviation (—90°, —60°, —30°), ulnar
deviation (4+90°, +60°, +30°), extension (—90°, —60°, —30°)
and flexion (+90°, +60°,4+-30°), testing an angle range within
and beyond those obtainable in a human participant (Fig. 4). Ra-
dial/ulnar deviation and neutral position was measured using a
protractor on a flat work surface and flexion/extension was mea-
sured using metallic frames precision-made at 90°, 60 °, and
30° angles. The marker placement for a small hand and forearm,
therefore maximizing the potential error, was replicated on the
flat work surface and the face of the metallic frame; thus, thir-
teen static positions were captured and each repeated ten times.

B. Static Participant Trial—Inter-Rater Reliability

A study was undertaken to test the repeatability of marker
placements between two raters applying markers to a group of
unimpaired right handed participants (n = 8; mean age = 29,
=+6 years). The marker placement for the wrist was applied to the
dominant wrist and hand of each participant. The time for each
rater to apply the markers was between 3 and 5 min. Metallic
frames were used on which each participant was asked to place
their forearm and hand. The frames provided a series of static
positions for the wrist in extension (position A) and two posi-
tions of flexion (positions B and C, respectively). In addition,
each participant’s forearm and hand was placed on a flat work
surface in neutral (position D); radial and ulnar deviation (po-
sitions E and F, respectively) and the resultant positions were
captured by the Vicon system.

C. Dynamic Participant Trial

Data was collected from unimpaired participants (n = 10;
mean age = 33, 19 years). Participants were both right (n =
8) and left (n = 2) hand dominant. Light and heavyweight
spherical objects of the same size from the Southampton Hand
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Fig. 5. SHAP spherical object and trial setup for participant repeatability trial.
From button press, each participant grasps and lifts the spherical object over the
obstacle to the predefined space on the SHAP foam-board, then back to button
press to complete the cycle.

Assessment Procedure (SHAP) were used to constrain the gross
movement of the wrist and hand, and to provide a recognisably
cyclic movement [2], [22]. Each participant sat in a chair with
their arms resting on a table with a SHAP form-board placed
in front of them. A start/stop position on the SHAP form-board
was identified in order to establish a common start and end point
for the movement cycle whereby a participant would press their
hand to the start/stop position and undertake the task, then re-
place their hand at the start/stop position on the board. For the
task, each participant would grasp and lift a sphere from the
furthest to the nearest position on the board and then press their
hand back to the start/stop position, indicating the end of the
movement cycle (Fig. 5). As part of the task, the sphere must
be lifted over a small obstacle 25 mm high, therefore forcing
each participant to lift the weighted object to at least a standard
height by clearing the height of the obstacle. Each participant
was asked to repeat the lightweight task 5 times, followed by
the heavyweight task five times.

IV. RESULTS

A. Static Reference Frames

Table III summarizes the results of the ten repeated cap-
tures from each of the thirteen static reference positions. The
constituent flexion/extension and radial/ulnar deviation offset
angles involved in each of the thirteen static positions are sum-
marized as the mean of the ten repeats, the standard deviation
and the 95% confidence interval of the mean for each position.
For each primary position of flexion/extension, there will
be a component of radial/ulnar deviation which is called the
secondary out-of-plane position and similarly for each primary
radial/ulnar position there will be a secondary out-of-plane
position in flexion/extension. For each primary position, the
secondary out-of-plane positions are also presented (shown in
italic). The mean angles measured for positions in both primary
radial/ulnar deviation and primary flexion/extension are within
a degree of the set angle. It should be noted that the angles are
set with a protractor which is at best only accurate to a degree,
and, thus, the measured angles are within this error margin. The
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TABLE III
RESULTS FOR THE STATIC POSITIONS GENERATED FROM THE MODEL
Position Flexion/Extension Radial/Ulnar Deviation
Mean Std. 95% Mean Std. 95%
Angle Dev. CI Angle Dev. CI
Neutral 0° -0.264 0.040 -0.289 - -0.239 -0.245 0.034 -0.266 - -0.223
Radial -30° 0.135 0.042 0.109-0.162 -29.383 0.012 -29.391 - -29.376
Ulnar +30° -1.387 0.076 -1.434--1.339 30.309 0.278 30.133-30.484
Extension -30° -30.028 0.007 -30.033 - -30.024 0.688 0.005 0.685—0.691
Flexion +30° 30.056 0.005 30.053 —30.059 -0.194 0.010 -0.200 - -0.188
Radial -60° -1.534 0.057 -1.570 - -1.497 -59.335 0.012 -59.342 - -59.327
Ulnar +60° -1.355 0.042 -1.381--1.329 60.931 0.017 60.920 — 60.941
Extension -60° -60.496 0.003 -60.048 - -60.044 -0.993 0.025 -1.009 - -0.977
Flexion +60° 60.185 0.004 60.182 —60.188 -0.219 0.009 -0.225--0.213
Radial -90° -0.397 0.014 -0.405 - -0.388 -90.745 0.016 -90.755 - -90.735
Ulnar +90° -0.508 0.012 -0.516 - -0.501 90.480 0.019 90.468 —90.493
Extension -90° -90.402 0.014 -90.411 - -90.393 0.564 0.011 0.557-0.571
Flexion +90° 89.846 0.033 89.825 — 89.867 -0.624 0.003 -0.626 - -0.622
75
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Fig. 6. Relationship of the measured positions A, B, C, and D in flexion/extension defining the marker placement error when markers are independently placed

by two raters.

mean angles for the secondary out-of-plane positions are also
less than a degree.

The repeatability of the outcome from the model was deter-
mined across successive static trials using an intraclass correla-
tion coefficient, which was calculated to be IC'Cy ;1 = 0.946.
The results of the measurement accuracy and reliability trial
show the model to have high repeatability and to be accurate
to within a degree in all directions as is shown in Table III.

B. Static Participant Trial—Inter-Rater Reliability

Fig. 6 shows the relationship between the measured angles
over the four positions A, B, C, and D (flexion/extension) with
markers independently placed by two raters. Fig. 7 similarly

shows the relationship between the measured angles for the po-
sitioned D, E, and F (radial/ulnar deviation) with independently
placed markers. In both figures the dotted line shows the line of
best fit using a least squares regression.

Both Figs. 6 and 7 clearly demonstrate that there is a correla-
tion between the angles measured by the two raters. The relia-
bility coefficient (R) was calculated as 0.985 for flexion/exten-
sion and 0.946 for radial/ulnar deviation (both significant with
p-values < 0.001). A reliability coefficient greater than 0.75
is considered as giving excellent reliability [23]. The reliability
coefficient is calculated as

2
R = Otrue (4)

2 2
Otrue + Oerror



1206 IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 55, NO. 3, MARCH 2008

40—
°
» °
30 °
é °
20
2 .
o | °
:.; 10 . PY o
[a] [
~ °
8 07
[\]
14 °
o ©Oo
-10- i
.° Reliability Coefficient = 0.946
20 L Mean Absolute Difference = 5.1 Degrees
Max. Absolute Difference = 10.7 Degrees
-30-
T T T T T T T T
-20 -10 0 10 20 30 40 50

Rater 1 (Degrees)

Fig. 7. Relationship of the measured positions D, E, and F in radial/ulnar deviation defining the marker placement error when markers are independently placed

by two raters.

5.
ol \
0 \
> Vb
S \ )
Y \ A
© -10- A \
2 |
< Y\
\ -
15 .
el
N
-20
25 L L L
[¢] 10 20 30 40 50 60
% Cycle
10
5
0
i- N
-3 \'}
g \
2
2 10 \
< \
\V
A5
20
25 . .
10 20 30 40 50 60
% Cycle

70

60
50 -
— - \\
40 )
\
n /
@ 30+ X /
5 /
é’ AL \
%) 20
& \
/ \
10f I
{ N
o g
10 L L L L
100 10 20 30 40 50 60 70 80 %0 100
a % Cycle
60
50 .
/ S \
1/ / )
40 \
/ \
/ \
/ \
- \
$ 30 \\
>
o}
e
o
© 20
4 ye.
< /
10
e
0
10 . . . .
100 0 10 20 30 40 50 60 70 80 90 100
b % Cycle

d

Fig. 8. Wrist and PIP flexion/extension repeats for two sample participants. (a), (b) Five repeats for the wrist during lift of the (a) lightweight and (b) heavyweight
objects. (c), (d) Five repeats for the PIP joint of the index finger during lift of the (c) lightweight and (d) heavyweight objects. This illustrates similarities during
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where o2 is the estimated variance across participants and
02,0, is the estimated variance across raters.

error

For flexion/extension the mean absolute difference between

the two raters was 3.0° with a maximum absolute difference
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TABLE 1V
CORRELATION COEFFICIENTS BETWEEN LIGHT AND HEAVY WAVEFORMS FOR AN INDIVIDUAL

Position P1 P2 P3 P4 P5 P6 P7 P8 P9 P10
Wrist Rad/Uln 0.697 0.981 0.900 0.065 0.943 0.859 0.475 0.857 0.637 0.403
Wrist Flex/Ext 0.153 0.473 0.851 0.580 0.262 0.105 0.809 0.954 0.671 0.808
Arch2 -4 0.893 0.929 0.859 0.756 0.960 0.674 0.390 0.772 0.713 0.589
Arch3-35 0.818 0.963 0.929 0.919 0.749 0.888 0.571 0.910 0.831 0.920
MCP2 0.942 0.936 0.722 0.651 0.986 0.361 0.874 0.598 0.898 0.890
PIP2 0.852 0.945 0.987 0.679 0.675 0.899 0.902 0.891 0.912 0.956
DIP2 0.164 0.948 0.982 0.750 -0.153 0.293 0.927 0.893 0.546 0.836
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Fig. 9. Flexion/extension of the MCP joint of the index finger for two sample participants illustrating the differences in the movement strategies employed across
the population when lifting the objects. (a), (c) Solid lines dedicate lightweight tasks; (b), (d) dashed lines indicate heavyweight tasks.

of 8.3°. For radial/ulnar deviation the mean absolute difference
between the two raters was 5.1° with a maximum absolute dif-
ference of 10.7°. In both cases, the mean absolute difference be-
tween the two raters is better than that defined in the literature
for manual goniometry (between 7° and 9°) which is consid-
ered in clinical practice to be the gold standard of joint angle
measurement [24], [25].

C. Dynamic Participant Trial

The joint angles for the wrist, transverse metacarpal arch and
index finger are presented here as an example of the output of
the method previously defined in this paper and to illustrate the
variability of wrist and hand movement in participants when re-
peating a movement under constrained conditions. Filtering of
the data has been deliberately avoided as there is valuable infor-
mation in the frequency content of wrist and hand movement.

The waveforms generated from the model output were resam-
pled to 100% of a cycle to and from the start/stop position on the

SHAP form-board. Fig. 8 illustrates the repeated waveforms for
a sample participant for flexion/extension of the wrist and PIP
joint of the index finger. Mean waveforms of the five repeats for
light and heavy tasks was generated and a Pearson’s correlation
coefficient was calculated over time between the light and heavy
mean waveforms for radial/ulnar deviation and flexion/exten-
sion of the wrist, flexion/extension of the metacarpal arch and
flexion/extension of the MCP, PIP, and DIP joints of the index
finger (Table IV).

On average, participants show a higher correlation in radial/
ulnar deviation (r = 0.65) of the wrist when lifting the light and
heavyweight spheres compared to flexion/extension (r = 0.44).
Movement of the metacarpal arch joints showed strong corre-
lations between light and heavy waveforms, where joint 2—4
showed a slightly lower correlation (»r = 0.75) than joint 3-5
(r = 0.85). The waveforms of the MCP and PIP joints of the
index finger also showed a strong correlation (r = 0.79 and
r = 0.87, respectively), while the DIP joint of the index finger
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showed only moderate correlation between light and heavy av-
erage waveforms (r = 0.62). Although the results of these cor-
relations indicate that an individual uses a similar movement
strategy, a common movement strategy, however, was not ob-
vious across the population. Fig. 9 depicts the flexion/extension
waveforms for two sample participants when lifting the light-
weight and heavyweight objects and illustrates the variability of
movement in flexion/extension of the MCP of the index finger
across the population. The variability of movement strategies
adopted across the population at the MCP joint can also be seen
in the wrist, metacarpal arch, PIP, and DIP joints of the index
finger.

V. DISCUSSIONS AND CONCLUSION

A marker placement method has been proposed that is
intuitive and simple to apply in a clinical research setting.
Marker placement methods such as those proposed by Rau
et al. [1], Schmidt et al. [13], and Williams et al. [26] are more
complex, using triads of markers on each segment. In their
study, Rau ef al. [1] applied their marker placement method to
the measurement of a child with plexus lesion and in this case
would be unable to extend their method to include analysis of
finger and thumb movements during the patient’s compensatory
movement strategy. This would be due to the smaller surface
area of the fingers, specifically challenging in studies involving
children.

Similarly, Fowler et al. [9] use a rod axis system on each
segment to denote a plane. If more complex hand movements
are to be considered, the number of markers increase by three
for each segment analyzed. This is both cumbersome and
suffers from problems with marker crossover and occlusion.
Also to be considered are certain impairments where spasticity,
joint subluxation or deformation would hinder the correct
application of the marker set, or are cumbersome for patients to
wear in addition to concentrating on functional tasks. Complex
marker placement methods may also increase the assessment
time needed for a patient to attend a trial and in addition, some
methods require static calibration trials to identify intermarker
distances and marker triads with respect to markers that were
positioned on boney landmarks during static calibrations [1],
[10], [13], [15], [26]. Compared to previously published tech-
niques, the proposed marker placement system is simple, using
single markers that will not interfere with the movements of
the fingers.

In comparison to the examples cited above, the number of
markers needed for the proposed marker placement method are
kept to a minimum (26 markers), while enabling the simulta-
neous measurement of all the joints of the wrist and hand. The
proposed model is an extension to models previously published
by Rash et al. [11] where focus is on the analysis of flexion/ex-
tension of an individual finger only, and Small et al. [6] who
proposed a model based solely on wrist movements. A similar
marker placement method proposed by Carpinella et al. [5] uses
only 17 markers but does not provide a method of measuring
the wrist angles, metacarpal arch and DIP joints of the fingers as
presented in this paper. The metacarpal arch and the curvature it
brings to the palm are intrinsic to the opposition of the thumb to
the fingers and, therefore, should not be overlooked in models
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studying the functional movements of the wrist and hand. Al-
though the work of Miyata et al. [3] discusses the metacarpal
arch using a proposed system of 25 markers, they do not explic-
itly provide any model-based calculations to characterize it.

The results of the static reference trial ascertained that the
output generated from the model is repeatable and accurate
to within one degree in all directions. Differences between
repeated captures of a static reference frame were shown to
be within a degree of each other, therefore indicating that the
output generated from the model can produce repeatable results.
The results describe the marker placement as extremely reli-
able across assessors and accurate to within the limits defined
by reliability studies for manual goniometers. Therefore, the
marker placement method can be applied in a clinical research
setting giving angles with a mean repeatable accuracy of 5.1°.
Previously published research has not addressed the issue of
reliability of the model output based on marker placement error
by additional raters. It was, therefore, not possible to compare
these results. Some studies did report the repeated accuracy of
their models; Carpinella et al., reported a repeated accuracy of
+7.3° [5], Degeorges et al., reported a repeated accuracy of
48.0° [10], and Dipietro et al., reported a repeated accuracy of
+6.2° [7]. In addition, Carpinella, et al., also reports a 10-min
application time for markers to be placed on participants [5].
The marker placement method proposed in this paper takes
between 3 and 5 min between raters and has been shown to be
reliable within this reduced timeframe. The proposed marker
placement method and modeling technique are actively being
used in ongoing clinical trials to assess functional movements
of chronic stroke patients and a splinting intervention for
hyperextension of the PIP joint in rheumatoid arthritis.

The model was successfully applied to show that an indi-
vidual employs a common movement strategy when lifting light
and heavy versions of objects. The results from the correlation
between the light and heavy lifting tasks indicate a higher cor-
relation in radial/ulnar deviation of the wrist for all participants
and this was also illustrated in both joints of the metacarpal arch
and the MCP and PIP joints of the index finger (Table IV). Al-
though an individual adopted similar movement strategies to
complete related tasks, little conformity could be seen across
the population indicating that unimpaired individuals adopt very
different lifting strategies when moving the wrist and hand to
complete a functional task. The variability shown in the wrist
movement may also indicate that the wrist is the final joint of
the upper limb that adjusts for the intention of the movement, or
functional intention of the task. An individual’s idiosyncrasies
in prehension may also account for the variability across the
population.

The results from the participant repeatability trial can be
compared to [14] where wrist angle movements were generated
while completing activities of daily living tasks from a SHAP.
Movements of jar opening and carton pouring were analysed.
Although not reported, during both tasks an individual adopted
the same movement strategy to repeat a task, while the move-
ment strategies adopted across the population were shown to
be different for the jar opening task. Conformity in movement
strategies could be seen across the population for the carton
pouring task. This may be due to the prolonged time in which
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the participant maintained a stabilizing grip during the pouring
part of the task, whereas the jar opening task is requires a
continuous functional movement.

It should be noted that the inter-rater reliability was only per-
formed on the wrist marker placements. Further to this the re-
liability of the wrist angle is investigated for separate axis at a
time. Although some investigation of the coupling of wrist axes,
finger joints and metacarpal arch is carried out as part of the dy-
namic participant trial, future work needs to investigate the re-
liability of these angles.

The method described in this paper was not developed as a
complete biomechanical model and does not produce defini-
tions of skin movement or anatomically correct joint centers, al-
though this could be extended using existing methods for joint
center calculations [3]. Although not suitable for use in clin-
ical practice, clinical research would benefit greatly from such
an approach. This is evident from the use of gait analysis as
a clinical research tool. The method proposed was developed
to employ a clearly identifiable and repeatable marker place-
ment from which are calculated the composite movements of
the wrist, dorsal aspect of the transverse metacarpal arch, fingers
and thumb. It was developed for ascertaining the effectiveness
of rehabilitation techniques or quantifying differences in move-
ments during functional activities and can be used as a tool to
investigate movement patterns of the wrist and hand in a clin-
ical research setting with minimum interference with the natural
movement or impact to the patient.
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