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Abstract of the Dissertation
Mechanical Modeling and Analysis of Human Motion for Rehabilitation and Sports
by
Paul Gonzalo Arauz
Doctor of Philosophy
in
Mechanical Engineering
Stony Brook University

2016

Modeling and analysis of human motion is important in rehabilitation and sports.
To understand functional movements, dynamics of joints, power requirements, and athletic
performance, kinematic and kinetic models have to be developed to implement and as-
sess rehabilitation techniques that are applied to unimpaired individuals and patients with
movement disorders. In addition, mechanical models are required to evaluate and quan-
tify athletes skills and performance, in order to reduce the risk of potential injuries. For
many years, many research efforts have been presented in the field of rehabilitation and
movement performance.

This dissertation presents research in mechanical modeling and analysis of human
motion focusing on rehabilitation and prevention of sports injury. In particular, the analysis
to determine appropriate arthrodesis angle for fingers, as well as the modeling to quantify
upper limb joint forces and moments in American football players were investigated.

Several aspects of simulated index finger proximal interphalangeal (PIP) arthrodesis
were investigated. First, assessment of quantitative measures of workspace (WS) attributes
under simulated PIP joint arthrodesis of the index finger was conducted. Seven healthy

subjects were tested with the PIP joint unconstrained and constrained to selected angles.
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A model of the constrained finger was developed in order to address the impact of the in-
clusion of prescribed joint arthrodesis angles on WS attributes. A weighted criterion was
formulated to define an optimal constraint angle among several system parameters. Exper-
imental and theoretical modeling results are compared and presented. Secondly, the range
of motion (ROM) of the joints and manipulabilities at three selected tip-pinch manipulation
postures of the finger were studied experimentally under imposed PIP joint arthrodesis an-
gles. A kinematic model of the index finger was used in experiments which involves three
postures. Experimental results are presented. In addition, a general methodology to model
the kinematics of a joint constrained finger was investigated. The impact of the inclu-
sion of a specific joint constraint was investigated using two-dimensional (2D) and three-
dimensional (3D) workspaces, as well as manipulability measures and ellipsoids. Next,
analysis of the effect of simulated PIP joint arthrodesis on distal interphalangeal (DIP)
joint free flexion-extension (FE) and maximal voluntary pinch forces was performed. Ex-
periments were conducted using five healthy subjects with the PIP joint unconstrained and
constrained to selected angles. Results are presented and discussed. The results of this re-
search facilitate surgeons to determine the optimal fusion angle for joints of human fingers
before the arthrodesis operation.

Finally, an inverse dynamics model of the upper limb was developed to test an exper-
imental protocol to measure upper limb joint forces and moments generated by American
football players during simulated blocking. An experimenter with football experience vol-
unteered for this study. The maximum blocking force was measured with a custom-built
sled including five load cells. 3D motion and kinetics of the football player were measured
during hitting of the blocking sled. Model results are presented and discussed. This re-
search provides the understanding of dynamics of the upper limb in order to prevent sport

injuries.
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Chapter 1

INTRODUCTION

1.1 Introduction and background

Mechanical models are required to understand three-dimensional (3D) human mo-
tion. Indeed, proper functional movements, joint torques, and muscle forces are typically
investigated with mechanical models in order to implement and assess motion performance
and rehabilitation techniques that are applied to unimpaired and impaired individuals. In
this dissertation, kinematic, kinetic, and biomechanical analyses of the index finger and up-
per limbs, have been developed for: (1) assessment of motion and functional capabilities of
fingers under imposed joint constraints, and (2) quantifying athletic performance, motion
techniques, upper limb joint moments and forces generated during a simulated blocking
activity in collegiate football linemen and linebackers. The results are useful for helping
surgeons, physicians, and therapists to make more informed decisions on the selection of
immobilization angles. Similarly, the results provide a better understanding of the upper
limb joint moments, forces, and muscle activity involved with a simulated blocking activity
and how those moments, forces, and muscle activation patterns may be related to clinical
signs of posterior shoulder instability in football linemen and linebackers.

Partial or complete kinematic models of the human body can be utilized to investi-
gate functionality, performance, joint angles, trajectories, workspace, among others, when

motion is executed. For instance, individual finger workspace and movement can be stud-



ied in unimpaired subjects to determine typical (optimal) joint angles and ranges of motion
that allow better capability of movement under imposed joint constraints and when a spe-
cific task is being executed. Application of these methods results in better surgical planning
and rehabilitation techniques for patients with movement disorders [3, 15, 52, 51]. To this
end, arthrodesis, an artificial induction of joint ossification between two bones via surgery,
continues to be a pragmatic option in the treatment of pain, deformity, and instability of
joints in patients with osteoarthritis and inflammatory arthritis [3, 41, 37, 32, 5]. Nonethe-
less, when a finger joint has to be fused, preoperative planning has to include a decision on
the appropriate angle for arthrodesis [3, 24, 25, 45, 51, 52].

Even though precise modeling of the human motion can be achieved by computer-
ized tomography (CT) or magnetic resonance image (MRI), application of such procedures
is not pragmatic when investigating general movement features in several tens of asymp-
tomatic subjects. The placement of surface markers on the body segment to be analyzed is
a typical non-invasive method used in accurate capture of three dimensional movements.
This approach requires the attachment of surface markers on well-defined bony anatomical
landmarks, and marker information is utilized in order to construct kinematic models of the
segment body being analyzed.

In this dissertation, the motions of non-constrained (NC) and constrained fingers
were utilized in order to investigate the mechanics of motion of the finger when joint con-
straints are introduced. In particular, the finger workspace, manipulability, functionality,
muscle forces, and affected movement due to imposed joint constrain angles have been
studied. Kinematic and biomechanical analyses of the index finger when the proximal
interphalangeal (PIP) joint is constrained to selected angles have been performed.

In addition, a 3D model of the upper limbs have been developed and applied to in-
vestigate athletic performance and upper limb joint forces and moments during a simulated

blocking activity in American football linemen and linebackers.



1.2 Preview and outline of following chapters

In Chapter 2, an assessment of quantitative measures of workspace (WS) attributes
under simulated proximal interphalangeal (PIP) joint arthrodesis of the index finger is pre-
sented. Seven healthy subjects were tested with the PIP joint unconstrained and constrained
to selected angles using a motion analysis system. A model of the constrained finger was
developed in order to address the impact of the inclusion of prescribed joint arthrodesis an-
gles on WS attributes. Model parameters were obtained from system identification exper-
iments involving flexion-extension (FE) movements of the unconstrained and constrained
finger. The data of experimental FE movements of the constrained finger were used to
generate the two-dimensional (2D) WS boundaries and to validate the model. A weighted
criterion was formulated to define an optimal constraint angle among several system pa-
rameters. Experimental and model results were compared and presented.

In Chapter 3, an experimental study of the optimal angle for arthrodesis of fingers
based on kinematic analysis with tip-pinch manipulation is presented. To evaluate the ap-
propriate angle for arthrodesis of the index finger proximal interphalangeal (PIP) joint,
the range of motion (ROM) of the joints and manipulabilities at three selected tip-pinch
manipulation postures of the finger were studied experimentally under imposed PIP joint
arthrodesis angles. A kinematic model of the index finger was used in experiments which
involves three postures. Experiments were conducted using seven healthy subjects in tip-
pinch manipulation tasks to obtain the measurements of finger motions under imposed
angles of joint constraint, including the ROM of the joints and the three criteria of manipu-
lability. Data show that the functional ROM and the shape of manipulability ellipses at the
fingertip were influenced significantly by the imposed PIP joint constraint in the tip-pinch
manipulation tests among subjects. Model and experimental results are also presented.

In Chapter 4, a general methodology to model and investigate a joint constrained
finger was developed in order to address the impact of the inclusion of prescribed joint

arthrodesis angles on WS and manipulablity. Model parameters were obtained from pre-



vious studies. Two examples of joint arthrodesis (the proximal and distal interphalangeal
joints) were used to illustrate of the proposed methodology. A weighted-sum criterion was
formulated to define an optimal constraint angle among several system parameters. Model
results are compared and presented.

In Chapter 5, a study to analyze the effect of simulated proximal interphalangeal
(PIP) joint arthrodesis on distal interphalangeal (DIP) joint free flexion-extension (FE) and
maximal voluntary pinch forces was developed. Experiments were conducted using five
healthy subjects with the PIP joint unconstrained and constrained to selected angles to pro-
duce: (1) free FE movements of the DIP joint at two selected angles of the metacarpopha-
langeal (MCP) joint, and (2) maximal voluntary tip (thumb and index finger) and chuck
(thumb, index, and middle fingers) pinch forces. Results show that the EMG root-mean-
square (RMS) values of the Flexor Digitorum Profundus (FDP) and Extensor Digitorum
(ED), as well as the range of motion (ROM) of the DIP joint during free FE of the DIP
joint did not change significantly. The EMG RMS of FDP and ED showed maximum
values when the PIP joint was unconstrained (UC) and constrained at 0° to 20° of flex-
ion during tip and chuck pinch. The index finger MCP and DIP joint positions differed
significantly with imposed PIP joint arthrodeses during tip and chuck pinch. Pinch force
measurements did not change significantly under simulated PIP joint arthrodesis.

In Chapter 6, an inverse dynamics model was developed in order to test an experi-
mental protocol to measure the upper limb joint forces and moments generated by Ameri-
can football players during simulated blocking. An experimenter with football experience
volunteered for this study. The maximum blocking force was measured with a custom-
built sled including five load cells. Three dimensional (3D) motion and kinematics of the
football player during hitting to the blocking sled were measured with a ten-camera motion
capture system. Results show that the model can be used to measure the upper limb joint
forces and moments. However, inclusion of force sensing devices with better resolution

than the load cells utilized will increase model accuracy.



1.3 Terminology and notations
The terminology used in this dissertation is listed and briefly described in this section.

workspace area: Total area swept by the fingertip as the finger executes all possible ranges

of motion [3].

workspace volume: Total volume swept by the fingertip as the finger executes all possible

ranges of motion.

manipulability: The ease of arbitrarily changing the position and orientation of the distal

phalanx at the tip of the finger [54].

1.3.1 Nomenclature

The nomenclature used in this dissertation are as follows:
coordinate frames:

{A} : Global coordinate frame

{Bi} : Local coordinate frame

position and orientations vectors and rotation matrix:

Ap : 3 x1 position vector expressed in {A} coordinates: 4p = [xyz].

Bpi 3 x 1 position vector expressed in {B;} coordinates: Zp; = [x;y;z;]”

0; :  Joint angles of the upper limb

R~' : [Inverse of a matrix

R” . Transpose of a matrix

/gR :  Rotation matrix which specifies relationship between coordinate systems

{A} and {B}

link parameters:



a; :  link length
Q; : link twist

d; . link offset

Jacobian and homogeneous transformation matrices:

Jo : JointJacobian matrix, Jo £ 9x
AT : homogeneous transformations which describes the frame {A} relative to

the frame {B}

1.3.2 Notations

The notations used in this dissertation are:
c1: Notations for the cosine of an angle 6; may take any of the forms: cos 0; = c6; = c;.

Jo: The joint Jacobian matrix [12] which is defined as

s 9X
Jo2 5, (1.1)

IT: The transform which defines frame {i} relative to frame {i — 1}. This transformation

will be a function of the four link parameters. The general form of this transform

is defined as [12]
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Q: The angular velocity skew-symmetric matrix [1] which is defined as

(1.2)
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vect(A): The vector of a 3x3 matrix [1] which is defined as

azy — a3z
1
az) —dap2

tr(A): The trace of a 3x3 matrix [1] which is defined as

tr(A) = ay +axn+as (1.5



Chapter 2

Assesment of Finger Workspace Attributes Under
Simulated Arthrodesis

2.1 Introduction

Fingers have important functions such as grasping, pinching, and manipulating ob-
jects which allow humans to interact with their surroundings [21, 20, 22]. Partial or com-
plete loss of these functions due to a disease or injury may require conservative treatment
with nonsteroidal anti-inflammatory drugs, steroids injections, splinting, and hand therapy,
or more invasive treatment with surgery and rehabilitation techniques which may involve
restricting or reducing normal movement to relieve pain, create joint stability, and expe-
dite the recovery process [41]. Patients with osteoarthritis, inflammatory arthritis, and joint
trauma are treated by hand surgeons, physicians, and therapists. Although arthrodesis and
splinting are common treatments for those conditions, the capability of movement and
functionality of the finger have not been carefully considered. For example, arthrodesis,
an artificial induction of joint ossification between two bones via surgery, continues to be a
pragmatic option in the treatment of pain, deformity, and instability of joints [41, 37, 32, 5].
Nonetheless, when a finger joint has to be fused, preoperative planning has to include a de-
cision on the appropriate angle for arthrodesis [24, 25, 45, 51, 52]. Decisions typically
involve aesthetics, information on functional aspects, and patient preferences. While some

studies have reported that PIP arthrodesis at 15° to 30° of flexion lead to a more functional



index finger [24]; others have reported that PIP arthrodesis angles at 40° of flexion have a
minimal effect on lower-demand activities of daily living [51]. Obviously, constraining a
finger joint reduces functionality by reducing the capability of movement and workspace
(WS) of the finger. Nevertheless, individual patient function should be considered; for ex-
ample a guitar player, in the fretting hand, may want the joints more flexed than a data
entry operator [24]. Thus, a systematic approach with quantitative analyses will help to
make more informed decisions on the fuse angle of arthrodesis.

Different aspects of finger function have been investigated by several researchers.
First, the maximal fingertip motion areas of normal and impaired finger joints have been
obtained in two-dimensional (2D) measurements using a motion analysis system [9, 10,
11, 8] as a way of quantifying finger movement capabilities. In addition, several studies
in literature have measured the functionality of constrained fingers using simulated joint
constraint angles and functional tasks [51, 15, 52] to understand how constraint angles
affect finger functionality. Moreover, kinematic functional abilities of the hand have been
investigated using three-dimensional (3D) modeling and experimental approaches [28, 29]
in order to improve designs of handheld objects for individuals with reduced functionality.
Several studies have investigated the coupling mechanisms between the DIP and PIP joints
in the unloaded finger [26, 19, 33] to advance insight into normal and pathological finger
biomechanics. To date, no work analyzing the WS of a finger with a simulated arthrodesis
joint has been investigated.

The objective of this study is to investigate how immobilization angles of the PIP
joint affect the 2D WS of the index finger by providing the result of quantitative measures
of WS attributes that define the areas and shapes of fingertip reach. A finger model of
articulated segments, previously used by several authors [26, 39, 53, 35], was utilized to
systematically assess the WS attributes for each imposed constraint. The 2D WS of a
finger is defined as the total area swept by the fingertip as the finger executes all possible

ranges of motion. Comparison between experimental measurements and the theoretical



model was carried out to validate the model. The utility of this approach provides the
clinicians and surgeons with a systematic guidance to make more informed decisions before
an arthrodesis angle is considered, and customize this angle for each patient in order to

enhance the capability of movement of the finger after such intervention.

2.2 Theoretical background

2.2.1 Kinematic model of the index finger

Index finger motions include flexion-extension (FE) of the metacarpophalangeal (MCP),
PIP, and distal interphlangeal (DIP) joints, as well as abduction-adduction (AA) of the MCP
joint. FE motions of the finger were represented with a kinematic model of articulated seg-
ments connected by three hinge joints (MCP, PIP, and DIP joints) [53]. The model assumed
three parallel FE joint axes and one AA joint axis that intersects the first FE axis at a right
angle [26, 39, 53, 35]. The kinematics of an open chain, such as the index finger, described
by the Denavit-Hartenberg (D-H) parameters, is presented in Appendix A. Figures 2.1(a)
and 2.1(b) illustrate a schematic representation of the index finger, modeled as a kinematic
chain with four revolute or rotary joints (that is, a 4R kinematic chain).

Equation (2.1), derived in Appendix A, describes the Cartesian coordinates (x;;p, Yrip,
and z;;p) of the fingertip as a function of the angles of the joints. The Cartesian coordinates
of the fingertip are determined with respect to frame {0}, whose origin coincides with
the center of rotation of the MCP joint, and the xgp-axis is along the longest axis of the

metacarpal bone in the distal direction.

Xip = c1(lica+ ez +1e34)
Yiip = S1(lica + ez +13¢234) 2.1)
Zip = —l152 — 1523 — 135734

where ¢;j and s;; are cos (6;+ 0+ 6;) and sin (6; + 6; + 6;), respectively. The angles

01, 6, 03, and O, are the rotations about the MCP AA, MCP FE, PIP, and DIP joint axes,
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(a) Articulated segment model of the index finger
MCP: Metacarpophalangeal Joint
PIP: Proximal Interphalangeal Joint
DIP: Distal Interphalangeal Joint
Tip: Index Fingertip

(b) Initial posture of the 4R index finger kinematic chain model

Figure 2.1: (a) Schematic illustration of the articulated index finger segment model. The 2D
WS of the PIP joint constrained finger model described in equation (2.1). The parameters
are as follows: [} =42 mm, /[, = 23 mm, and /5 = 19 mm. The ROM for 6, and 6, are:
—30° < 6, <90° and 0° < 64 < 80°. The PIP joint constraint angle is: 63 = 30°. The 2D
WS boundaries are represented by curves Cy, Cp, C3, and C4. The WS area, perimeter, and
the maximum distance of fingertip reach are: A, = 2773 mm2, Pe =352 mm, and D, = 82
mm, respectively. Note that the perimeter, p., is calculated by adding the lengths of curves
C1, G5, C3, and C4. (b) An initial posture of reference angles of the equivalent kinematic
model of the index finger. Note that the length of the unconstrained finger is given by
L=1L+0+1.
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respectively, and [, [, and I3 are the segment lengths of the proximal, middle, and distal

phalanges, respectively.

2.2.1.1 Finger coupling mechanisms

The human finger contains tendinous mechanisms that are essential for proper con-
trol [27]. One such mechanism couples the DIP (84) and PIP (6s) joints in the (unloaded)
finger when flexed or extended [26]. Such coupling relation, expressed as 64 < % 6, has
been considered in previous finger models [29]. This relation, despite acceptably model-
ing the motions of the unconstrained finger, is no longer applicable to model a PIP joint
with a constrained finger during flexion because now the DIP joint can flex independently.
However, extension motions of the DIP joint seem to be affected by distinct immobilization

angles of the PIP joint.

2.2.1.2 Generation of 2D WS

Equation (2.1) with model parameters, as well as the ROM of the joints and the value
of the PIP joint constraint angle describe the 2D WS boundaries of the constrained finger.
Model parameters were obtained from experimental measurements (see Section 2.2.6). An
example of the 2D WS of the finger model when the PIP joint (63) is constrained to 30° of
flexion is presented in Figure 2.1(a). The parametric expressions of the 2D WS boundaries

of the example presented in Figure 2.1(a) are described as
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Cy:
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Ytip =
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Xtip =
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Ztip —

l1c0s(90°)

+15c0s(90° +30°)
+13¢c0s8(90° +30° 4 64),
0,

—1;sin(90°)

—1Isin(90° +30°)
—135in(90° + 30° + 64),
0° < 04 <80°

[ cos(6,)

+1p cos(6, +30°)

+13cos(6, +30°40°),

0,

—1;sin(6,)

—Isin(6, +30°)

—I3sin(6, +30° 4 0°),
—30° < 6, <90°

I cos(—30°)

+1, cos(—30° +30°)
+13c0s(—30° +30° 4 64),
0,

—1; sin(—30°)
—Ipsin(—30° +30°)
—I3sin(—30° +30° + 64),

with  0° <64 <80°
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( Xiip = l1cos(6;)
+1 cos(6, +30°)
+13cos(6, +30° 4 80°),
Car) v =0 2.5)
Ziip=—l1sin(6)
I sin(6, +30°)
—I3sin(65 + 30° + 80°),

with  —30° <6, <90°
2.2.2 Design indices

The consideration of kinematic and functional aspects of the finger is important to
select the arthrodesis angle that best suits the needs of a patient. In order to assess some
of those aspects, quantitative measures of WS attributes that describe the areas and shapes
of the fingertip reach were analyzed. In particular, measures of WS attributes of the index
finger were investigated under imposed PIP joint constraint angles. Equation (2.6) defines

an index pertaining to the 2D WS area

(2.6)

where I is the index of the 2D WS, A.(63) is the WS area when the PIP finger joint
is constrained to a prescribed angle, as shown in Figure 2.1, and L is the length of the
unconstrained finger.

Equation (2.7) defines an index pertaining to the aspect ratio of 2D WS

A8
fa= pc(GS)

where I, is the index of the aspect ratio of 2D WS, and p.(63) is the perimeter of the

(2.7)

constrained 2D WS, as shown in Figure 2.1(a).

Equation (2.8) defines an index pertaining to the maximum distance of fingertip reac.

D.(6
Ip = (L3) (2.8)
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where Ip is the index of the maximum distance of fingertip reach, D.(65) is the maximum
distance of fingertip reach when the finger joint is constrained to a prescribed angle, as
shown in Figure 2.1(a), and L is the maximum distance of fingertip reach when the finger
is unconstrained.

The design indices defined above describe different attributes in the consideration
of movement and performance of the finger after joint constraints are imposed.!  Since
each index considers different attributes of the constrained finger and has different ranges
of numerical values, the selection of the arthrodesis angle is an optimization which takes
into account the trade-offs between conflicting objectives. Although a single solution does
not exist to simultaneously optimize each objective, we used a weighted-sum criterion to
estimate the constraint angle that best satisfies such condition among the three indices (4,
1,, and Ip) as follows

max f(63) (2.9)

where f is the objective function to be optimized, defined as

2 | I;(63) — min{/;}
1003) = X O (0 — min{1]

(2.10)
where o are the weighting factors to adjust for emphasis among considered indices with
Y o; = 100%, I;(63) are index values pertaining to a particular attribute (i) and for a pre-
scribed PIP constraint angle (63), and i = A,a, D are the number of design indices consid-
ered. Note that the values of the parameters in equation (2.10) depend on the constraint PIP
angle, 63. The objective criterion can be adjusted depending on the finger utilization and
preferences of each individual; thus, inclusion of the weighting factors allows to customize

this perspective and quantify an optimal PIP joint constraint angle among the attributes

provided in the design indices.

I Although the PIP joint constraint was used in this study, such indices can be calculated for other fingers
using similar definitions in a wide variety of other situations.
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2.2.3 Data acquisition

Farticipants: Five male and two female right-handed subjects, aged between 25 to
34, volunteered in this study. All participants had no previous history of upper extremity
disorders. Prior to data collection, subjects signed an informed consent document approved
by the Stony Brook University Institutional Review Board.

Instrumentation: A ten-camera motion capture system (Vicon MX, Oxford, UK) at a
sample frequency of 100 Hz, was arranged in a2 m x 2 m square region for data collection.
Three dimensional coordinate measurement was determined to be well within 0.5 mm [26].
Seven reflective markers were attached to the dorsal aspects of the index finger and hand
with double-sided tape. Figure 2.2 illustrates the marker placements for the 7 x 9.5 mm
spherical markers. Markers were placed proximal to the joint on the distal head of the
proximal bone [34]. An 80 mm light-extension frame with two markers, one at the tip
and the other one in the middle of the frame, was built and attached to the tip of the index
finger to avoid marker occlusion during task motions (Figure 2.2). In particular, close
fist postures having a fingertip marker completely occluded by the palm. Custom-made
thermoplastic splints were used to constraint the PIP joint at distinct angles (Figure 2.2).
One observer customized each PIP splint based on each individual finger length. Manual
goniometers were used to verify the constraint angles and adjust the splints accordingly.
Once splints were made, they were placed on the finger. Particular attention was needed
for splint placement to avoid hindering motion at the MCP and DIP joints. Splints were
secured with adhesive circumferential tape.

Setup: During measurements the hand, wrist, and forearm comfortably rested on a
height-adjustable table. The wrist was supported by the table and held at a steady neutral
position (Figure 2.2). All fingers were flexed and relaxed with exception of the index
finger, which performed the movements instructed. FE motions were used to estimate
finger parameters. The boundaries of the 2D WS of the index finger were obtained by

moving the fingertip (FE movements) at extreme positions. Subjects were instructed to
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keep the wrist at a steady position and continuously perform a series of prescribed finger

movements:

(1) Starting from a close fist position (all finger joints fully flexed), full extension
of the finger by maintaining the MCP joint fully flexed (at approximately 90° of

flexion).

(2) The MCP joint is then fully extended by keeping the PIP and/or DIP joints fully

extended.

(3) Full flexion of the PIP and/or DIP joints by keeping the MCP joint at maximum

extension.

(4) Full flexion of the MCP joint by maintaining the PIP and/or DIP joints fully flexed.

At least five cycles were recorded for each type of motion. Repetitive motions were
measured under two conditions: (1) unconstrained finger, and (2) with the index finger PIP
joint constrained to 0°, 20°, 30°, 40°, 50°, and 60° of flexion. Participants performed a
20-second trial in each task. Each subject performed a practice trial with the unconstrained

and constrained finger before data recording.

2.2.4  Data processing

In order to analyze finger motions, each marker was taken as a set of three points
indicating the relative x, y and z coordinates of the marker in space, relative to the Vicon
coordinate system, or global coordinate system (GCS). A local coordinate system (LCS) is
then embedded in the hand plane defined by the marker model and subsequent planes and
vectors are defined relative to the hand plane. Data were exported to and processed with
MATLAB (MathWorks Inc., Natick, MA, USA) software package. Data were filtered using
a second order Butterworth low-pass filter with 20 Hz cut-off frequency. Three vectors,

one for each phalanx were created using markers placed on the MCP, PIP, and DIP joints,
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and a virtual marker at the fingertip created 40 mm apart from the middle marker of the
light-extension frame and towards the fingertip. FE movements of the MCP, PIP, and DIP
joints are calculated with respect to the plane defined by the markers placed on the hand
(Figure 2.2). Movements and joint angle calculations were performed according to Metcalf
et al. [34]. Only FE angles were considered. Small rotations in other directions due to non-
constant interphalangeal joint axes were neglected because of the assumption of parallel FE
joint motions. To analyze a WS generation trial, fingertip trajectory points were projected
on a plane paralleling the long axis of the finger, and fingertip motion was measured in a
2D plane. The areas of the regions enclosed by the projected points were computed and
analyzed with MATLAB. Subjects performed 5 cycles of WS generation. At least three
cycles were selected arbitrarily for analysis of the WS test. The approximate duration of

the WS cycle was 4 seconds.

2.2.5  Statistical analysis

Statistical significance of the simulated PIP joint constraint angles was analyzed with
repeated measures (p < 0.05, with the significance level being 0.05) across the subjects
using one-way analysis of variance (ANOVA). The simulated PIP joint constraint angles
were randomized and assigned by the experimenter. The result of each condition was

represented as the average across three measurements.

2.2.6 Parameter estimation

Estimation of segment lengths, as well as the center of rotation of the MCP, PIP, and
DIP joints were obtained by applying least-squares fitting methods to marker trajectories
during FE tasks [16, 53]. Measurement of the ROM of the joints was conducted using the

planes and vectors described in Section 2.2.4.
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(b)

Figure 2.2: Finger postures with 9.5 mm spherical markers attached and the PIP joint
splinted. The 80-mm light-extension frame with two markers attached to the fingertip pre-
vented marker occlusion during finger motions. Finger postures during task performance:

(a) full extension of the MCP and DIP joints, and (b) full flexion of the MCP and DIP
joints.
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2.2.7 Experimental validation of model

Experimental measurements of the design indices of the 2D WS attributes (area,
shape, and maximum distance of fingertip reach) of each subject and model results of the
constrained finger were compared to assess the validity of the model under imposed PIP
joint constraint angles. Model segment lengths were obtained from finger experimental
data of each subject. Likewise, the average ROM of the MCP and DIP joints of the un-
constrained finger of all subjects was included in the model for each PIP constraint angle
analyzed. Once model parameters were established, model implementation was straight-

forward as explained in Section 2.2.1.2.

2.3 Results

The estimation of the segment lengths of the index finger for all subjects were /| =42
mm (SD 4 mm) and /, = 23 mm (SD 2 mm), and the estimation of distance from the DIP
joint center to the marker point on the fingertip was /3 = 19 mm (SD 1 mm). The mean
active (FE movements) ROM of the MCP and DIP joints of the unconstrained (UC) and
constrained index finger for all the subjects are presented in Figure 2.3. The active ROM
of the MCP and DIP joints of the index finger did not change significantly (p > 0.05)
among subjects under selected PIP joint constraint angles. Table 2.1 shows the average and
standard deviation of experimental measurements of the 2D WS area, perimeter, and the
distance of maximum fingertip reach of all subjects when the PIP joint was constrained to
the selected angles. Table 2.2 shows the theoretical data of the 2D WS area, perimeter, and
the distance of maximum fingertip reach when the PIP joint was constrained to the selected
angles. The model was constructed by using equation (2.1) along with the segment lengths
(l1, I, and [3), the PIP joint constraint angle (63), and the ROM of the MCP (6,) and DIP
(64) joints of the unconstrained finger by averaging the parameters of all subjects. While
experimental measurements of the 2D WS areas changed significantly (p < 0.05) under the

imposed PIP joint constraints among subjects (Table 2.1), measurements of perimeters and
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fingertip reach distances did not differ significantly (p > 0.05). The average experimental
values for the 2D WS areas were all lower than the theoretical values, whereas perimeters
and fingertip reach distances presented small differences (Table 2.1).

Figure 2.4 shows the 2D WS boundaries of one subject (subject no. 4) obtained from
experimental measurements and the model of the finger with the PIP joint unconstrained
and constrained to three selected PIP angles of 0°, 40°, and 60° of flexion. In addition,
experimental and model angles of the MCP (6,) joint were plotted on the horizontal axis,
and those of the DIP (6,) joint on the vertical axis of a rectangular coordinate system during
WS generation for one subject (see Figure 2.4). This result described the variability of the
ROM of the MCP and PIP joints during WS generation. The model included a constant
(average of all subjects) ROM of the MCP and DIP joints. While the differences between
the theoretical model and experimental results are small when the PIP joint is constrained
to 40° of flexion (10%), these increased significantly when the PIP was constrained to 0°
(< 50%) and 60° (25%) as it can be observed in Figure 2.4.

The design indices, 14, I, and Ip, of the index finger changed significantly (p >
0.05) among subjects under selected PIP joint constraint angles. The average and standard
deviation values of the design index pertaining to the 2D WS area, shown in Fig. 2.5(a),
indicate the greatest WS areas for PIP joint constraint angles of 40° to 50° of flexion.
Figure 2.5(b) show the average and standard deviation data of the aspect ratio index. I,
increased as the PIP constraint angle increased. This means that the 2D WS shapes were
more evenly distributed as the PIP constraint angles increased. The average and standard
deviation values of Ip indicate that the maximum distance of fingertip reach decreased
monotonically as the PIP joint increased. With PIP joint constraint angles of 30°, 40°, 50°,
and 60°, the maximum distance of fingertip reach is reduced by approximately 3, 4, 7, and
10 %, respectively (Figure 2.5(c)).

Experimental WS attributes of one subject (subject no. 4) and a general model, in-

cluding the average of the ROM of the MCP and DIP joints of the unconstrained finger
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Figure 2.3: The active ROM of the MCP and DIP joints of the index finger when the PIP
joint is unconstrained (UC) and constrained to selected angles of 0°, 20°, 30°, 40°, 50°,
and 60° of flexion.
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Table 2.1: The average data of the experiment of seven healthy subjects over three mea-
surements. A.: average 2D WS area; p.: average 2D WS perimeter; D.: average 2D WS
maximum distance of fingertip reach; SD: standard deviation.

Subject Average 1 2 3 4 5 6 7 Mean SD

PIP0° A.mm? 1089 1449 734 1260 1169 1266 866 1115 252
Pe mm 409 445 270 398 297 324 344 354 63
D, mm 90 91 79 88 79 78 78 83 6
PIP20° A.mm? 1435 1966 987 1761 1352 1543 1194 1463 332
P mm 384 469 260 393 319 312 333 353 68
D, mm 89 90 78 87 78 77 77 82 5
PIP30° A.mm? 1809 2567 1058 2357 1629 1569 1320 1759 540
Pe mm 374 456 252 381 309 303 348 346 66
D, mm 88 89 77 86 77 76 76 81 6
PIP 40° A.mm? 1910 2737 1033 2729 1630 1519 140 1863 649
P mm 360 440 243 392 297 292 336 337 67
D, mm 86 87 75 84 76 75 75 80 6
PIP 50° A.mm? 1967 2378 1055 2793 1678 1654 1545 1867 573
Pe mm 349 420 232 374 284 305 321 326 62
D, mm 84 85 74 82 74 73 73 78 6
PIP 60° A.mm? 1978 2320 1206 2315 1688 1736 1487 1819 415
P mm 330 398 219 354 268 288 304 309 58
D, mm 81 83 71 79 72 71 71 75 6

Table 2.2: Theoretical data obtained with the constrained finger model. The model param-
eters are as follows: /; =42 mm, [ = 23 mm, and /3 = 19 mm. The ROM for 6, and 64
are: —30° < 6, <90° and 0° < 04 < 80°.

Model  PIP0° PIP20° PIP30° PIP40° PIP50° PIP 60°

A.mm? 2136 2615 2773 2870 2902 2870
P mm 374 361 352 339 325 308
D, mm 84 83 82 80 78 76

23



100

110

110

Exp-uc Subject 4 Exp-PIP 0 Subject 4
60 Exp-PIP 0 — Model
—— Model
2 80
— 20 g
£ 2’ 60t
2 E
-20 & 40f
a
-60 20
ol
-10Q P
-80 40 0 80 120 -50 -30 -10 10 30 50 70 90 110
x [mm] MCP in degrees
(a) WS with PIP at 0° (b) ROM with PIP at 0°
100
BpeUC Subject 4 Exp-PIP 40 Subject 4
Exp-PIP 40 —— Model
601 Model
7 801
— 20 e
g 2 60t
£ :
-20 & 40(
a
60 20¢
0 L
-100 .
-80 40 0 80 120 -50 -30 -10 10 30 50 70 90
X [mm] MCP in degrees
(c) WS with PIP at 40° (d) ROM with PIP at 40°
100
BeUC [ Subject 4 © Exp-PIP 60 Subject 4
Exp-PIP 60 — Model
601 Model
w 801
20 McP :
g 2 60t
< =)
-20 & 40f
-60 200 T '
CZ
0 L
-100 . . : ; ‘ y ‘
-80 -40 0 80 120 -50 -30 -10 10 30 50 70 90
X [mm] MCP in degrees
(e) WS with PIP at 60° (f) ROM with PIP at 60°

24

Figure 2.4: The experimental 2D WS boundaries when the PIP joint is unconstrained
(UC)(cyan circles) and constrained (green dots). The black solid line shows the 2D WS
boundaries Cj, C, C3, and Cy4 of the theoretical finger model. The model used a con-
stant (average of all subjects) ROM of the joints. The parameters are as follows: [} = 44
mm, /[, =26 mm, and /3 = 18 mm. The ROM for 6, and 6,4 are: —30° < 6, < 90° and
0° < 64 < 80°. Model and experimental constrained areas are: (a) 2178 and 1260 mm?,
(c) 2908 and 2729 mm?, and (d) 2908 and 2315 mm?, with the PIP constrained angle at
0°, 40°, and 60° of flexion, respectively. Experimental (gray dots) and model (black solid
line) angles of the MCP (6,) joint plotted on the horizontal axis, and those of the DIP (6,)
joint on the vertical axis of a rectangular coordinate system during generation of the WS
boundaries C;, C>, C3, and Cy for one subject with the PIP constrained to: (b) 0°, (d) 40°,

and (f) 60° of flexion.
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Figure 2.5: The design indices: (a) pertaining to the WS area, 4 ; (b) pertaining to the WS
aspect ratio, I,; and (c) pertaining to the maximum distance of fingertip reach, Ip, of the
constrained finger with experimental data of all subjects.
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of all subjects, were compared and are shown in Fig. 2.6. Experimental and model design
indices pertaining to the 2D WS area, shown in Figure 2.6(a), indicate that the greatest WS
areas were for PIP joint constraint angles of 40° to 50° and 40° to 60° of flexion, respec-
tively. Figure 2.6(b) shows that the aspect ratio index, I,, of the model and experiments,
increased as the PIP constraint angle increased. Similarly, the theoretical values of 1, were
greater than experimental ones due to a reduced ROM of the MCP and DIP joints dur-
ing experimental motions. Small differences were observed between values of experiment
measurements and model prediction of Ip.

To illustrate the usage of the weighted-sum criterion in equation (2.10), we consid-
ered three scenarios. First, if all indices were weighted equally and treated with equal
importance, the weighting factors would be o4 = o, = ap = % Using the results from
Fig. 2.6 with different constraint angle 63, the maximum of funtion f in equation (2.10)
was obtained, and plotted in Figure 2.7. The second scenario emphasizes the 2D WS area,
with a choice of oy = 0.6, o, = 0.2, and orp = 0.2 for the weighted-sum. The optimized in-
dex f was obtained and plotted in Figure 2.7. In the third scenario, the emphasis was in the
consideration of the 2D WS shape, with a penalty on large aspect ratio, in order to make the
WS more hornogeneous.2 With a choice of a4 = 0.2, ¢, = 0.6, and op = 0.2 to meet the
criterion, f was obtained and plotted in Figure 2.7. In the first scenario when all indices are
weighted equally and treated with equal importance, experimental and theoretical values
of f in Figure 2.7 (a) and (b) reached their maximum values with the PIP joint constraint
angle between 40° and 50° of flexion. In the second scenario, experimental and theoretical
values of f are maximum when the PIP joint was constrained at 50° of flexion. With an
emphasis of the aspect ratio of the 2D WS, I, in the third scenario, experimental and the-
oretical values of f reached their maximum values when the PIP joint was constrained at

50° and 60°, respectively.

2 WS with small aspect ratio will appear as a long and slender strip shape, which will limit the ability to
freely move from one point to the other within the WS as in Figure 2.4(a).

26



0.4

0.37
0.27
— 1 y Exp. —a— Ia Exp.
- IA Model —e- Ia Model
0.1 ; ' ‘ ‘ ' ' 0.05 : ' ‘ ‘ ' ‘
0 20 30 40 50 60 0 20 30 40 50 60
PIP Joint Constraint Angle in degrees PIP Joint Constraint Angle in degrees
(a) Area of WS (b) Aspect ratio of WS
1.03 ' :
1t 7v71DM0del<
0.97}
0.94¢
0.91¢
0.88

0 20
PIP Joint Constraint Angle in degrees

30

40 50 60

(c) Distance of fingertip reach

Figure 2.6: Comparison of design indices of the constrained finger between the experimen-
tal data of one subject (subject no. 4) and model prediction. The parameters of the model
are as follows: [; = 44 mm, /[, = 26 mm, and /3 = 18 mm. The ROM for 6, and 6, are:

—30° <6, <90° and 0° < 64 < 80°.
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2.4 Discussions

This study investigated the impact of simulated index finger PIP arthrodesis based
on 2D WS attributes. Development of a theoretical model and methodology to quantify
the 2D WS attributes of a finger under imposed joint constraints offers investigators several
advantages over current methods used to estimate the appropriate angle for arthrodesis. In-
deed, finger models can be used to document functional abilities and design for functional
ability. In addition, the importance of using a kinematic model resides in the fact that it
can be applied to determine very localized information based on analyzing the global fin-
ger behavior of a normative population. Current methods are limited to select arthrodesis
angles based on values of experimental data obtained from few finger functional tasks and
simulated joint arthrodesis [51, 15, 52]. Investigation of the 2D WS attributes of the con-
strained finger using theoretical models will provide surgeons and clinicians with guidance
to make more informed decisions on the selection of the appropriate constraint angle, and
customize this angle for each patient using the optimized weighted-sum proposed in this

study.

24.1 The ROM of the joints

The DIP joint tendes to slightly decrease its active ROM as the PIP joint constraint
angles increased, based on results presented in Figure 2.3. This could be explained due to
the coupling mechanisms between the PIP and DIP joints (see Section 2.2.1.1). The human
finger contains tendinous mechanisms that are essential for proper control. It is known that
the PIP and DIP joints move together in flexion and extension [19, 26]. Thus, constraining
the motion of the PIP joint seemed to have an effect on the active ROM of the DIP joint of

the constrained finger (Figures 2.3, 2.4b, 2.4d, and 2.4f).
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24.2 Comparison of experimental and theoretical 2D WS data

The 2D WS of the index finger under imposed PIP joint constraint angles was mea-
sured using a motion analysis system. A kinematic model of the constrained finger was
used to estimate the 2D WS dimensions. Since the DIP joint was flexed independently
when the PIP joint was constrained, coupling mechanisms between the PIP and DIP joints
were neglected. However, experimental data of the ROM of the joints suggested that other
complex anatomical structures may still have an effect on the extension motion of the DIP
joint of the constrained finger (Figure 2.4b, 2.4d, and 2.4e). The average values of ex-
perimental measurements of the 2D WS areas of the index finger under imposed PIP joint
constraint angles showed that the greatest areas (capability of movement of the fingertip)
were obtained for PIP joint constraint angles from 40° to 60° (Table 2.1). This result, de-
spite concurring with the results obtained with the finger model, presented lower values
because model parameters included a constant average ROM of the MCP and DIP joints
(Table 2.1 and 2.2). Theoretical and experimental measurements of the 2D WS perimeters
and maximum distance of fingertip reach presented small differences in Tables 2.1 and 2.2.
Nonetheless, since the model used a constant (average of all subjects) ROM of the MCP
and DIP joints, the 2D WS perimeter continuously decreased as the PIP joint constraint
angle increased (Table 2.2). This was not observed in experimental results due to varia-
tions in the ROM of the MCP and DIP joints under imposed PIP joint constraint angles
(Table 2.1). Indeed, model accuracy depended on the selection of the ROM of the MCP
and DIP joints. Even though model and experimental results matched well when the PIP
joint was constrained to 40° (Figure 2.4), applicability of the model was affected when a

constant (average of all subjects) ROM of the MCP and DIP joints was considered.

243 Experimental design indices

Design indices were defined and calculated to assess the 2D WS attributes of the

finger under imposed joint constraint angles. Experimental results of the average of all
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subjects were used in the assessment of 2D WS attributes using three design indices. Even
though the perimeter, p., and the maximum distance of fingertip reach, D, did not change
significantly among subjects, their normalization through the design indices /, and Ip pre-
sented significant differences. In fact, the three design indices, 4, I,, and Ip, differed
significantly (p > 0.05) among subjects under selected PIP joint constraint angles. The I4
index, with constrained PIP joint is plotted in Figure 2.5(a), showing that the fingertip has
the greatest 2D WS areas when the PIP joint is constrained to about 50°. Furthermore,
Figure 2.5(b) shows that the design index pertaining to the aspect ratio of the 2D WS, 1,
exhibited increasing values until the PIP joint was 60°, when the 2D WS was most evenly
distributed. In addition, the design index pertaining to the maximum distance of finger-
tip reach, Ip, in Figure 2.5(c), presented a reduction of about 0 to 10% as the PIP joint

constraint angle increased from 0° to 60°.

244 Comparison of experimental and theoretical design indices

Model and experimental results of one subject (subject no. 4) were used in the as-
sessment of 2D WS attributes using three design indices. The I4 index, with constrained
PIP joint is plotted in Figure 2.6(a), indicating that the the greatest 2D WS areas are ob-
tained when the PIP joint is constrained to about 50°. Moreover, Figure 2.6(b) shows that
the design index pertaining to the aspect ratio of the 2D WS, I, exhibited increasing model
values until the PIP joint was 60°, when the 2D WS was most evenly distributed. In con-
trast, experimental values of [, increased until a maximum value was reached when the PIP
joint was 50°. In addition, the design index pertaining to the maximum distance of fingertip
reach, Ip, is presented in Figure 2.6(c). Experimental and model results of Ip indicated that
the maximum distance of fingertip reach was reduced by 10% when the PIP joint constraint
angle was constrained to 60° of flexion.

In this study, there were discrepancies between the experimental and model results

of the 2D WS attributes. Those discrepancies, in addition to being caused by variations in
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the ROM of the MCP and DIP joints, can be accounted for only considering finger motions
in the FE plane. Small rotations of the MCP joint in the AA plane were neglected during

experimental WS generation.

2.4.5 Comparison of experimental and theoretical weighted-sum cri-

terion

Information of the design indices can be combined to determine an optimal con-
straint angle among the attributes considered (see Section 2.2.2). Various scenarios were
presented with different sets of weighting factors for trade-off among three indices. Even
though an arbitrary choice of weighting factors was used to illustrate the application of the
weighted-sum criterion, these values could be selected to represent aspects such as cos-
metic appearance or functionality. For instance, if emphasis in cosmetic appearance were
considered, the choice of weighting factors with a penalty on large maximum distance
of fingertip reach, Ip, would customize the selection of the PIP constraint angle for such
purpose. Similarly, if the emphasis were in consideration of precision manipulation (e.g.,
writing, key insertion, or picking up and holding a very fine object) only, a4 = @, and
oap = 0 may be a good choice to estimate an efficient PIP constraint angle that meets the
criterion. Further investigations are required to relate weighting factors to functional and

aesthetic aspects.

2.4.6 Limitations

While this research presented a kinematic model to assess the 2D WS attributes of a
constrained finger, the model has limitations. Coupling mechanisms between the DIP and
PIP joint were neglected when the PIP joint was constrained. Experimental results sug-
gested that the PIP joint constraint angle affected the active ROM of the DIP joint. Like-
wise, intra-coupling mechanisms were not considered. The relative position of the digits

seemed to have a small influence on the active ROM of the MCP joint during experimental
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WS generation.

Although a perfect immobilization of the PIP joint was not possible due to skin move-
ment, custom-made thermoplastic splints constrained the range of motion of the PIP joint
to less than 5°. PIP joint constraint angles greater than 60° led to significant accumulation
of skin in the volar aspects at the level of the index finger’s proximal and middle phalanges.
Thus, splint constraint angles greater than 60° did not restrict the motion of the PIP joint
properly and were not considered in this experimental study.

A complete finger functioning cannot be described only from the viewpoint of kine-
matics, but also kinetics. Force exertion and joint torque contributions must be included
to fully understand and assess the finger WS under imposed PIP joint constraints. More-
over, diseases that lead to arthrodesis are typically associated with adjacent joint impair-
ment, such as arthritis at other joints and impaired muscle function. These factors were
not considered. Further study is needed to identify the effect of the index finger PIP joint

arthrodesis on hand function using standardized tests and during daily activities.

2.5 Summary

In the chapter, we present a systematic approach, based on the kinematics of fingers,
to allow surgeons and physicians to determine the optimal constraint angle for arthrodesis
operation to fuse the joints of a finger. This methodology utilizes the kinematic modeling
of finger with analytical equations that will allow surgeons, physicians, and therapists to
systematically understand the workspace attributes of a finger before a constraint angle is
imposed, which has the advantage over prevailing ad hoc approaches. In addition, such
arthrodesis can be customized for individual patients based on optimization of relevant
indices to enhance the quality of life after surgery or during rehabilitation. The theoretical
and experimental results suggest that the optimal PIP arthrodesis angles of the index finger

are between 40° and 50° of flexion for design indices weighted equally.
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Chapter 3

Experimental Study of the Optimal Angle for
Arthrodesis of Fingers Based on Kinematic Analysis

with Tip-pinch Manipulation

3.1 Introduction

Rheumatoid arthritis and osteoarthritis may lead to painful instability of fingers, mak-
ing movement and even simple tasks difficult to perform. Symptomatic cases of hand os-
teoarthritis is a major public health concern reported for 5-25% of the population [18, 41].
This pathology induces a degradation of articular cartilage and surronding tissues resulting
in loss of grip strength, reduce range of motion, severe pain, and other impairments regard-
ing daily tasks [18, 41]. Conservative treatment with nonsteroidal anti-inflammatory drugs,
steroids injections, splinting and therapy may relieve symptoms temporarily. Nonetheless,
once these treatment options fail, patients may require a more invasive treatment to relieve
their symptoms [41, 45, 52]. Arthrodesis, an artificial induction of joint ossification be-
tween two bones via surgery, provides a pain-free stable joint but sacrifices motion after
the surgery [5, 32, 37, 41, 51]. Although the impact of arthrodesis on hand and finger
function remains a matter of debate among surgeons, preoperative planning has to include
a decision on the appropriate angle for arthrodesis [24, 25, 45, 51, 52, 3]. Obviously, con-
straining a finger joint reduces functionality by limiting the ability to perform important

everyday tasks such as writing, delivering medication, key-insertion, and among others.
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The objective of this research is to study a methodology for determining an optimal PIP
constraint angle based on the maximization of the range of motion (ROM) of the joints and
the manipulability of finger under imposed PIP joint constraint angles. A precision tip-
pinch manipulation task was used to analyze how the imposed PIP constraint angles affect

the ability for finger to manipulate objects among subjects in three selected postures.

3.1.1 Literature review

Studies on the combined finger manipulability of the index finger and thumb [53], the
hand functional changes due to simulated proximal interphalangeal (PIP) of all fingers [51],
the influence of the PIP joint fusion on precision pinch kinematics [15], and the measures
of workspace attributes under simulated PIP joint arthrodesis of the index finger [3],were
reviewed in order to enable us to place our work in perspective with respect to existing
research in these fields. While these studies have significantly contributed to the under-
standing of finger and hand movement capabilities, there has not been an investigation on
how the ROM of the joints and precision tip-pinch manipulation of a constrained finger are
affected under finger joint arthrodesis. Precision manipulation, the hallmark of human’s
superior dexterity, is key to the ability to perform a large number of daily tasks such as
writing, key insertion, or picking up and holding a very fine object like a pill (medication)
or pin [3, 6, 53]. Consequently, precision manipulation under imposed joint constraints
needs to be investigated in order to make more informed decisions on the appropriate angle
for arthrodesis.

In this article, a kinematic evaluation was conducted on the index finger to determine
the optimal PIP joint arthrodesis angles for precision in tip-pinch manipulation. Precision
tip-pinch manipulation, involving repositioning a fine object in the fingertips, is used in
everyday tasks [6]. The manipulability of a finger can be regarded as the ease of arbitrarily
changing the position and orientation of the distal segment (phalanx) of the fingertip [54].

The manipulability of a finger in flexion-extension is explained by the shape and posture of
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the manipulability ellipse in the flexion-extension plane [53].

3.2 Theoretical modeling and experimental validation

3.2.1 Kinematic model and manipulability

A kinematic model of the index finger, previously developed by the authors [3], was
used to investigate manipulability. The kinematics of an open chain, such as the index
finger, is shown in Figure 3.1. Equation (3.1) describes the Cartesian coordinates (x;;p, Yrip,
and z;;,) of the fingertip as a function of the joint angles. The Cartesian coordinates of the
fingertip are determined with respect to frame {0}, whose origin coincides with the center
of rotation of the MCP joint, and the xp-axis is along the longest axis of the metacarpal

bone in the distal direction, as shown in Figure 3.1(a).

Xtip = C1 (1102 + ez + 136’234>
Viip =81 (l1c2+ 123 +[3¢234) (3.1)

Zip= —lisa— sz — 135034

where ¢;jx and s;; are cos (6;4 6, + 6;) and sin (6;+ 6; + 6;), respectively. The angles
01, 6, 63, and 6, are the angles of rotation with respect to the MCP abduction-adduction,
and MCP, PIP, and distal interphalangel (DIP) flexion-extension joint axes, respectively,
as shown in Figure 3.1(b). The parameters /1, [, and /3 are the segment lengths of the
proximal, middle, and distal phalanges, respectively. To obtain the model depicted by
equation. (3.1), it is necessary to determine the joint angles and segment lengths of the
index finger.

The Jacobian matrix, denoted as Jg, relates the infinitesimal displacement at the tip
of the finger in the Cartesian space with respect to the change of joint angles. Equation (3.2)
defines the Jacobin matrix.

5p,l-p :J95® (32)

where 8p;;, = [6xip 81ip)" and 6@ = [86, 5§63 564]" are the infinitesimal changes of the
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MCP: Metacarpophalangeal Joint
PIP: Proximal Interphalangeal Joint
DIP: Distal Interphalangeal Joint

Tip:  Index Fingertip MCP ‘Zo
Y4

(b) Initial posture of the index finger model

Figure 3.1: Schematic illustration of the segment model of the index finger during tip-pinch
manipulation.
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Cartesian and joint coordinates, respectively.
The manipulability ellipse at the tip of the index finger in the flexion-extension plane
(xz-plane) was calculated by applying the singular value decomposition to the Jacobian

matrix, as follows

Jo=UxV’ (3.3)

where U and V are 2 x 2 and 3 x 3 orthogonal matrices, respectively, and X is a 2 X 3 matrix

defined as
(6] 0[]0
Y= 3.4)
0 02 0
The scalars o] and 0> in equation (3.4) are the singular values of Jg, which are equal to
the square root of the eigenvalues of the matrix JoJ g. The singular values, o1 and 0>, are
ordered as o1 > 0, > 0. In addition, setting uy and uy as the column vectors of U, the semi

axes of the manipulability ellipsoid are oju; and o,u,.

The manipulability measure, w, is defined as [54]

w=/det(JoJ}) = y/det(ZXT) = 0107 (3.5)

which relates to the area of the manipulability ellipse. The measure w is used to compare

the ellipses at selected tip-pinch manipulation postures for imposed PIP joint constraints.

3.2.2 Manipulabilty evaluation

Three quantities of evaluation were investigated under imposed PIP joint constraint
angles across all subjects to access the manipulability. They are: (1) the shapes of manip-
ulability ellipses, (2) manipulability measures, and (3) the direction angle of major axis of
the manipulability ellipse of the index finger in tip-pinch manipulation postures.

The assumptions made to compute manipulability in this study include the main
movement was flexion-extension, single-point contact without friction between the finger-

tips and object, and quasistatic manipulation [20, 21, 22].
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Figure 3.2 shows an example of the manipulability ellipse at the tip of the PIP joint
constrained index finger for a precision tip-pinch manipulation posture. Parameters, includ-
ing segment lengths and joint angles, were obtained from experimental measurements (see
Section 3.2.6). The finger PIP joint was constrained to 30°. The x-z plane is the flexion-
extension plane of the index finger. The tip of the index finger is used as the origin of the
x’-7 coordinate system, parallel to the x-z coordinate system, of the manipulability ellipses.

In order to analyze manipulability ellipses, the following three measures are defined.

(1) The shape of the manipulability ellipse was investigated by measuring the ratio of
the radii of its minor axis (0») to the major axis (o) as defined in equation (3.6),

see also Figure 3.2.

=
(9]

(3.6)

(2) The manipulability measure, w = 0703, relating to the area of the manipulability

ellipse, was compared for distinct PIP constraint angles using equation (3.5).

(3) The major-axis angle, o, measured counterclockwise with respect to the x’-axis,
is utilized to indicate the direction which is easy to manipulate the fingertip under

the imposed PIP joint constraints, as shown in Figure 3.2.

3.2.3  Participants

Five male and two female right-handed subjects, aged from 25 to 34 years old, volun-
teered in this study. All participants had no previous history of upper extremity disorders.
Prior to the data collection, subjects signed an informed consent document approved by the

Stony Brook University Institutional Review Board.

3.2.4  Data acquisition

A ten-camera motion capture system (Vicon MX, Oxford, UK) at a sample frequency

of 100 Hz, was arranged in a 2m X 2m square region for data collection. Three dimensional
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Figure 3.2: Schematic illustration of a manipulability ellipse at a selected posture of the
index finger during tip-pinch manipulation indicated by the 3-segment kinematic model,
with the PIP joint constrained at 30°. The segment lengths of the subject are as follows:
[y =44 mm, I, =23 mm, and /3 = 19 mm.
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accuracy measurement was determined to be well within 0.5 mm [3]. Seven reflective
markers were attached to the dorsal aspects of the index finger and hand with double-sided
tape [3]. Figure 3.3 illustrates the marker placements for the 7x9.5 mm spherical markers.
An 80-mm light-extension frame with two markers was built and attached to the tip of the
index finger in order to avoid marker occlusion during task motions. Custom-made ther-
moplastic splints were used to constraint the PIP joint at six distinct angles, as illustrated
in Figure 3.3. An experimenter customized each PIP splint based on each individual finger
length. Manual goniometers were used to verify the constraint angles and adjust the splints
accordingly [3]. Despite the fact a perfect immobilization of the PIP joint was not possible
due to skin movement, custom-made thermoplastic splints constrained the range of motion

of the PIP joint to about 5°.

3.2.5  Experimental setup

The wrist was extended at an angle of 30°, while the forearm comfortably rested
on a height-adjustable table during experiments. All fingers were flexed and relaxed with
exception of the index finger and thumb, which performed the movements, as instructed.
First, flexion-extension motions were used to estimate finger parameters [3]. Next, the sub-
jects were instructed to hold a pin between the index finger and thumb, without removing
or replacing the contact, and perform repeated motions of the digits allowing extension
(Posture 1), intermediate (Posture 2), and flexion postures (Posture 3), as presented in Fig-
ure 3.3 [53]. At least five cycles were recorded for each prescribed motion. Repetitive
motions were measured under two conditions: (1) non-constrained finger, and (2) with the
index finger PIP joint constrained to 0°, 20°, 30°, 40°, 50°, and 60° of flexion. Participants
performed a 20-second trial in each task. Each subject performed a practice trial with the

non-constrained and constrained finger before data recording.
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(a) Posture 1 (b) Posture 2 (c) Posture 3
Extension Intermediate Flexion

Figure 3.3: Tip-pinch manipulation postures of measurement of the index finger with 9.5-
mm spherical markers attached and the PIP joint splinted. The 80-mm light extension frame
with two markers attached at the fingertip prevented marker occlusion during manipulation

of a pin.
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3.2.6 Data processing

Each marker was taken as a set of three points indicating the relative x, y, and z
coordinates of the marker in space, relative to the Vicon coordinate system, or global co-
ordinate system. A local coordinate system is then embedded in the hand plane defined
by the marker model, and subsequent planes and vectors are defined relative to the hand
plane. Data were then processed with MATLAB software package. Since finger motions
did not exceed 5 cycles per second, data were filtered using a second-order Butterworth
low-pass filter with 20 Hz cut-off frequency to reduce high-frequency noise. Three vectors,
one for each phalanx, were created using the markers placed on the MCP, PIP, and DIP
joints, as well as a virtual marker at the fingertip created 40 mm apart from the middle
marker of the extension frame and towards the fingertip. Joint angles were calculated ac-
cording to the method presented by [3]. Only angles in the flexion-extension plane were
considered. Small rotations in other directions due to non-constant interphalangeal joint
axes were neglected. Estimation of segment lengths, as well as the center of rotation of the
finger joints were obtained by applying the least squares fitting to marker trajectories during
flexion-extension tasks [3, 53]. The first two cycles of each trial were excluded from data
analysis. The joint angles were analyzed at the three selected postures shown in Figure 3.3.
Tip-pinch manipulation postures 1, 3, and 2 were identified at instants when the DIP (6,)
joint angle was minimum, maximum, and the average between maximum and minimum,
respectively. Average data of three cycles were selected for analysis. Typically, results of
cycles were consistent and could be selected arbitrarily. The approximate duration of the

precision tip-pinch manipulation cycle was between two and three seconds.

3.2.7  Statistical analysis

The ROM of the MCP and DIP joints of the non-constrained and constrained fin-
ger was analyzed among subjects. In addition, finger postures and manipulability ellipses

were obtained and analyzed for each PIP joint constraint angle among subjects. Statistical
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significance of the effect of the imposed PIP joint constraint angles was analyzed with re-
peated measures across all subjects using one-way analysis of variance (ANOVA). The PIP
constraint angles (splints) were randomized and assigned by the experimenter. If assump-
tions of normality and equal variance were not met, then the analysis of variance of ranks
was utilized. If the obtained p-value was less than the significant level (p < 0.05), then

significant differences were assumed.

3.3 Results

3.3.1 Paramenter estimation

The estimation of the segment lengths of the index finger for all subjects (mean =+
S.D.) were [ =42 +4 mm and [, = 23 +£2 mm, and the estimation of distance from the

DIP joint center to the marker point on the fingertip was /3 = 19+ 1 mm.

3.3.2 Functional ROM of the joints

The functional ROM of the MCP joint of the index finger varied significantly (p =
3.71 x 107 19) for the imposed PIP joint constraint angles, as shown in Figure 3.4. A signifi-
cant increment of the ROM of the MCP joint was observed as the PIP joint constraint angle
increased from 0° to 30° of flexion (approximately three times as observed in Figure 3.4).
The centers of the bar of the MCP joint decreased as the PIP joint was constrained from
40° to 60° of flexion; nonetheless, small differences in the ROM of the MCP joint were
observed (less than 10% as presented in Figure 3.4). The functional ROM of the DIP joint
of the constrained and non-constrained index finger did not change significantly (p =0.11)
among subjects during tip-pinch manipulation, as shown in Figure 3.4. Similar to the ROM
of the MCP joint, the ROM of the DIP joint slightly increased as the PIP joint constraint

angle increased.
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Figure 3.4: The average of the functional ROM of the MCP and DIP joints of the index
finger of seven subjects when the PIP joint is non-constrained (NC) and constrained to
selected angles of 0°, 20°, 30°, 40°, 50°, and 60° during the tip-pinch manipulation.
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3.3.3  Manipulability

Manipulability ellipses at the three selected postures of the index during tip-pinch
manipulation were investigated across subjects under simulated PIP joint arthrodesis. Fig-
ure 3.5 shows the result for tip pinch manipulation postures of a typical subject (subject
no. 7) for the sake of clarity in illustration. Other subject present similar results. The
shape of the manipulability ellipses at the fingertip is more evenly distributed as the finger
postures change from extension to flexion postures, as indicated in Figure 3.5.

The three quantities of evaluation, r, w, and o, were calculated across all subjects
and are illustrated in Figure 3.6, with comparisons among the three postures. The results
are summarized in the following.

The ratio of the minor axis to the major axis of the manipulability ellipse, r, of the
index finger changes significantly (posture 1: p = 0.0003, posture 2: p = 5.81 x 1077, and
posture 3: p = 5.33 x 10~®) under the imposed PIP joint constraints in the three tip-pinch
manipulation postures. Figure 3.6(a) shows that the greater the PIP joint constraint angle,
the more evenly distributed the shapes of the manipulability ellipses are at the fingertip.

Manipulability measures, w, do not differ significantly (posture 1: p = 0.25, posture
2: p =0.53, and posture 3: p = 0.12) under the imposed PIP joint constraint angles in
the three tip-pinch manipulation postures selected, as illustrated in Figures 3.6(b). Results
showed that manipulability measures, w, have the largest values when the PIP joint an-
gle was constrained to 50°, 60°, and 20° at tip-pinch manipulation postures 1, 2, and 3,
respectively, as shown in Figure 3.6(b).

The direction angles of major axis of the manipulability ellipse of the index finger,
o, differ significantly (posture 1: p = 0.0001, and posture 2: p = 0.038) at extension and
intermediate postures, yet it does not differ significantly (posture 3: p = 0.9) at flexion
postures, as shown in Figure 3.6(c). At posture 1 and 2, the direction angles of major
axis of the manipulability ellipse, &, increased as the imposed PIP joint constraint angle

increased from 30° to 60°, as shown in Figure 3.6(c). At posture 3, the angle, ¢, has the
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Figure 3.5: Schematic illustration of manipulability ellipses at three selected postures of the
index finger during tip-pinch manipulation indicated by the 3-segment kinematic model,
with the PIP joint constrained at 40°. For simplicity and clarity of presentation, the data
of one subject (subject no. 7) are illustrated here. Other subjects have similar illustrations.
The segment lengths of the subject are as follows: /; = 38 mm, /, =22 mm, and /3 = 18

mm.
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largest value with the PIP joint constrained at 20°, as shown in Figure 3.6(c).

34 Discussions

In this study, we investigated precision tip-pinch manipulation of the index finger
under simulated PIP arthrodesis at prescribed angles using the ROM of the joints and a
kinematic model that represents the finger as a serial kinematic chain. The results obtained
in this study are based on both experimental analysis and the theoretical model. Theoretical
results are relevant because they provide more accurate analytical model, instead of an ad
hoc approach, and better physical insights. In the following sections, we discuss the results

of the study.

34.1 Functional ROM of the joints

The functional ROM of the MCP and DIP joints of the index finger are analyzed
when the PIP joint is either non-constrained or constrained at 0°, 20°, 30°, 40°, 50°, and
60° of flexion. The functional ROM of the MCP joint is significantly reduced by the im-
posed PIP joint constraint angles, as shown in Figure 3.4. The functional ROM of the
MCP and DIP joints of the constrained finger slightly increases as the PIP joint constraint
angle increases. This result, consistent with results of previous studies [51], indicates that
the precision of manipulation increases as the PIP joint constraint angle is increased dur-
ing tip-pinch manipulation. Similarly, the result of the functional ROM of the MCP and
DIP joints shows that the constrained index finger can attain postures close to those of
the non-constrained finger during tip-pinch manipulation when the PIP joint is constrained
to angles between 40° to 60° of flexion. Although these findings concur with previous
studies reporting the impact of PIP joint arthrodesis on finger and hand function [15, 51],
they show a limited compensatory motion at the MCP joint when a PIP joint constraint is
imposed during a tip-pinch manipulation task. In addition, the results of the ROM of the

joints of the constrained finger suggest that the functional workspace [3, 6] of the fingertip
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in tip-pinch manipulation is reduced when the PIP joint is constrained to 0° and 20°.

3.4.2  Manipulabilty

Figure 3.5 illustrates the calculation of the manipulability ellipses at the three se-
lected postures for one subject with the finger PIP joint constrained to 40°. This result
indicates that the shapes of the manipulability ellipses are best distributed at the flexion
posture (Posture 3). In addition, the size of the manipulability ellipse and the angle o have
small variations among postures, as illustrated in Figures 3.5(a), 3.5(b), and 3.5(c). Simi-
lar quantitative results of the manipulability are observed across all subjects, as shown in

Figure 3.6.

34.3 The three measures, r, w, and o

Even though the ratio of the radii of the minor axis to major axis the manipulability
ellipses, r, increases from posture 1 to posture 3, as shown in Figure 3.6(a), the manipula-
bility measures, w, and the angle, o, do not always increase from posture 1 to posture 3 for
a specific PIP joint constraint angle, as shown in Figure 3.6(b) and 3.6(c). These results of
the PIP joint constrained finger are consistent with previous studies reporting the tip-pinch
manipulation between the non-constrained index finger and thumb [53].

There are significant differences among the subjects for the ratio r of the index finger
under the imposed PIP joint constraints in the three tip-pinch manipulation postures. The
shapes of the manipulability ellipses are more evenly distributed ! for the three tip-pinch
manipulation postures considered when the PIP joint is constrained at 50° to 60° of flexion.

Our results suggest that PIP arthrodesis angles at 50° to 60° of flexion, having tip-
pinch postures with the shape of the manipulability ellipses at the fingertip more evenly
distributed, lead to the optimal performance of the finger in manipulation and grasping of

fine objects. Though, being analytically and systematically obtained based on theoretical

! Evenly distributed manipulation ellipse with higher ratio r indicates better manipulability.
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modeling of the finger, these results are consistent with previous works using prevailing
ad hoc approaches. Indeed, several researchers have reported that a PIP joint arthrodesis
at 40° to 50° of flexion facilitates grip strength and lead to more natural precision pinch
postures [14, 15, 51].

In this study, we quantified the PIP arthrodesis angle that optimizes tip-pinch ma-
nipulation. It is known that the selection of the arthrodesis angle is an optimization which
takes into account the trade-offs between conflicting objectives. Findings of this study can
be compared to other finger aspects or attributes such as the ones previously presented by

the authors in [3] to select the constraint angle that best satisfies those conditions.

344 Limitations

Although the results of manipulability of the constrained index finger are calculated
from real finger postures, they may not replicate the values of manipulability of the real
finger completely because skin compliance at the fingertip in tip-pinch manipulation was
not considered. In addition, even though the shapes of manipulability ellipses are indepen-
dent of the joints and tip velocities, finger coordination and dexterity, affected by joints and
tip velocities, were not considered. Nonetheless, this theoretical analysis provides insights
into understanding how manipulabilities were affected during tip-pinch manipulation when

the PIP joint was constrained to selected angles.

3.5 Summary

A study using the kinematic modeling with the experimental measurements utilizing
the tip-pinch manipulation of the index finger under imposed PIP joint constraint angles
was conducted. This study also presented a methodology using the ROM and manipula-
bility in tip-pinch manipulation to evaluate the influence of different constrained PIP joint
angles. Results suggest that a PIP joint constrained between 50° to 60° of flexion lead to

a natural finger posture with more evenly distributed manipulability. In general, a similar
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analysis can be applied to other fingers and joints so that constraint angles allowing optimal
manipulation can be determined. This systematic and analytical methodology can help sur-
geons and physicians in determining PIP arthrodesis angles that allow fingers after surgery

to be more suitable for precision tip-pinch manipulation tasks.
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Chapter 4

Kinematic Modeling for the Optimal Joint Constraint

Angles of Fingers

4.1 Introduction

Partial or complete loss of the finger joint motions due to a disease or injury may re-
quire conservative treatment with nonsteroidal anti-inflammatory drugs, steroids injections,
splinting, and hand therapy, or more invasive treatment with surgery and rehabilitation tech-
niques which may involve restricting or reducing normal movement to relieve pain, create
joint stability, and expedite the recovery process [41, 3]. Consequently, we would like to
be able to predict finger joint constraint angles to optimize its capability of movement and
manipulability. The index finger models developed in Chapters 2 and 3 can be applied to
predict the optimal joint constraint angles. The finger workspace (WS), and manipulabil-
ity measures are proposed to identify the joint constraint angle which is most suited for
optimal finger motion. The finger models are applied to further investigate not only the
two-dimmensional (2D) but also three-dimensional (3D) WS. In addition, manipulability
of the constrained and unconstrained fingers are analyzed under distinct joint constraint
angles. Constraint angles are investigated for both the index finger distal interphalangeal

(DIP) and proximal interphalangeal (PIP) joints.
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4.2 Application of kinematic model of finger

In the following, a systematic approach, based on the application of the kinematic
model of the finger, is used to determine the 2D and 3D WS of the index finger under three
conditions: (1) without constraining the finger joints , (2) with the PIP joint constrained
to selected angles, and (3) with the DIP joint constrained to prescribed angles. Exam-
ples applying specific numbers and parameters are utilized here to illustrate the theoretical

analysis.

4.2.1 WS of the unconstrained finger

As mentioned in Section 2.2.1.1, the index finger contains tendinous mechanisms
that are essential for proper control. The coupling relation between the DIP and PIP joints,
expressed as 04 < % 05, has been considered in previous finger models [29], and is included
in the model of the unconstrained finger.

Equation (2.1) with model parameters and the coupling relation between the DIP
and PIP joints, as well as the ROM of the joints describe the 2D WS boundaries of the
unconstrained finger. Model parameters were obtained from experimental measurements
(see Section 2.2.6).

The 2D WS of the finger model is presented in Figure 4.1(a). The parametric ex-
pressions of the 2D WS boundaries of the example presented in Figure 4.1(a) are described

as
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Figure 4.1: (a) The model representation of the 2D WS of the unconstrained index finger.
The model parameters are as follows: /; =42 mm, [, = 23 mm, and /3 = 19 mm. The ROM
of the joints are: —30° < 6; < 10°,—30° < 6, <90°,0° < 63 < 110° and 0° < 6, < 80°.
The coupling relation between the PIP and DIP joint is 64 < %93. The 2D WS boundaries

are represented by curves Cy, Cy, C3, and C4. The WS areais A = 6,710 mm?. (b) The 3D
WS of the unconstrained index finger with a volume V = 151,830 mm?>.
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Xiip = l1cos(6;)
+1ycos(6, + 110°)
+l3cos(6,+110°+2110°),
Gy =0 (4.4)

Zip=—l1sin(6)

—Isin(6, +110°)

—I3sin(6, + 110° + 2 110°),
with  —30° < 6, <90°

The 3D WS of the finger model is presented in Figure 4.1(b). Since the model consid-
ers that the abduction-adduction (AA) axis of the MCP joint intersects the flexion-extension
(FE) axis of the MCP joint at a right angle, the 3D WS is obtained by revolving the 2D WS
about the AA joint axis of the MCP joint. The ROM of MCP joint about the AA axis ob-
tained from experimental measurements is —30° < 8; < 10°. When generating the 3D WS,

the singularity1 of AA axis of the MCP joint (zp-axis) can be observed in Figure 4.1(b).

4.2.2 Manipulability of the unconstrained finger

Manipulability can be regarded as the ease of arbitrarily changing the position and
orientation of the end-effector at the tip [54]. Manipulability measure and ellipsoid will be
defined in this section to quantify the manipulability of the unconstrained index finger.

The manipulability measure w is defined as [54]

w = 4/det (JeJE) 4.5)

where Jg is the Jacobian matrix. Employing the Jacobian matrix for the index finger,

defined as [dx dy dz)" = Jg[dO; d6> d6; d6,]", we can derive

w = |l1ca + lhco3 + 13¢234| W (62, 03, 04) (4.6)

! The singularity refers to exterior boundary of the WS. In Figure 4.1(b), the singularity is along the
exterior surfaces of the 3D WS, where further extension of the finger reach becomes impossible: that is, the
fingertip will lose ability to reach in certain directions.
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where W is the manipulability measure of the index finger which moves in the FE plane

(xz-plane), defined as

W(602,03,04) = V/detJJT 4.7)

where the reduced Jacobian J is defined as [dx dz]T = J[d6, d63 d6,]", and is expressed as

—l152 —lpso3 — 135234 —las23 —lasoza  —135234

Cid
I

4.8)
—lica — ey —13c034 —lacoz —lrcpzs  —13¢234

Note that although the notations for the reduced Jacobian J and w are different from those

in Chapter 3, the definitions are exactly the same.

4.2.3 Manipulability ellipsoid

Next, we introduce the manipulability ellipsoid.

The Jacobian matrix of the index finger model considered typically has a maximum
rank of three. Employing the singular-value decomposition (SVD), three singular values
can be found corresponding to three basis axes. The three singular values are the semi-axes
of the ellipsoid, with the principal axes along the three basis [54]. Let the SVD of the
Jacobian matrix Jg be

Jo=UxVT (4.9)

where U and V are 3 x 3 and 4 x 4 orthogonal matrices, respectively, and ¥ is and 3 x 4

matrix defined by

y= 0 (4.10)

0 03

The scalars o1, 072,03 are called the singular values of Jg, which are equal to the square
root of the eigenvalues of the matrix JqJ 3. The singular values, o1, 02, 03, are ordered as,
01 > 05 > 03 > 0. The Jacobian matrix of the index finger, Jg, is a 3 X 4 matrix with a rank

of three. Hence, the manipulability ellipsoid of the index finger has three singular values
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and three semi-axes. In addition, letting uy, up, and us be the column vectors of U, the
semi-axes of the manipulability ellipsoid are cjuy, cruy and ozuz [54].

Substitution of equation (4.9) into equation (4.5) results in

w = 1/det (£XT) = 60,03 4.11)

Equation (4.11) shows that the manipulability measure is the product of the singular values
of the Jacobian matrix of the index finger [54]. It is important to note that the value of w of
the index finger only depends on the angles of the MCP (6,), PIP (65), and DIP (6,) joints,
and does not depend on the angle of the MCP (6;) joint.

The Jacobian matrix, Jg with SVD, defines three singular values along three axes
which defines an ellipsoid. This manipulability ellipsoid depicts the versatility of move-
ment in all directions. For example, small singular value of 03 indicates that the finger’s
ability to move along the direction u3 is limited and constrained. For the sake of illustra-
tion, we will first consider the reduced number of DOF from 3D (in Jg) to 2D (in J) the FE
plane (xz-plane) without considering 6. In this case, the manipulability ellipsoid is degen-
erated to an ellipse and easier to visualize. The Jacobian we consider in equation (4.8) for
the 2D ellipse is a 2 x 3 matrix which typically has a rank of two. Consequently, the manip-
ulability ellipse of the index finger that moves in the FE plane has two singular values and
two semi-axes. Furthermore, equations (4.7) and (4.8) are used to calculate the 2D manip-
ulability measure, W, of the index finger that moves in the FE plane. It can be shown that
w only depends on the angles of the PIP (63) and DIP (6;) joints, and does not depend on
the angle of the MCP (6,) joint. A plot of the 2D manipulability measure, w, is presented
in Figure 4.2(a). Figure 4.2(b) presents several 2D manipulability ellipses with postures of
the index finger when it moves along a line parallel to the z-axis. The 2D manipulability
ellipses are calculated using the SVD method presented above.

The 2D manipulability can be compared using the following methodology, with ojuy
and o>u,. Six different postures are shown with corresponding ellipses in Figure 4.2(b).

A magnified view of posture 3 is illustrated with oju; and o>u, along the two principal
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axes. Since the versatility of movement is related to the magnitude (area) and shape of the
ellipse, the ellipse with greater area (larger 6;0>) and more circular shape (min|o; — 0> |)
corresponds to better manipulability. For instance, ellipses 1, 2, and 3 in Figure 4.2(b) are
better because they have less disparity (o] — 62|) between 67 and o, than that of ellipses
4,5, and 6. Among ellipses 1, 2, and 3, ellipse 3 is better because of larger area (c]0,).
Therefore, ellipse 3 has the best manipulability among the six postures in Figure 4.2(b). At
posture 6, the ellipse degenerates to a line, defined by ouy representing the only direction
which the fingertip can move, because 0, = 0.

An illustration of the 3D manipulability measure, w, inside the 2D WS in the FE
plane (67 = 0) is illustrated in Figure 4.3(a) that displays regions of w with a range of val-
ues, as shown. Larger values of w render better manipulability. As explained above, w is
independent of the angle of the MCP (0;) joint. Thus, a similar illustration can be obtained
for any particular WS plane defined by the AA angle 6, of the MCP joint. In addition, an
example of a 3D manipulability ellipsoid with a specific finger posture is presented in Fig-
ure 4.3(b), when the index fingertip reaches a position with the maximum w. Comparison
of the 3D manipulability ellipsoids follows the same methodology for 2D, presented above,

by comparing o1uy, 0>uy, and o3u3.
4.3 WS and manipulabilty of the finger with constrained
joints

In this section, WS as well as manipulability measures and ellipsoids are analyzed on
a finger with a joint constrained to discrete fixed angles. The following examples present

analysis of the index finger model by constraining of the PIP and DIP joints individually.

4.3.1 Finger with the PIP joint constrained

The 2D WS of the index finger when its PIP joint is constrained to values from 0° to

80° of flexion is analyzed. Once the PIP joint of the index finger is constrained to a fixed
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Figure 4.2: (a) The 2D manipulability measure, w, of the index finger. The maximum
value of the 2D manipulability measure, , is around 2 x 103. (b) The 2D manipulability
ellipses with six different finger postures along a line parallel to the z-axis. A magnified
view of posture 3 is illustrated with the two principal directions u; = [0.96 —0.29]” and
uz = [0.29 0.96]” and the corresponding singular values, 61 = 62 and 6, = 31. The 2D
manipulability ellipse of the specific finger posture when the fingertip has maximum w is
plotted in dashed-line.
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Figure 4.3: (a) The 3D manipulability measure, w, of the index finger when 6; = 0, as
represented on a 2D WS. Several regions corresponding to different ranges of the values
of w are illustrated. The maximum value of w, is around 12.7 x 10*. (b) The 3D ma-
nipulability ellipsoid of the specific finger posture when the fingertip has maximum w is
plotted. The values of singular values are o1 = 77.76, 6, = 68.12, 63 = 24.31, along with
u; =[-0.250 —0.97)7,u; =[010]7, and u3 = [0.97 1 —0.25].
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angle, it becomes a 3R model, with 3 revolute joints.

Equation (2.1) with model parameters, as well as the ROM of the joints and the value
of the PIP joint constraint angle describe the 2D WS boundaries of the constrained finger.
Model parameters were obtained from experimental measurements (see Section 2.2.6). Ex-
amples of the 2D WS of the finger model when the PIP joint (63) is constrained to 0°, 30°
and 60° of flexion are presented in Figure 4.4(a). The parametric expressions of the 2D WS
boundaries of the example presented in Section 2.2.1.2 were used with distinct PIP joint
constraint angles in order to determine the 2D WS of the finger.

The 3D WS of the PIP constrained finger model is presented in Figure 4.4(b). Similar
to the 3D WS of the unconstrained finger, the 3D WS of the constrained case is obtained
by revolving the 2D WS of the constrained finger about the AA joint axis of the MCP joint.
The ROM of MCP joint about the AA axis was obtained from experimental measurements.

When the PIP joint of index finger is constrained (83 = constant), the reduced Jaco-
bian J},, with a DOF (63) removed, is defined as [dx dy dz]” = Jj[d6; d6> d64]". Then,

the elements of the J ’9 matrix are

Jo(1,1) = s1(~lica —heaz —3¢234)

Jo(1,2) =ci(—liso—lrso3 — 135234)

Jo(1,3) = —hcrs34

J5(2,1) =ci(lica+beas+13¢234)

J5(2,2) =s1(—lis2— 523 — 135234) 4.12)
J5(2,3) = —l3s15234

Jp(3,1) =0

Jp(3,2) =—lica—lheas —I3¢034

Jy(3,3) = —lca34

The J’6 matrix is a reduced 3 X 3 matrix, and the SVD analysis becomes a conven-
tional eigenvalue problem. The interpretation of the results is similar to Section 4.2.2.

The manipulability measure of the constrained index finger is found by substituting
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equation (4.12) into equation (4.11), resulting in
we = |l3(l1ca + oz +13¢234) (losa + 11534) | (4.13)

The constrained 3R model is used to calculate the manipulability measure and ellip-
soid of the index finger. Manipulability measures and ellipsoids are calculated using the
Jacobian matrix of the 3R model, J’e2 , derived in equation (4.12). Since manipulability
measures and ellipsoids are configuration-dependent, the maximum values of the manipu-
lability measures and their corresponding ellipsoids are considered for analysis. Figure 4.5
presents the calculation of the manipulability ellipsoids for distinct PIP joint constraint an-
gles. Equation (4.13) shows that the manipulability measure of the constrained finger does
not depend on the angle of MCP () joint. Figure 4.5 presents the manipulability measure
(w.) obtained when the index finger PIP joint is constrained to angles at 0°, 30°, and 60°.
Due to the singularity along the z-axis, as in Figure 4.1(b), the manipulability measure, w,,
of the constrained finger is zero along this axis because one singular value is equal to zero.
However, this does not mean that the index finger cannot manipulate an object along the
z-axis. It simply means that the manipulability is lost along the direction associated with

the null singular value.

4.3.2  Finger with the DIP joint constrained

The 2D WS of the index finger model with the DIP joint constrained to values from
0° to 80° of flexion is analyzed. Once the DIP joint of the index finger is constrained to a
fixed angle, it becomes a 3R model, with 3 revolute joints.

Equation (2.1) with model parameters, as well as the ROM of the joints and the value
of the DIP joint constraint angle describe the 2D WS boundaries of the constrained finger.
Model parameters were obtained from experimental measurements (see Section 2.2.6). Ex-

amples of the 2D WS of the finger model when the DIP joint (6,) is constrained to 0°, 30°

B Although one DOF of the index finger has been removed (63 = constant), the Jacobian matrix of the 3R
model, J,, is of rank three. Thus, three singular values and three principal axes can be obtained by solving
the conventional eigenvalue problem.
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and 60° of flexion are presented in Figure 4.6(a). The parametric expressions of the 2D WS
boundaries in equations (4.14) to (4.17) were used to determine the 2D WS of the finger

under selected DIP joint constrain angles.

( Xiip = 11c0s(90°)
+1>c08(90° + 63)
+13¢c0s(90° + 63 + DIP),
iy =0 (4.14)
Zip = —I1sin(90°)
—1,sin(90° + 63)
\ —I35in(90° + 65 + DIP),
with  0° <65 <110°
( Xiip = 11 cos(62)
+1cos(6, +0°)
+13cos(6, + 0° + DIP),
214 =0 (4.15)
Zip = —lisin(6)
—Isin(6, +0°)
—I3sin(6, + 0° 4 DIP),

with  —30° < 6, <90°
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Xiip = l1cos(—30°)
+1 cos(—30° + 63)

+13cos(—30° + 63 + DIP),

G =0 (4.16)
Zip=—l1sin(—30°)
—I sin(—30° + 63)
\ —I3sin(—30° + 63 + DIP),
with 0° <63 <110°
( Xiip = 11 cos(62)
+1cos(6, +110°)
+13c0s(6, + 110° + DIP),
Ca1y =0 4.17)
Zip=—lisin(6)
—Isin(6, + 110°)
—I[3sin(6, + 110° + DIP),

with  —30° < 6, <90°
The 3D WS of the DIP constrained finger model is presented in Figure 4.6(b). Sim-
ilar to the 3D WS of the PIP constrained finger, the 3D WS of the DIP constrained case is
obtained by revolving the 2D WS about the AA joint axis of the MCP joint. The ROM of
MCP joint about the AA axis was obtained from experimental measurements.
When the DIP joint of index finger is constrained (6, = constant), the reduced Jaco-

bian Jj, with a DOF (64) removed, is defined as [dx dy dz]" = J,[d6; d6, d6s]". Then,
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the elements of the Jj, matrix are given by

Jo(1,1) =s1(—lico — ez —3¢234)

Jo(1,2) = ci(—lis2— sy —135234)

Jo(1,3) = ci(—ls —I135234)

Jo(2,1) =ci(lico+ e +13c34)

J5(2,2) =si(—lis2— lsy3 — 35234) (4.18)
J5(2,3) = s1(—las23 —135234)

Jy(3,1) =0

J5(3,2) = —lica—hep — e

J5(3,3) = —hcos — e

The J’6 matrix is a reduced 3 x 3 matrix, and the SVD analysis becomes a conven-
tional eigenvalue problem. The interpretation of the results is similar to Section 4.2.2.
The manipulability measure of the constrained index finger is found by substituting

equation (4.18) into equation (4.11) as follows
we = |l (lica + ez + 13¢034) (losz + [3534) | (4.19)

The constrained 3R, model is used to calculate the manipulability measure and el-
lipsoid of the index finger. Manipulability measures and ellipsoids are calculated using the
Jacobian matrix of the 3R model, J’e3 , derived in equation (4.18). Since manipulability
measures and ellipsoids are configuration-dependent, the maximum values of the manipu-
lability measures and their corresponding ellipsoids are considered for analysis. Figure 4.7
presents the calculation of the manipulability ellipsoids for distinct DIP joint constraint an-
gles. Equation (4.19) shows that the manipulability measure of the constrained finger does
not depend on the angle of MCP (6;) joint. Figure 4.7 presents the manipulability mea-

sure (w.) obtained when the index finger DIP joint is constrained to angles at 0°, 30°, and

3 Although one DOF of the index finger has been removed (6 = constant), the Jacobian matrix of the 3R
model, J5, is of rank three. Thus, three singular values and three principal axes can be obtained by solving
the conventional eigenvalue problem.
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Table 4.1: Theoretical data obtained with the unconstrained and constrained finger model.
The model parameters are as follows: /; =42 mm, /[, = 23 mm, and /3 = 19 mm. The
ROM for 6y, 6,, 63 and 64 are: —30° < 6; < 10°, =30 < 6, <90°, 0° < 63 < 110° and
0° < 84 < 80°. The coupling relation between the DIP and PIP joint of the unconstrained
(UC) finger is 64 < (2/3)03. A/A.: 2D WS area; V /V,.: 3D WS volume

Model A/A. mm? V/V.mm? Model A/A. mm? V/V, mm>

ucC 6,710 151,830 UC 6,710 151,830
PIP 0° 2,136 74,751 DIP 0° 4,958 127,478
PIP 20° 2,615 81,175 DIP 20° 5,360 130,857
PIP 30° 2,773 80,216 DIP 30° 5,443 128,535
PIP 40° 2,870 76,843 DIP 40° 5,443 123,702
PIP 50° 2,902 71,483 DIP 50° 5,360 117,702
PIP 60° 2,870 64,584 DIP 60° 5,197 108,509
PIP 80° 2,615 48,053 DIP 80° 4,652 88,627

60°. Again, due to the singularity along the z-axis, as in Figure 4.1(b), the manipulability
measure, w,, of the constrained finger is zero along this axis because one singular value is

equal to zero.

4.4 Results of theoretical modeling

Results of the 2D and 3D WS areas and volumes of the unconstrained and con-
strained index finger model are summarized in Table 4.1. Similarly, the result of manipula-
bility measures and ellipsoids of the unconstrained and constrained index finger model are

summarized in Table 4.2.

4.4.1 Design indices

Similar to Section 2.2.2, the consideration of kinematic aspects of the finger was uti-
lized to select the optimal joint constraint angles. In order to assess some of those aspects,
quantitative measures of WS and manipulability were analyzed. In particular, measures of

the 2D and 3D WS, as well as manipulability measures and ellipsoids of the index finger
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Table 4.2: Theoretical data obtained with the unconstrained and constrained finger model.
The model parameters are as follows: /; =42 mm, /[, = 23 mm, and /3 = 19 mm. The
ROM for 6y, 6,, 63 and 64 are: —30 < 6; < 10°, —30° < 6, <90°, 0° < 63 < 110° and
0° < 64 < 80°. The coupling relation between the DIP and PIP joint of the unconstrained
(UC) finger is 64 < (2/3)65. The principal direction, u; = [0 1 0]7, remains constant.
Wmax/Wemax: Maximum value of manipulability measure ; ¢: singular value; u: principal
direction.

Model Wmax /Wcmax (o] (o)) O3 up us
ucC 1.27x10° 7776 68.12 2431 [-0.250 —0.97)7 [0.970 —0.25]"
PIP0°  8.63x10% 7221 71.61 16.68 [0.0600.99]"  [~0.9900.06]"
PIP 20° 8.41x10% 71.63 71.01 16.53 [0.0400.99]7  [-0.9900.04]7
PIP 30° 8.13x10* 70.24 69.63 16.63 [0.0300.99]7  [-0.9900.03]"
PIP 40° 7.76x10% 69.31 68.62 16.32 [-0.030 —0.99]" [0.990 —0.03]"
PIP 50° 7.29x10% 67.08 66.27 16.40 [0.100.99]"  [-0.9900.1]7
PIP 60° 6.73x10% 65.33 64.06 16.07 [0.1600.99]  [~0.9900.16]"
PIP 80° 5.39x10% 60.67 57.87 15.36 [0.2900.96]7 [-0.9600.29]7
DIP0°  1.13x10° 78.5 69.34 20.88 [0.2300.98)]7  [-0.9800.23]"
DIP 20° 1.11x10° 77.1 68.19 21.14 [0.2300.97)7  [-0.9700.23]7
DIP 30° 1.08x10° 75.83 67.26 21.18 [0.2300.97)]7 [-0.9700.23]"
DIP 40°  1.04x10° 7422 66.12 21.14 [0.2200.97)]7  [-0.9700.22]"
DIP 50° 9.85x10* 73.92 66.41 20.12 [0.1700.98)]7  [-0.9800.17]"
DIP 60°  9.24x10% 71.7 64.85 19.86 [0.1600.99]7  [~0.9900.16]"
DIP 80° 7.78x10% 66.56 6125 19.09  [-0.1200.99]7 [0.990 —0.12)"
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model were investigated under imposed PIP and DIP joint constraint angles.

Equation (4.20) defines an index pertaining to the 2D WS area
A
Q:f (4.20)

where I is the index of the 2D WS, A.(63) is the WS area when the finger joint is con-
strained to a prescribed angle, and A is the WS area when the finger joint is unconstrained
(Table 4.1).

Equation (4.21) defines an index pertaining to the 3D WS volume
V,
Iy = VC (4.21)

where Iy is the index of the 3D WS volume, V. is the WS volume when the finger joint
is constrained to a prescribed angle, and V is the WS volume when the finger joint is
unconstrained (Table 4.1).

Equation (4.22) defines an index pertaining to the manipulabity measure

I, = Lemax 4.22)

Wmax

where [, is the index of manipulability measure, w,max 1S the maximum value of the ma-
nipulability measure when the finger joint is constrained to a prescribed angle, and wx 1S
the maximum value of the manipulability measure when the finger joint is not constrained
(Table 4.2). In addition, equation (4.23) defines an index pertaining to the aspect ratio of

the manipulability ellipse or ellipsoid at the fingertip as

O3

I, =
O]

(4.23)

where /, is the aspect ratio of the manipulability ellipsoid at the fingertip with constraint,
and 03 and o7 are the singular values corresponding to the minimum and maximum radii
of the manipulability ellipsoid at the fingertip [54] (Table 4.1).

The design indices defined above describe different aspects in the consideration of

movement and performance of the finger after joint constraints are imposed. Since each
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index considers different aspects of the constrained finger and has different ranges of nu-
merical values, the selection of the constraint angle is an optimization which takes into
account the trade-offs between conflicting objectives. Although a single solution does not
exist to simultaneously optimize each objective, we used a weighted-sum criterion to esti-
mate the constraint angle that best satisfies such condition among the four indices (I, Iy,
I,,, and 1,) as follows

mglx f(0) (4.24)
where f is the objective function to be optimized, defined as

f(G) _ i o ]l'(e) —min{l,-}

= imax{l,-} —min{/;}

(4.25)

where o are the weighting factors to adjust for emphasis among considered indices with
Y o; = 100%, I;(63) are index values pertaining to a particular aspect (i) and for a pre-
scribed constraint angle (0), and i = A, V,w, e are the number of design indices considered.
Note that the values of the parameters in equation (4.25) depend on the constraint angle,
6. The objective criterion can be adjusted depending on the finger utilization and prefer-
ences of each individual; thus, inclusion of the weighting factors allows to customize this
perspective and quantify an optimal joint constraint angle among the aspects provided in
the design indices.

The design indices for discrete PIP and DIP joint constraint angles are calculated and
presented in Figure 4.8(a) and 4.8(b), respectively.

To illustrate the usage of the weighted-sum criterion in equation (4.25), we consid-
ered three scenarios. First, if all indices were weighted equally and treated with equal
importance, the weighting factors would be oy = ay = o, = o, = 0.25. Using the results
from Figure 4.8(a) and 4.8(b) with different constraint angle 6, the maximum of funtion
f 1n equation (4.25) was obtained, and plotted in Figure 4.9(a) and 4.9(b). The second
scenario emphasizes the 2D WS area, with a choice of a4 = 0.4, oy =0.2, o0, = 0.2 and
o, = 0.2 for the weighted-sum. The optimized function f was obtained and plotted in Fig-

ure 4.9(a) and 4.9(b). In the third scenario, the emphasis was in the consideration of the
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shape of the manipulabilty ellipsoid, with a penalty on large aspect ratio, in order to make
the ellipsoid more homogeneous. With a choice of oy = 0.2, ay = 0.2, a, = 0.2, and
o, = 0.4 to meet the criterion, f was obtained and plotted in Figure 4.9(a) and 4.9(b). In
the first scenario when all indices are weighted equally and treated with equal importance,
the values of f in Fig. 4.9 (a) and (b) reached their maximum values with the PIP and DIP
joint constraint angles at 40° and 30°, respectively. In the second scenario, the model val-
ues of f are maximum when the PIP and DIP joints were constrained between 30° and 50°
and between 30° and 40°, respectively. With an emphasis of the aspect ratio of the manip-
ulabilty ellipsoid, /., in the third scenario, the model values of f reached their maximum

values when the PIP and DIP joints were constrained at 50° and 30°, respectively.

4.4.2 Discussions

A novel methodology to determine the optimum joint constraint angles that allow
for maximum finger function is proposed. Development and application of the proposed
methodology is conducted on the index finger, although the systematic methodology can
be easily applied to other fingers and limbs by changing the kinematic parameters. The WS
of the index finger when its PIP and DIP joints are both unconstrained and constrained are

investigated.

4.4.2.1  Design indices

Design indices for the 2D and 3D WS of the index finger, I4 and Iy, with constrained
PIP and DIP joints are plotted in Figure 4.8, showing that the index fingertip has the greatest
WS areas and volumes when the PIP joint is constrained to about 60° and 20°, respectively.
Similarly, the index fingertip has the greatest WS areas and volumes when the DIP joint is
constrained to about 30° and 20°, respectively.

Manipulability ellipsoids of the constrained finger are smaller than those of the un-

constrained ones since one DOF has been removed. Indices pertaining to the manipulability
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measure and aspect ratio of the manipulability ellipsoid are shown in Figure 4.8, showing
that the manipulability measure is maximum when the PIP and DIP joints are constrained
to 0°, and decreases to its minimum value whenthe PIP and DIP joints are constrained to
80°. On the other hand, the aspect ratio of the manipulability ellipsoid presents its max-
imum value when the PIP and DIP joints are constrained to an angle of 80° of flexion.
Since the aspect ratio of the manipulability ellipsoid provides information of the direc-
tional uniformity of the ellipsoid and is independent of the size, the index finger with its
PIP and DIP joints constrained to 80° presents the most uniform ellipsoid at the fingertip.
The distribution of the values of the indices pertaining the aspect ratio of the manipula-
bility ellipsoid are configuration-dependent, and those used in this analysis are obtained at

different configurations determined by the maximum value of the manipulability measure.

4.4.2.2  Optimal criterion using the weighted-sum

Information of the design indices is combined to determine the optimum index fin-
ger PIP and DIP joint constraint angles. The function, f, of both the PIP and DIP, defined
in equation (4.25), are plotted in Figure 4.9 with selected sets of weighting factors. Var-
ious scenarios are presented with different sets of weighting factors for trade-off among
the indices to illustrate the application of the weighted-sum criterion. As mentioned in
Section 2.4.5, weighted factors could be selected to represent aspects such as cosmetic
appearance and specific functionality.

It is clear from the foregoing observations that the trade-off between different indices
by varying the weighting factors has significant implication on the results of f, and hence
the constraint angle for medical and rehabilitation procedures.

Figures 4.9(a) and (b) show that f reaches its maximum value when the PIP and DIP
joints are constrained to 40° and 30° of flexion, when all indices are weighted equally and
treated with equal importance (a4 = oy = @, = &, = 0.25). In the second scenario with

the emphasis on the 2D WS area only, the f is maximum when the PIP and DIP joints are

79



constrained at 40° and 30° of flexion, respectively. Although the f values of the PIP joint
are nearly the same from 30° < 63 < 60° in the three scenarios, the f values of the DIP
joint were quite similar for 30° < 6; < 40°.

In the preceding discussions, f is defined and calculated based on different scenarios
and physical situations under which distinct criteria are considered, through weighting fac-
tors, in order to obtain optimal factors to optimize the WS and manipulability of finger once
the constraint angle is imposed on the patient. Constraint angles can be adapted by vary-
ing these factors. Hand surgeons, physicians, and therapists can select different weighting
factors on the design indices, based on the chosen criteria and individual circumstances,
in order to customize for each patient to enhance the quality of life after surgery or during

rehabilitation.

4.5 Summary

A new methodology to find the optimum joint constraint angles that allow for bet-
ter finger WS and manipulability has been presented. The index finger has been used to
develop and illustrate this methodology. Kinematic analysis of the unconstrained and con-
strained index finger model has been conducted to find the optimum PIP and DIP joint
constraint angles. Results presented show that even though the index finger functionality
is going to be reduced due to the joint constraint, it is possible to optimize the finger WS
and manipulability for a unique PIP and DIP joint constraint angles. In general, this new
methodology can be applied systematically to other fingers and limbs so that constraint an-
gles with optimal capability of movement and manipulability can be found. Therefore, this
study will help surgeons, physicians, and therapists make more informed decisions before
constraint angles are imposed, and customize those angles for each patient to enhance the

quality of life after surgery or during rehabilitation.
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Chapter 5

Biomechanics and Pinch Force of Finger Under

Simulated Arhtrodesis

5.1 Introduction

Osteoarthritis is the most common cause of locomotor dysfunction and disabling
joint pain in the United States. It is also the most common rheumatic disease [41]. The
disease affects 33% of individuals over the age of 65 years. The rapid increase in the pre-
centage of people older than 55 years of age in Western countries means that osteoarthritis
is becoming a major public heath problem, affecting approximately 40 million people [41].
Hand and finger osteoarthritis typical presentation includes joint pain, limited range of mo-
tion, and occasional swelling. These signs and symptoms can significantly limit activities
of daily living [41]. Conservative treatment with nonsteroidal anti-inflammatory drugs,
steroids injections, splinting and therapy may relieve symptoms temporarily. However,
once these treatment options fail, patients may require a more invasive treatment to relieve
their symptoms [41, 45, 52, 3]. Arthrodesis, an artificial induction of joint ossification be-
tween two bones via surgery, provides a pain-free stable joint but sacrifices motion and
fails to recover the biomechanics of the normal finger after the surgery [5, 32, 37, 41, 51].
Although the impact of arthrodesis on hand and finger function remains a matter of debate
among surgeons, preoperative planning has to include a decision on the appropriate angle

for arthrodesis [24, 25, 45, 51, 52, 3]. A fused joint alters the biomechanics and strength of

81



the finger. The objective of this research is to analyze how the distal interphalangeal (DIP)
joint flexion-extension (FE) and maximum voluntary pinch forces of the index finger are
affected under imposed proximal interphalangeal (PIP) joint constraint angles.

Several studies on hand and finger function under imposed joint constraints [51, 15,
3], as well as finger biomechanics [44, 47, 26, 27] were reviewed to enable us to place our
work in perspective with respect to existing research. While these studies have significantly
contributed to the understanding of finger and hand movement capabilities, there has not
been an investigation on how the finger biomechanics and strength are affected under finger
joint arthrodesis. The human finger contains tendinous mechanisms that are essential for
proper control [27]. One such mechanism couples the DIP and PIP joints in the (unloaded)
finger when flexed or extended [26]. This mechanism, however, is no longer coupling the
motion of the DIP and PIP joints when the PIP joint is constrained because now the DIP
joint can flex and extend independently [3]. Typically, a subject is unable to move the
DIP joint separately. This is understandable, because the tendon of the Flexor Digitorum
Profundus (FDP) acts on both the DIP and PIP joints simultaneously [4]. In addition, the
strength of the finger depends on the anatomical structure and the maximum effort of each
individual muscle involved.

The main purpose of this biomechanical study is to quantify and compare finger
kinematics, index finger EMG during free DIP joint FE and maximal voluntary pinch,
and pinch forces. The finger biomechanics and strength involved in movement and force
application must be analyzed in order to better understand the impairment associated with
fusion of an individual joint. In this study, a biomechanical and strength evaluation was
conducted on the index finger to determine the PIP joint arthrodesis angle allowing for

optimal free DIP joint FE activation and maximum voluntary pinch forces.
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5.2 Methods and experimental setup

5.2.1 Participants

Five male right-handed subjects, aged from 24 to 35 years old, volunteered in this
study. All participants had no previous history of upper extremity disorders. Prior to
the data collection, subjects signed an informed consent document approved by the Stony

Brook University Institutional Review Board.

5.2.2 Instrumentation

A seven-camera motion capture system (Vicon MX, Oxford, UK) at a sample fre-
quency of 100 Hz, was arranged in a 2 m x 2 m square region for data collection. Three
dimensional coordinate measurement was determined to be well within 0.5 mm [26]. Thir-
teen reflective markers were attached to the dorsal aspects of the thumb, index, and middle
fingers and hand with double-sided tape. Figure 5.1 illustrates the marker placement for
the 13 X 4 mm hemispherical markers. Markers were placed proximal to the joint on the
distal head of the proximal bone [34]. Custom-made thermoplastic splints were used to
constrain the PIP joint at distinct angles (Figure 5.1). One experimenter customized each
PIP splint based on each individual finger length. Manual goniometers were used to verify
the constraint angles and adjust the splints accordingly [3]. Kinematic data were reviewed
immediately after testing to ensure proper data collection with minimal marker dropout. A
mechanical pinch meter was used to collect index finger pinch strength data of each par-
ticipant as they perform tip and chuck pinch (Figure 5.1). Index finger muscle activities
were documented with two wireless surface electromyography (EMG) sensors placed on
the volar and dorsal sides of the forearm to sense the FDP and the Extensor Digitorum
(ED), respectively (Figure 5.1). These muscles were selected for their role in index finger
flexion and extension. The FDP and ED data were collected at a sample frequency of 1000

Hz.
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Figure 5.1: Thumb, index, and middle fingers postures with 4 mm markers attached, the
PIP joint splinted, and wireless EMG sensors attached to the forearm during chuck pinch
performance.
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Setup: During measurements subjects were seated in a height-adjustable chair with
the right shoulder in a neutral position, the elbow at approximately 90 ° of flexion, and
the forearm in pronation. All fingers were flexed and relaxed with exception of the fingers

which performed the movements instructed. Subjects were instructed to:

(1) Keep the wrist at a steady neutral position and with the index finger metacarpopha-
langeal (MCP) joint extended at approximately 0°, and continuously perform full

FE movements of the DIP joint.

(2) Keep the wrist at a steady neutral position with the index finger MCP joint flexed
at approximately 45°, and continuously perform full FE movements of the DIP

joint.

(3) Maintain the wrist extended at approximately 30°, and pinch on a mechanical

pinch meter, held by one experimenter, using the thumb and index finger.

(4) Maintain the wrist extended at approximately 30°, and pinch on a mechanical
pinch meter, held by one experimenter, using the thumb, index, and middle fingers

(Figure 5.1).

Participants performed 3 trials (5 seconds each) under two conditions: (1) uncon-
strained (UC) finger and (2) with the index finger PIP joint constrained to 0°, 20°, 30°,
40°, and 60° of flexion. Each subject performed a practice trial with the unconstrained and

constrained finger before data recording.

5.2.3  Data processing

In order to analyze fingers motions, each marker was taken as a set of three points
indicating the relative x, y, and z coordinates of the marker in space, relative to the Vicon
coordinate system, or global coordinate system (GCS). A local coordinate system (LCS)

is then embedded in the hand plane defined by the marker model and subsequent planes
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and vectors are defined relative to the hand plane. Data were exported to and processed
with MATLAB (MathWorks Inc., Natick, MA, USA) software package. Marker data were
filtered using a second order Butterworth low-pass filter with 20 Hz cut-off frequency.
Three vectors, one for each finger were created using markers placed on the MCP, PIP,
and DIP joints, and the fingertips of the index and middle fingers. FE movements of the
MCP, PIP, and DIP joints are calculated with respect to the plane defined by the markers
placed on the hand (Figure 5.1). Thumb movements were described using a thumb plane
defined by the markers at thumb carpometacarpal (CMC) and MCP joints as well as the
index finger MCP joint. Likewise, movements of the CMC, MCP, and interphalangeal (IP)
joints of the thumb are calculated with respect to the plane defined by the markers placed
on the hand. Movements and joint angle calculations were performed according to Metcalf
et al. [34]. Small rotations in other directions due to non-constant interphalangeal joint
axes were neglected because of the assumption of parallel FE joint motions.

A running root-mean-square (RMS) of EMG signals was calculated for amplitude
analysis of each test. A moving window with a frequency of 20 Hz was utilized for RMS
calculation. In addition, a second order Butterworth low-pass filter with 10 Hz cut-off
frequency was used to produce a smooth EMG RMS signal. Three peaks of EMG RMS
values, corresponding to time instants when the DIP joint reached maximum flexion, were
selected. The average value of the three EMG RMS peaks was used for analysis and com-
parison among the conditions considered. In order to analyze the thumb and fingers pos-
tures during tip and chuck pinch, the time for maximum EMG RMS value was utilized.
This time was used to calculate the thumb and fingers postures during maximum pinch
force exertion. Posture variation was analyzed with respect to the index finger UC condi-
tion. Furthermore, data from the pinch meter were recorded for each condition. All EMG
RMS and force data were calculated as a percentage the maximal values obtained for each

subject in each test performed.
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5.2.4  Statistical analysis

Statistical significance of the simulated PIP joint constraint angles was analyzed with
repeated measures (p < 0.05, significance level is 0.05) across the subjects using one-way
analysis of variance (ANOVA). The simulated PIP joint constraint angles were randomized
and assigned by one experimenter. The result of each condition was represented as the

mean value across three measurements.

5.3 Results

5.3.1 Free DIP joint FE activation

The mean and standard deviation of the percentage of EMG RMS of the FDP and
ED during FE of the DIP joint of the UC and constrained index finger with the MCP joint
at 0° and 45° of flexion for all subjects are presented in Figure 5.2(a) and (b). The exertion
of FE forces at the DIP joint did not change significantly (p > 0.05) among subjects under
selected PIP joint constraint angles. The mean and standard deviation of the free FE range
of motion (ROM) of the DIP joint when the index finger PIP joint was UC and constrained
for all subjects is shown in Figure 5.3. The lower bound of the ROM of the DIP joint
changed significantly (p < 0.05) among subjects under imposed PIP joint constraints whit
the MCP joint at 0° and 45° of flexion, as shown in Figure 5.3. The upper bound of the
ROM of the DIP joint did not vary significantly (p < 0.05) among subjects under imposed
PIP joint constraints whit the MCP joint at 0° and 45° of flexion, as presented in Figure 5.3.
Although the ROM of the DIP joint changed significantly (p < 0.05) with the MCP at 0°,

it did not differ significantly (p < 0.05)with the MCP at 0° of flexion.

5.3.2 Pinch activation

The mean and standard deviation of the percentage of EMG RMS of the FDP and

ED during tip and chuck pinch tests of the UC and constrained index finger for all subjects
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Figure 5.2: The mean and standard deviation of the percentage of EMG RMS activation of
the FDP and ED during: (a) free FE of the DIP joint with the MCP joint at 0° of flexion; (b)
free FE of the DIP joint with the MCP joint at 45° of flexion; (c) tip pinch; and (d) chuck
pinch, of the UC and constrained index finger with experimental data of all subjects.
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Figure 5.3: The free FE ROM of the DIP joint for all subjects when the PIP joint is uncon-
strained (UC) and constrained to selected angles and with the MCP joint at 0° and 45° of
flexion.
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are shown in Figure 5.2(c). The EMG RMS of the FDP of the index finger changed sig-
nificantly (p < 0.05) among subjects under selected PIP joints constraints during tip pinch
tests. The mean and standard deviation values of the FDP during tip pinch tests, shown in
Figure 5.2(c), indicate the greatest force activation for the UC finger and when the PIP joint
is constrained at 0° to 20° of flexion. The EMG RMS of the FDP decreases as the PIP joint
constraint angle increases (Figure 5.2(c)). The EMG RMS of the ED did not change signif-
icantly (p > 0.05) among subjects under simulated PIP joint arthrodeses during tip pinch
(see Figure 5.2(c)). The EMG RMS of the FDP and ED of the index finger changed signif-
icantly (p < 0.05) among subjects under selected PIP joints constraints during chuck pinch
tests (Figure 5.2(d)). The mean and standard deviation values of the FDP during chuck
pinch tests, shown in Figure 5.2(d), indicate the greatest force activation for the UC finger
and when the PIP joint is constrained at 0° to 20° of flexion. Most of the values of EMG
RMS of the FDP and ED decrease as the PIP joint constraint angle increases (Fig. 5.2(d)),

except for the EMG RMS of the FDP when the PIP joint was constrained to 60° of flexion.

5.3.3 Pinch postures

The UC index finger condition was utilized to compare the thumb, index, and middle
finger postures among subjects under simulated PIP joint arthrodesis during tip and chuck
pinch. The mean and standard deviation for all subjects of the MCP abduction-adduction
(AA), as well as MCP, PIP, and DIP FE joint angles of the UC index finger under tip and
chuck pinch are 12° (SD 9°), 58° (SD 8°), 20° (SD 15°), and 7° (SD 11°), respectively. The
MCP AA joint position did not differ significantly (p > 0.05) among subjects with respect
to the UC condition under simulated PIP arthrodesis during tip and chuck pinch. The MCP
FE joint angles were 65° (SD 9°), 57° (SD 9°), 48° (SD 14°), 46° (SD 17°), and 39° (SD
18°) for PIP joint constraints at 0°, 20°, 30°, 40°, and 60° of flexion, respectively. Similarly,
the DIP FE joint angles were 7° (SD 14°), 10° (SD 12°), 5° (SD 22°), 3° (SD 23°),and 2°

(SD 25°) for the PIP joint constraints analyzed. The MCP and DIP FE joint positions were

90



not significantly affected (p > 0.05) by simulated PIP arthrodesis with respect to the UC
finger.

The thumb joint postures did not change significantly (p > 0.05) among subjects
under simulated PIP joint arthrodeses of the index finger with respect to the UC condition
during tip and chuck pinch. Likewise, the middle finger postures did not differ significantly
(p > 0.05) among subjects under imposed PIP joint constraints with respect to the UC

condition of the index finger during chuck pinch.

5.34 Pinch forces

The mean and standard deviation of the percentage of maximum force measured in
the pinch meter during tip and chuck pinch with the index finger UC and constrained for
all subjects are shown in Figure 5.4. The percentage of tip and chuck pinch forces did not
change significantly (p > 0.05) among subjects under selected PIP joints constraints. The
greatest values of the mean percentage of force for tip and chuck pinch are reached when
the index finger PIP joint was UC and constrained to 0° and 20° of flexion.

The mean and standard deviation of the maximum tip pinch force, reached for the
UC index finger, is 5.73 kg and SD 1.72 kg, respectively. Similarly, the mean and standard
deviation of the maximum chuck pinch, reached when the PIP joint was unconstrained, is

8.27 kg and SD 1.34 kg, respectively.

54 Discussions

This study investigated the impact of simulated index finger PIP arthrodesis on finger
biomechanics and pinch force. Individual and cooperative digits tasks were assessed with
the index finger PIP joint UC and constrained to selected angles in order to understand the

impairments associated with such conditions.
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Figure 5.4: The mean and standard deviation of the percentage of tip and chuck pinch
forces of the index finger with experimental data of all subjects under selected PIP joint

constraints.
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54.1 Free DIP joint FE activation

The free DIP joint FE activation of the index finger was analyzed under imposed PIP
joint constraint angles. EMG RMS values of the FDP and ED indicate that varying angles
of the PIP and MCP joint flexion have no significant influence on muscle activation forces
used to freely flex and extend the DIP joint (see Figure 5.2(a) and (b)). This reuslt concurs
with a previous cadaveric study reporting that DIP flexion resistance force did not differ
significantly when the PIP joint was constrained to 0°, 30° and 60° of flexion and with
the MCP joint at 0° of flexion [44]. It is known that the human finger contains tendinous
mechanisms that are essential for proper control. One such mechanism couples the DIP and
PIP joints in the finger when flexed or extended [3]. Our results suggest that the coupling
mechanisms between the PIP and DIP joint do not have a significant influence on the forces
required to freely flex and extend the DIP joint when he PIP joint is constrained to distinct
angles. A similar conclusion can be drawn from the result obtained when the MCP joint
is kept at 45° of flexion (Figure 5.2(b)). The DIP joint tended to slightly decrease its
ROM as the simulated PIP joint arthrodesis angles increased (see Figure 5.3). This result
agrees with the findings reported by Arauz et al. when measuring the DIP joint ROM
for assessment of workspace attributes [3]. Free FE motions of the DIP joint, despite
not presenting significant differences under selected PIP joint constraints for EMG RMS
values FDP and ED, have a significant effect on the lower bound of the DIP ROM of the
constrained finger. When the PIP is placed in flexion, the oblique retinacular ligament is
on slack and is unable to pull on the lateral bands of the extensor mechanism. Therefore
when the PIP is placed in flexion, the DIP will not be able to actively extend [30]. This
would account for why the EMG activity doesn’t present with significant differences but
the DIP shows decreased ROM, particularly an extensor lag, as the PIP is constrained in

greater flexion.
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54.2  Pinch

Tip and chuck pinch were investigated with the index finger PIP joint UC and con-
strained to selected angles. EMG RMS values of the FDP indicate that the greatest muscle
force was exerted when the index finger PIP joint was UC and constrained to 0° and 20° of
flexion during tip and chuck pinch. A similar result was obtained for the ED muscle during
chuck pinch. There were no significant differences under selected PIP joint constraints for
the ED muscle force exertion during tip pinch.

The corresponding index finger postures during tip and chuck pinch indicate that
the MCP and DIP joint positions were not significantly affected under simulated PIP joint
arthrodesis with respect to the UC (natural) posture. However, our findings suggest that
compensation for the loss of a degree of freedom in cooperation of the index finger and
thumb, in tip pinch, as well as index and middle fingers and thumb, in chuck pinch, was
only presented in the index finger. The postures of the thumb and middle finger did not
change significantly under imposed PIP joint constraints with respect to the postures of
the UC finger condition during tip and chuck pinch. These results are in agreement with
previous studies reporting greater compensatory motion demands of the MCP and DIP
joints in precision pinch [15, 51]. These results further support the thumb’s primary role
of providing a fixed support on which the index and middle fingers rest during tip and
chuck pinch [15]. The UC PIP joint angle for tip and chuck pinch was approximately 20°
of flexion. This result can be related to EMG RMS values of the FDP and ED during tip
and chuck pinch, indicating greater activities with the PIP joint constrained to angles in the
vicinity of the UC condition.

Although there were no significant differences for tip and chuck pinch forces un-
der simulated index finger PIP arthrodesis among subjects, average results indicate greater
force exertion for the UC condition. The mean value of chuck pinch force (8.27 kg) was
40% bigger than the tip pinch force (5.73 kg). This result concurs with a previous study

reporting on the strength of tip and chuck pinch [42].
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The interpretation of our data is that individuals without other hand impairments may
adapt relatively well to PIP joint arthrodesis in tip and chuck pinch. Based on our results,
a PIP joint arthrodesis at approximately 20° of flexion (close to a natural posture) may be
optimal for tip and chuck pinch. Nonetheless, due to the fact that no significant differences
in pinch and chuck force were found under imposed PIP joint constraints, the relevance
of the pinch strength in selecting the appropriate PIP joint angle for arthrodesis may be
of less interest when compared to other aspects such as precision handling functionality,
workspace dimensions, and aesthetic preferences, among others [3, 15, 51].

Despite the fact that perfect immobilization of the PIP joint was not possible due to
soft tissue and skin movement, custom-made thermoplastic splints constrain the motion of
the PIP join to less than 5°. Perhaps this variation led to underestimating the impairment
experienced by patients with surgical PIP arthrodesis. Moreover, arthrodesis of the PIP
joint might affect some tendionous mechanism that could change the finger biomechanics.
Furthermore, the impact of the loss of the PIP joint motion is probably underestimated
when compared with the impact in individuals with arthritis involving multiple joints of
the fingers and thumb because all subjects tested in this study had normal function of the

hand.

5.5 Summary

This study reports the impact from simulated PIP arthrodesis in the biomechanics
and pinch force of the index finger. EMG RMS values of the FDP and ED revealed that
a PIP arthrodesis at 0° and 20° of flexion leads to a more natural finger posture during tip

and chuck pinch. However, the significance of pinch force measurements was limited.
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Chapter 6

Shoulder Joint Forces and Moments During Blocking in

Football

6.1 Introduction

The purpose of this study was to develop an inverse dynamics model in order to esti-
mate the shoulder joint forces and moments exerted by collegiate American football players
during hitting of a blocking sled. The inverse dynamics model of articulated segments was
utilized to characterize three-dimensional (3D) upper extremity joint kinematics and ki-
netics during simulated blocking using a custom-built sled including five load cells. The
forces and moments at the upper extremity joints (glenohumeral (GH), elbow, and wrist)
of one subject (one investigator) were determined during hitting of the blocking sled.

Blocking, a key part of American football, is the legal effort by an offensive player to
obstruct a defender in order to complete successful running or passing plays. On running
plays, offensive players block defenders in order to stop them tackling the ball carrier.
On passing plays, offensive linemen aim to prevent rushing defenders from reaching the
quarterback as he throws downfield. Injuries are common in the contact and collision sport
of American football. As many as 1.5 million young men participate in American football
in the United States [38]. It is estimated that 11% to 81% of participants will sustain an
injury at some time while playing the sport [43, 23]. Since 1970s epidemiological studies

have shown that the risk of injury is higher in older athletes and lower in teams with more
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experienced coaches and more assistant coaches. These studies have shown that 51% of
injuries occurred at training, and contact sessions were 4.7 times more likely to produce
injuries than controlled sessions [38]. The shoulder is the fourth most common site of
musculoskeletal injury behind the hand, knee, and ankle, composing roughly 10% to 20%
of the total number of injuries encountered [7, 13, 23]. Linemen have been thought to be at
higher risk for the development of posterior labral abnormalities and instability because of
the loads on an outstretched arm when blocking [23]. Although not a very common injury,
data from previous investigations [31, 23] confirm that linemen are more prone to this
injury than players in other positions. Even though shoulder injuries are relative common
in American football, there has been no study that has examined the shoulder forces and
moments exerted by linemen during blocking.

Modeling of movement of the wrist and elbow is relatively simple, since both can
be represented as two degree-of-freedom (DOF) joints. Nonetheless, the shoulder joint
complex is an articulation that defies simple kinematic description [36]. Accurate deter-
mination of scapular position is difficult without skeletal pins, time-consuming palpation,
or complex imaging techniques that are potentially invasive, expensive and impractical in
most research settings [36]. Consequently, an approach to measure the upper limb relative
to the trunk, previously used and supported by other investigators [36, 48], was utilized to
investigate the shoulder forces and moments exerted by American football players during
hitting of a blocking sled. Although the average impact force measured at the blocking sled
has been reported [17], upper extremity joint impact loading has not been investigated.

This Chapter is organized as follows. Section 6.2 presents the materials and meth-
ods used to calculate the upper extremity forces and moments generated during blocking.
The kinematic and kinetic models of the upper extremity are developed. In addition, the
experimental setup used to evaluated the models during simulated blocking experiments is
described. In Section 6.3, experimental results are presented. Discussions are presented in

Section 6.4.
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6.2 Material and methods

In the following, the methodology to model the upper extremity and determine the

its joint forces and moments during simulated blocking are explained.

6.2.1 Kinematic model

The upper body model comprises seven segments including the thorax, upper arms,
forearms, and hands, as shown in Figure 6.1. All joints are assumed to have fixed joint
centers of rotation [36]. The upper extremity is a redundant manipulator able to move with
multiple DOF. Rigid segments connected to several joints were utilized to generate the
kinematic model of the upper extremity. The motions of the wrist joints were utilized in
developing its kinematic model. In particular, flexion/extension and radial/ulnar deviation
were modeled by a universal joint with two DOF. The elbow joint is modeled as rotating-
hinge joint with two DOF, centered in the distal humerus. Forearm pronation and supination
were modeled as rotations about an axis connecting the elbow and wrist joint centers. The
glenohumeral (GH) joint was modeled as a ball and socket joint with three DOF, located at
the center of the humeral head. To define the segments, reflective 14 mm spherical markers
were placed on the subject. Joint axis were embedded at the joint centers, which were
calculated using subject specific anthropometric data. In addition, the axial motion of the

sled was modeled as a rigid body using three 14 mm spherical markers.

6.2.2 Kinetic model: body segment parameters

The mass and segment center of mass location of the hands, forearms, and upper
arms, were estimated using measurements of weight and segment lengths of the subject by
applying these measurements to anthropometric relations published in literature [S0]. The
three segments of the upper extremity were modeled as rigid bodies of uniform density.
The principal moments of inertia on the upper arm and forearm segments were obtained by

modeling them as conic shapes. The upper and lower circumferences of the upper arm and
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forearm as well as the length of these segments were measured during the study [2]. The
hand was modeled as a square cuboid with the lengths being measured from the wrist to the

middle finger metacarpal and the height corresponding to the hand thickness (see Fig. 6.1).

6.2.3 Kinetic model: body segment angular velocity and angular ac-

celeration

Three noncollinear virtual markers were equidistantly created in the LCS of the upper
arm, forearm, and hand, respectively, with the LCS centered at center of mass of each
segment. The global coordinates of these markers were utilized to calculate each segment
acceleration, as well as the angular velocity and angular acceleration. Trajectories of the
virtual markers were were filtered using a second order Butterworth low-pass filter with 20
Hz cut-off frequency. First and second derivatives were applied to the filtered data in order
to determine velocities and accelerations of the there points on each segment.

We let the three noncollinear points of the segment under study be denoted by 2P,
in the LCS and let Ap; = [x;(¢) yi(¢) zi(t)]” be their corresponding position vectors in the
GCS. The centroid C of the foregoing set has a position vector ¢ that is the mean value of

the three given position vectors [1], namely,

c==Yp 6.1)

Likewise, if the velocities of the three points are denoted by p;, and their centroid by ¢ [1],

one has
e=2Y b (62)
Similary, if the accelerations of the three points are denoted by pj, and their centroid

by ¢ [1], one obtains

¢=2) b (6.3)
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Figure 6.1: Hitting of the blocking sled simulation. The upper limbs modeled as rigid bod-
ies of uniform density. The upper arm (red) and forearm (blue) modeled as conic shapes.
The hand (cyan) modeled as a cuboid. The head and trunk (green) modeled as a sphere and
ellipsoid, respectively. The moving part of the sled (red) modeled as a cuboid.
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For a rigid body, the velocity of three given points can be expressed as
Pi—¢=Q(pi—¢), i=1,2,3 (6.4)
Now we define a 3 x 3 matrix P as
P=[pi—¢c pr—c p3—¢ (6.5)
Upon differentiation of both sides of equation (6.5) with respect to time, one has
P=[p—¢ pr—¢ p3—¢ (6.6)

Upon a second differentiation of both sides of equation (6.5) with respect to time, one

obtains

P=[p—¢ pr—¢ p3—¢ (6.7)
Further, equation (6.4) can be written in matrix form as
P=QP (6.8)
Upon multiplying both sides of equation (6.8) by P from the right, we obtain
PP’ = QR, where R=PP’ (6.9)
Then, if we take the vector of both sides of equation (6.9), we obtain

%J o = vect(PPT) (6.10)

where J is defined as

J=u(R)I-R 6.11)

Then, the angular velocity and angular acceleration of the segment can be calculated as
follows [1]
o =2J vect(PPT) (6.12)

@ =2J 'vect(PPT — QO°R) (6.13)
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6.2.4 Kinetic model: Newton-Euler equations

Since ground reaction forces (contact sled forces) are measures in the GCS and the
moments of inertia are known in the segment LCS, transformation matrices can be used in
the kinetic calculation. All joint reaction forces are initially calculated in the GCS, and all
joint moments are calculated in the the segment LCS. Load cells and makers from the sled
enabled to estimate the force exerted by the players during hitting of the blocking sled.The
videos simultaneously recorded during data collection were used in order to identify the
initial and final time when the player makes contact with the sled’s red man. Those times
were used to select the interval of the sled forces acting on the player. Selected intervals of
the sled forces were used in Newton-Euler equations of motion to determine the forces and
moments at each upper extremity joint through the inverse dynamics method [40].

Equation (6.14) calculates the forces of each joint in the GCS as follows

Fy =my(ag+g)—Fs

Fr  =mr(ap+g)—Fy (6.14)

Fon =my(ay+g)—Fg
where Fy, Fg, and Fgy are the forces at the wrist, elbow, and glenohumeral joints, respec-
tively. Fgy is the force measured at the sled. my, mr, and my are the masses of the hand,
forearm, and upper arm, respectively. ag, ar, and ay are the accelerations of the center
of mass of the hand, forearm, and upper arm, respectively. g is the acceleration of gravity
(9.81 m/s?).

Equation (6.15) calculates the moments of each joint in the segment LCS as

H HY H H H H
My = "Hpy + "rpisg X" Fsp — "rproxu X Fy

F FY F F F F F
Mg ="Hr — "My + "rpisr X" Fw — "rproxr X" Fg (6.15)

U Uy U U U U U
Mgy = "Hy — "Mg + “rpisv X Fg — “rprosv X° Fou

where "My, "Mg, and YMgy are the segment moments at the wrist, elbow, and gleno-

humeral joints, respectively calculated at their corresponding LCS. “Hy, “Hp, and YHy
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are the rates of change of angular momentum of the hand, forearm, and upper arm, respec-
tively measured in the corresponding LCS. Hypist, Frpise, and Yrp;sy are the moment arms
from the center of mass to the distal joint of the hand, forearm, and upper arm, respectively
measured in the corresponding LCS. Hyproxtts Fxproxr, and Yrp,y are the moment arms
from the center of mass to the proximal joint of the hand, forearm, and upper arm, respec-
tively measured in the corresponding LCS. Note superscripts H, F, and U indicate forces

and moments expressed in the LCS of the hand, forearm, and upper arm, respectively.

6.2.5 Data Acquisition

Farticipans: One investigator, with experience in football, volunteered in testing the
experimental setup

Instrumentation: A ten-camera motion capture system (Vicon MX, Oxford UK) at
a sample frequency of 100 Hz, was utilized for data collection. The three dimensional
coordinate measurements were determined to be well within 0.5 mm [3]. For kinematic
analysis, 37 reflective markers were attached to anatomical landmarks of the subject with
double-sided tape. Figure 6.2 illustrates the marker placement of for the 37 x 14 mm
spherical markers. A marker placed on lateral left side of the pelvis (LPLV) was used to
define the 3D positions of the markers attached at the left and right side of the anterior
superior iliac spine (LASI and RASI, as shown in Figure 6.2) when the player flexes his
trunk completely occluded those marker with his body. The upper body model analyzed
included the thorax, upper arms, forearms, and hands [36]. In addition, three markers
placed on the sled were utilized to estimate the sled kinematics

To measure the blocking force, an instrumented blocking sled was custom built, as
shown in Figure 6.3(a). A commercial available blocking sled, typically used in football
training, was chosen for this study. This device implements a resistive element to absorb
player impact. The blocking sled was bolted to five load cells (Omega LC101) symmetri-

cally arranged in order to measure three orthogonal components of the ground reaction
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LBHD Gmoy RBHD

LPSI RPSI

-/

Figure 6.2: Full body marker set. Prefixes denote the following: L: Left, and R: Right.
The following landmarks were used: suprasternal notch (CLAV), xiphoid process (STRN),
spinous process at C7 (C7), spinous process at T10 (T10), acromial angle (BAK), acromio-
clavicular joint (SHO), lateral epicondyle of humerus (ELB), radial styloid (WRA), ulnar
styloid (WRB), third metacarpal (FIN), temple (FHD), back head (BHD), anterior superior
iliac spine (ASI), posterior superior iliac spine (PSI), lateral side of the pelvis (LPLV), fe-
mur (THI), lateral epicondyle of femur (KNE), tibia, (TIB), lateral malleoli (ANK), and
distal interphalangeal joint of the first toe (TOE).
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force, as illustrated in Figure 6.3(b). Each load cell can measure tension/compression
forces in one axis. Four load cells are capable of measuring up to 8,900 N and one up
to 11,150 N. The blocking sled reaction forces were calculated by summation of the pro-
jected components of each load cell on a global coordinate system used for analysis, as
illustrated in Figure 6.3. In addition, force components due to acceleration of the moving
red cushion (red man) and square piston with a mass of 20 kg, as indicated by the green
arrow in Figure 6.3(a), yielding the resistive element, were calculated using equation (6.16)
(see Section 6.2.6), and were included in the calculation of the sled blocking forces. Three
reflective markers were placed on the head and lateral sides of the sled’s red man, as indi-
cated in Figure 6.3(a), to measure the sled kinematics. Load cell outputs were recorded at
1000 Hz. All data were synchronized using the motion capture system (Vicon MX, Oxford
UK). No shear forces were recorded due the limitation of the load cells. Each load cell was
calibrated individually. A controlled force was applied along the tension/compression axis
of each load cell using the setup illustrated in Figure 6.4. Each load cell was calibrated
using four compression loads as described in Section 6.2.6. Distinct loads were utilized
with an input DC voltage of 12 V in order to determine the gains required to quantify the
axial force on each load cell.

Videos simultaneously recorded during data collection were used to identify the pe-
riod of time when the player makes contact with the sled’s red man.

Setup: The we subject hit the blocking sled one time, as presented in Figure 6.5, in

each of these conditions:

(1) An impulsive hit to the blocking sled: the time the player is in contact with the

sled less than 1 second.

(2) A sustained hit to the blocking sled: the time the player is in contact with the sled

less at least 2 seconds.

The blocks were recorded for analysis. The subject was asked to perform the block
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Figure 6.3: (a) Custom built blocking sled, and (b) load cells bolted to the blocking sled
and ground.
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Figure 6.4: The schematic diagram of the setup used for load cell calibration.
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as required in the in the Laws of the Game. He was advised to hit the blocking sled as he
would normally do on the field during a competitive match or during practice [46]. The

subject performed a practice trial under each condition before data recording.

6.2.6 Data processing

In order to analyze upper body motions, each marker was taken as a set of three points
indicating the relative x, y and z coordinates of the marker in space, relative to the Vicon
coordinate system, or GCS. A local coordinate system (LCS) is then embedded in the trunk
plane defined by the marker model and subsequent planes and vectors are defined relative
to the trunk plane. Data were exported to and processed with MATLAB (MathWorks Inc.,
Natick, MA, USA) software package. Data were filtered using a second order Butterworth
low-pass filter with 20 Hz cut-off frequency. Shoulder offset, elbow and wrist width, as
well as hand thickness were measured for the subject in order to identify joint centres.
The thorax origin was calculated using the four markers attached to this segment. The
orientation of segments was identified by calculating three orthogonal axes directions (x-
axis sagittal, y-axis transverse, and z-axis longitudinal). Two of these axis directions were
calculated directly from marker data, and the third was determined perpendicularly to the
plane defined by the direction of these two axes. The GH joint center was calculated from
the thorax segment using the measured shoulder offset (the longitudinal distance from the
shoulder marker to the GH joint center). To calculate the upper extremity from the proximal
and distal direction, the joint centers of the proximal segment were used. The marker of
the joints, the wand markers of the segments (defined by three markers attached to each
segment), and the joint widths (elbow and wrist width, as well as hand thickness) were
utilized to determine the distance from the joint markers to the joint centers, as illustrated
in Figure 6.6. The orientations of the extremity segments were labeled by longitudinal z-
axis, the transverse y-axis (from the distal joint center to the distal joint marker) and the

perpendicular sagittal x-axis, with the distal joint center as the origin [49, 36], as illustrated
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Figure 6.5: Player hitting the blocking sled as set-up in the present study
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in Figure 6.8. Three dimensional joint angles were calculated by the relative orientation
of the proximal and distal segments. The joint flexion angles (shoulder, elbow, and wrist)
were the angles determining the transverse axes of the proximal and distal segments, as
shown in Figure 6.8. The angle directions were defined as positive for shoulder, elbow and
wrist flexion and negative for shoulder and wrist extension. The shoulder internal rotation
angle was defined as the rotation of the humerus along the longitudinal axis of the humerus.
A positive value corresponds to an internally rotated humerus. The forearm pronation and
supination was calculated between the sagittal axis of the wrist and the sagittal axis of the
humerus, where a positive value corresponded to a forearm pronation. Wrist flexion and
extension as well as radial and ulnar deviation were measured relative to the LCS embedded
in the wrist, as presented in Figure 6.8. Shoulder adduction and hand ulnar deviation were
defined as positive. The thorax rotation angle was defined between the projected sagittal
x-axis of the thorax and the y-axis of the GCS. Finally, the thorax or trunk flexion was
calculated between the projected and sagittal x-axis of the thorax [49, 36], as illustrated in
Figure 6.7.

Compression loads of 1,120 N, 2,220 N, 3340 N, and 6450 N were used to calibrate
each load cell. The values of voltage obtained for each load was fitted to a linear relations
and those relations were used to calculate the forces measured at each load cell during
hitting of the blocking sled.

Figure 6.9(a) illustrated the schematic representation of the blocking sled. The free-
body diagram of moving part of the sled (part 1) is illustrated in Fig. 6.9(b). The load
cells kinetic data were re-sampled to 100 Hz and combined with the kinetic data from the
moving part of the sled in order to provide the total force of hitting the blocking sled using

equation (6.16) as follows.
Fs, =mg(asz+¢g)—R (6.16)

where Fg; is the total force of hitting the blocking sled, R is the ground reaction force

measured at the load cells, m; 1s the mass of the moving part of the sled, ag; is acceleration
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Figure 6.6: Segment model of the upper body constructed with markers placed on anatomi-
cal landmarks of the subject. Red circles correspond to the joint centers of the upper limbs.
Segments in blue illustrate the segment model of the upper limbs (upper arm, forearm, and
hand). The head, thorax, pelvis, upper arms, forearms, and hands are represented by lines
in black connecting surface markers attached to each segment. The black lines in a trian-
gular shape above the marker model corresponds to the marker model of the moving part
of the sled.
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Figure 6.7: Orientation and joint angles of the thorax segment with respect to the GCS.
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Figure 6.8: Schematic diagram of the upper extremity joint centers and their axes of motion.
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computed relative to the global coordinate system (GCS) using the markers placed on the

moving part of the sled, and g is the acceleration of gravity.

6.3 Results

In the following, the result of the measurements for the parameters of the subject
are presented. In addition, the calibration of the load cells is described. Moreover, forces
measured at the sled are presented. Finally, the result of the forces and moments measured

at the upper extremity joints is presented for the two hits considered.

6.3.1 Subject parameters

The mass and height of the subject were 100 kg and 185 cm, respectively. The seg-
ment lengths of the upper upper arm, forearm, and hand were calculated using the average
distance between the estimated centers of the GH and elbow joints, the elbow and wrist,
and the wrist and hand joints, respectively. The lengths of the upper upper arm, forearm,
and hand were [, = 338 mm (SD 9 mm), /; = 277 mm (SD 2 mm), /;, = 100 mm (SD 4

mm), respectively.

6.3.2 Load cell calibration

Load cells were calibrated using compression loads of 1,120 N, 2,220 N, 3340 N,
and 6450 N. Figure 6.10 illustrates the calibration results of each of the five load cells used
in this study. The values of voltage obtained for each load applied and the fitted linear
equations are illustrated in Figure 6.10. All load cells present a linear relation between the
load applied and the output voltage for the range of the load values utilized. The average

and standard deviation of the signal-to-noise ratio for the load cells was 8.81 dB (SD 8.17

dB).
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Figure 6.9: (a) The schematic diagram of the custom built blocking sled, and (b) free-body
diagram of the moving part of the sled during hitting.
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Figure 6.10: Experimental calibration of the five load cells (a-e). The load cells input DC
voltage was 12 V.
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6.3.3 Sled forces

Sled forces were calculated with respect to the GCS. The force component normal
to the player was along the y-axis, and the z-axis is along the vertical plane. Figure 6.11(a)
presents the result of the forces measured at the sled (only when the player makes contact
with the sled) during an impulsive hit to the blocking sled. The maximum 3D net force at
the sled for the impulsive hit was approximately 2000 N. The time duration of the hit was
approximately 0.62 seconds (from time 2.08 to 2.7 seconds). Figure 6.11(b) presents the
result of the forces measured at the sled during a sustained hit to the blocking sled. The
maximum 3D net force at the sled (only when the player makes contact with the sled) for
the sustained hit was approximately 2200 N. The time duration of the hit was approximately

3.13 seconds (from time 0.52 to 3.65 seconds).

6.3.4 Forces and moments at the upper limb joints.

The forces and moments at the joints of the left upper limb were calculated. Since
measurements of the force at the sled provides only one force vector, it was assumed that
this force vector was equally acting on each upper limb. The sled force data were used in
equations (6.14) and (6.15) to determine the forces and moments at each joint of the left
upper limb. Figure 6.12 shows the forces at the wrist, elbow, and GH joints measured with
respect to the GCS for the impulsive hit to the blocking sled. The maximum magnitude
of the forces at each joint was approximately 1000 N. Figure 6.13 shows the forces at the
wrist, elbow, and GH joints measured with respect to the GCS for the sustained hit to the
blocking sled. The maximum magnitudes of the forces at each joint were approximately
1000 N.

The moments generated during hitting of the blocking sled were calculated in the
LCS of each segment. Moments generated during an impulsive hit to the blocking sled,
shown in Figure 6.14, indicate that the maximum magnitude of moment at the wrist joint

was approximately 60 N-m. Likewise, the maximum magnitudes of moment at the elbow
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Figure 6.11: Forces measured at the sled during impulsive and sustained blocking hits. The
black solid line corresponds to the 3D force magnitude.
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Figure 6.12: Measurement of forces at the left upper limb joints in the GCS for the impul-
sive hit to the blocking sled. The black solid line corresponds to the force magnitude.
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Figure 6.13: Measurement of forces at the left upper limb joints in the GCS for the sus-
tained hit to the blocking sled. The black solid line corresponds to the force magnitude.
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and GH joints were approximately 150 and 330 N-m, respectively. Figure 6.15 shows the
estimation of the moments at the wrist, elbow, and GH joints measured with respect to
the LCS for the long hit of the blocking sled. The approximate maximum magnitudes of

moment at the wrist, elbow and GH joints are 80, 320, and 440 N-m, respectively.

6.4 Discussion

Measurements of subject parameters are in agreement with athropometric measure-
ments reported in literature [50]. Although those measurements were used to determine
mass of each segment, the body mass index(BMI) [46] can be used to adjust for larger
athletes.

The inverse dynamics model calculated the upper limb joint forces and moments
generated during hitting of a custom-built blocking sled in one volunteer. Model accuracy
was acceptable as long as the reaction forces measured at the sled were grater than the
resolution of the load cells (between 200 and 300 N). It is expected that the accuracy of
the proposed model will be improved by including force sensing devices with better res-
olution than the load cells utilized. In particular, since measurements of the force at the
sled provides only one force vector, assumptions that this vector acts equally on each upper
limb were made. A more innovative design of the blocking sled incorporating sensors to
measure forces and moments at each upper limb will increase the model accuracy.

Since the participant involved in this study has not been an active player for several
years, the magnitude of the blocking forces measured at the sled (2200 N) were 30% lower
than those reported in previous studies conducted with collegiate football linemen (3013
4+ 598 N) [17]. In addition, despite having measured a similar force at the blocking sled,
the magnitudes of the moment at the shoulder joint differed by approximately 25% for
impulsive and sustained hits to the blocking sled (330 and 440 N-m). This result indicates
the kinematic and dynamic variation of the upper limb under two distinct hits.

The exploratory protocol to measure the forces and moments at the upper limbs of
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Figure 6.14: Measurement of moments at the left upper limb joints in the LCS for the im-
pulsive hit to the blocking sled. The black solid line corresponds to the moment magnitude.
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American football players during simulated blocking has shown that it is possible to apply
an inverse dynamics model. However, further improvements in the force sensing devices

may be required in order to increase the accuracy of the outputs of the model.

6.5 Summary

In this chapter, an inverse dynamics model was utilized to determine the upper limb
joint forces and moments during blocking. Model development and the methodology used
to measure the forces and moments were introduced. The experimental setup and data ac-
quisition were discussed. The model was applied in experiments conducted on one subject
who hit an instrumented blocking sled. The model and methodology implemented worked
well on measuring the joint forces and moments generated at the upper limb when the sub-
ject hit the blocking sled. The future work will include the implementation of the model
and experimental protocol on assessment of collegiate American football players during

blocking.
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Chapter 7

Conclusions and Future Work

7.1 Conclusion

This dissertation critically examined and implemented mechanical models to investi-
gate the appropriate finger arthrodesis, as well as shoulder joint forces and moments during
blocking in American football. The following attempts to reach overall conclusions of the

findings presented in the preceding chapters.

7.1.1 Finger arthrodesis

In this dissertation, the application of novel systematic and analytical methodologies
to investigate the index finger PIP arthrodesis found optimal constraint angles based on sev-
eral finger criteria such as workspace, manipulability, functional ROM, biomechanics, and
strength. Although it is not possible to find a unique PIP constraint angle that simultane-
ously optimize each criterion, our studies provide analytical methodologies that allow for
comparison among several criteria, before the arthrodesis angle is selected, and customize
for this angle for each patient in order to enhance not only finger performance but also the
quality of life after surgery or during rehabilitation. Hence, application of the proposed
methods results in better surgical planning and rehabilitation techniques helping surgeons,
clinicians, and therapists to make more informed decisions on the appropriate angle for

arthrdesis.
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7.1.2  Shoulder joint forces and moments during blocking

An inverse dynamics model of the upper limb was implemented to measure the im-
pact blocking forces, as well as upper limb joint forces and moments during simulated
blocking. In particular, the shoulder joint forces and moments were compared for two types
of hits. Our results indicate that the inverse dynamics model worked well on measuring the

upper limb joint forces and moments.

7.2 The proposed future work

Possible future work which follows the research and development presented in this

dissertation includes the following.

7.2.1 Hand and finger rehabilitation

To begin with, the proposed methodologies and finger models can be implemented
in the field of ergonomics to assist in the design of hand-held devices. In addition, the use
of the proposed methodology can be extended to define other body segment models such
as toes or thumbs which may require arthrodesis surgical procedures. Moreover, we should
explore the design of bio compatible mechanical devices that allow an effective and stable
finger joint replacement without sacrificing motion (arthroplasty). Finally, it will be im-
portant to explore the dynamic manipulation of the hand and fingers. Further development
of hand and finger models along with kinematic and kinetic information obtained from

experiments will allow to better understand how people manipulate objects.

7.2.2  Sports - American football

We have developed an inverse dynamics model to be used in measuring upper limb
joint forces and moments exerted by football players during simulated blocking. The pro-
posed model will be used to explore skill deficiencies due to fatigue and their role on

injuries. In addition, the model can be implemented to investigate the influence of player
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size and skill level on the magnitude of upper limb joint forces and moments. Furthermore,
EMG information measured from several muscles at the shoulder complex can be used to
developed and assess biomechanical models of the upper arm and shoulder complex. Fi-
nally, it will be important to explore whether a full-body inverse dynamics model with force
and moment inputs at the hands and feet enhances the accuracy of the model to measure

the upper limb joint forces and moments.
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Appendix A

The 4 x 4 Homogeneous Transformation

The 4 x 4 homogeneous transformation matrix in equation (A.1), j:_lT, defines the
transformation of frame {i} relative to frame {i — 1}, and involves the parameters of rota-

tion and translation defined by the D-H parameters in Table A.1 [12].

Table A.1: The Denavit-Hartenberg (D-H) parameters of the index finger model.

i o1 a1 di 6
1 0 0 0 6,
2 =90 0 0 6
3 0 L 0 6
4 0 b 0 6y
c6; —s506; 0 aj—1
i1 S@l’COCi_l CQ,‘COC,'_l —S0—1 —SOCi_ld,‘
Hlr = (A.1)

SQiSOCl',l C@l’S(Xl;l col—q COCl',ldi

0 0 0 1

where c6; and 56; are cos 6; and sin 6;, respectively. This transformation is a function of one
independent variable (6;), and three spatial parameters (a;_, @;_1, and d;) of the kinematic

chain [12].

Examples of calculation of the 4 x 4 homogeneous transformation matrices of frame
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{0} to {1} and {1} to {2} are shown in equation (A.2) using the D-H parameters in Ta-
ble A.1.

Since the fingertip is moving with frame {4}, the position vectors of the fingertip in
this frame is 13 = [l3 0 0 1]7, and /3 is the segment length of the distal phalanx of index
finger, as shown in Figure 2.1.

Employing equation (A.1) by using the D-H parameters in Table A.1, we can obtain

the following homogeneous transformation matrices.

cO; —s6; 0 O c6, —s6, 0 O

0 s6; ¢cB; 0 O . 0 0 1 0

1T = )T = (A2)
0 0O 10 —56, —c6, 1 0
0 0 01 0 0O 01

Equation (A.3) calculates the position vector py;, = [x,,-p Veip Ztip I]T of the tip of the

index finger represented in the reference coordinate system {0}.
Prip =1 TT3T Tl (A3)

Applying the forward kinematics, the 4 x 4 transformations can be multiplied to-
gether, and the x;;p, y:ip, and z;;, coordinates of the fingertip with respect to the base refer-

ence frame {0}, which initially coincides with frame {1} in Figure 2.1b, are calculated.
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