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Most manual wheelchair users will experience upper extremity injury and pain 

during their lifetime, which can be partly attributed to the high load requirements, 

repetitive motions and extreme joint postures required during wheelchair propulsion. 

Recent efforts have attempted to determine how different propulsion techniques influence 

upper extremity demand using broad measures of demand (e.g., metabolic cost). 

However studies using more specific measures (e.g., muscle stress), have greater 

potential to determine how altering propulsion technique influences demand. The goal of 

this research was to use a musculoskeletal model with forward dynamics simulations of 

wheelchair propulsion to determine how altering propulsion technique influences muscle 

demand. Three studies were performed to achieve this goal. 

In the first study, a wheelchair propulsion simulation was used with a segment 

power analysis to identify muscle functional roles. The analysis showed that muscles 

contributed to either the push (i.e. delivering handrim power) or recovery (i.e. 

repositioning the hand) subtasks, with the transition period between the subtasks 
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requiring high muscle co-contraction. The high co-contraction suggests that future studies 

focused on altering transition period biomechanics may have the greatest potential to 

reduce upper extremity demand. The second study investigated how changing the fraction 

effective force (i.e. the ratio of the tangential to total handrim force, FEF) influenced 

muscle demand. Simulations maximizing and minimizing FEF both had higher muscle 

work and stress relative to the nominal simulation. Therefore, the optimal FEF value 

appears to balance increasing FEF with minimizing upper extremity demand and care 

should be taken when using FEF to reduce demand. In the third study, simulations of 

biofeedback trials were used to determine the influence of cadence, push angle and peak 

handrim force on muscle demand. Although minimizing peak force had the lowest total 

muscle stress, individual stresses of many muscles were >20% and the simulation had the 

highest cadence, suggesting that this variable may not reduce demand. Instead 

minimizing cadence may be most effective, which had the lowest total muscle work and 

slowest cadence. These results have important implications for designing effective 

rehabilitation strategies that can reduce upper extremity injury and pain among manual 

wheelchair users. 
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Chapter 1 

 Introduction 

 

MANUAL WHEELCHAIR USER DEMOGRAPHICS 

There are currently over 1.5 manual wheelchair users in the United States of 

America (Kaye et al., 2000), with the majority of users lacking an alternative mode for 

mobility due to pathological conditions that limit lower extremity use (e.g., spinal cord 

injury). Many wheelchair users are young adults, as spinal cord injury occurs most often 

in individuals between 16 and 30 years old (CDC, 2006).  In addition, the spinal cord 

injury population is growing, with approximately 11,000 survivors of spinal cord injury 

added each year (CDC, 2006). Through advances in medical care, manual wheelchair 

users now benefit from longer life expectancies and higher daily activity levels.  

COMMON INJURIES 

Despite the advances in medical care, wheelchair users continue to have a high 

prevalence of upper extremity injury and pain relative to the general population, with the 

majority of injuries occurring at the shoulder and wrist joints. At the wrist, the most 

prevalent form of overuse injury is carpal tunnel syndrome. Carpal tunnel syndrome is 

used to describe a condition where median nerve damage has occurred within the carpal 

tunnel of the wrist. This condition results in pain, reduced joint range of motion and 

muscle weakness (Aljure et al., 1985; Boninger et al., 1999). The prevalence of carpal 

tunnel syndrome and wrist pain among wheelchair users has been estimated through 

nerve conduction tests (Aljure et al., 1985; Boninger et al., 2004) and symptomatic 

observations (Gellman et al., 1988; Sie et al., 1992) to be between 40-66% for manual 
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wheelchair users. In contrast, the prevalence of wrist pathologies in the general 

population is approximately 10% (Michelsen and Posner, 2002). 

The shoulder joint (i.e. glenohumeral joint) is also highly susceptible to overuse 

injury and pain, likely due to the fact that the joint has a large amount of soft tissue and 

complex muscle architecture. Among wheelchair users, the prevalence of shoulder pain 

and injury is estimated to be between 30 and 73%, with the two most common 

pathological conditions being shoulder impingement syndrome and rotator cuff tears 

(Boninger et al., 2005; Boninger et al., 2001; Curtis et al., 1999; Finley and Rodgers, 

2004). Shoulder impingement occurs when the humeral head moves upward within the 

glenohumeral joint, reducing the space between the humerus and acromion process of the 

scapula to create a condition that results in excess rubbing, pressure and inflammation 

within the joint. As a result the user experiences significant pain and reduced range of 

motion in the upper arm. The four muscles collectively known as the rotator cuff muscles 

(i.e. Supraspinatus, Infraspinatus, Teres Minor and Subscapularis) assit the passive joint 

structures to provide shoulder joint stability. Similar to shoulder impingement syndrome, 

tears in these muscles result in reduced shoulder motion and increased shoulder pain as 

well as muscle weakness. 

These injuries can be particularly debilitating for manual wheelchair users 

because they depend on the upper extremity for mobility in addition normal activities of 

daily life. Previous studies found upper extremity injuries to increase wheelchair user 

dependence and reduce quality of life measures (Gutierrez et al., 2007; Mercer et al., 

2006; Pentland and Twomey, 1994; Tate et al., 2002). For both wrist and shoulder 

pathologies, corrective measures usually include prohibiting upper extremity activities 

that aggravate the condition (e.g., activities requiring high forces or extreme joint 
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postures), medication to alleviate symptoms and/or surgical procedures and physical 

therapy (Gerritsen et al., 2002a; Gerritsen et al., 2002b).  

WHEELCHAIR PROPULSION AND INJURY 

Because upper extremity pathologies reduce wheelchair user independence and 

quality of life, and remedies are expensive and require extensive rehabilitation, it is 

important to identify and understand the underlying causes for the high prevalence of 

injury and pain among users. Previous ergonomic and wheelchair studies have found that 

high forces, repetitive movements and extreme joint postures are all important factors 

that contribute to upper extremity injury (Council, 2001; Fay et al., 1999; Mercer et al., 

2006; NIOSH, 1997). All three factors (i.e. high forces, repetitive motion, and extreme 

joint postures) have been observed during wheelchair propulsion and help explain the 

high prevalence of overuse injuries and pain in this population. Others have confirmed 

this link, showing that the likelihood of experiencing injury and pain increases with time 

spent using a wheelchair (Aljure et al., 1985; Gerhart et al., 1993; Sie et al., 1992). 

Using handrim forces and electromyography (EMG) as measures of physical 

demand, experimental studies have suggested that wheelchair propulsion is a highly 

demanding task. The handrim forces required to overcome the external resistive loads 

and accelerate the wheelchair during daily propulsion exceed the value suggested by 

ergonomic studies as an injury threshold between high and low force activity (>50N vs. 

37N, respectively, Boninger et al., 1997; Richter and Axelson, 2005; Silverstein et al., 

1987). EMG studies have found high muscles intensities in many of the shoulder flexors 

and rotator cuff muscles during wheelchair propulsion, making them particularly 

susceptible to fatigue and overuse injury (e.g., Mulroy et al, 2004).  
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Studies focused on characterizing the kinematics of wheelchair propulsion have 

found that the shoulder, elbow and wrist joints all undergo large ranges of motion during 

propulsion and, in some instances, must generate muscle force near the joint limits (Rao 

et al., 1996; Veeger et al., 1998; Wei et al., 2003). This condition, where muscles are not 

at their optimal fiber length to generate force may increase the likelihood of experiencing 

musculoskeletal injury and pain. 

Others have used inverse dynamics and quasi-static optimization methods to 

quantify physical demand during propulsion through intersegmental joint loads and 

estimates of muscle force and stress..  These studies found that high intersegmental joint 

forces and moments occurred at the shoulder and elbow joints during the push phase, 

which suggests increased muscle demand is placed on these joints (e.g., Collinger et al., 

2008; Desroches et al., 2010; Lin et al., 2009; Richter, 2001; Sabick et al., 2004). 

Shoulder flexor (i.e. anterior deltoid, pectoralis major) and rotator cuff muscle 

(infraspinatus, supraspinatus) peak stresses were estimated to be greater than 15% using 

quasi-static optimization with a model of low-intensity (10W) wheelchair propulsion 

(Veeger et al., 2002). The combination of high joint forces and likely muscle fatigue can 

cause instability in the glenohumeral joint (Gutierrez et al., 2005; Mulroy et al., 1996; 

Mulroy et al., 2005; van der Woude et al., 2006).  

In addition to exerting high demands on the upper extremity, wheelchair 

propulsion is also inefficient, with mechanical efficiency rarely exceeding 11% (de Groot 

et al., 2002a; de Groot et al., 2005; Goosey et al., 2000; Hintzy and Tordi, 2004).  In 

order to provide sufficient handrim work to overcome resistive loads, wheelchair users 

use high push frequencies, which can range from 0.88 – 2.1 pushes/sec depending on the 

external power requirements (Boninger et al., 2002; Lenton et al., 2009). As a result, the 
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user must generate a large amount of force in a short period of time in order to produce 

enough positive handrim mechanical work to overcome resistive loads.  

WHEELCHAIR PROPULSION TECHNIQUE 

Based on the previous studies, there is general agreement that wheelchair 

propulsion is a highly demanding task that contributes to the elevated incidence of 

overuse injury and pain in manual wheelchair users. As a result, general guidelines have 

been established for clinicians to assist in instructing proper propulsion technique to 

wheelchair users (PVA, 2005). These guidelines recommend that users use long, smooth 

strokes during the push phase and let the hands fall below the handrim during the 

recovery phase. However, there are many different aspects of wheelchair propulsion, 

such as cadence (i.e. push frequency), push angle, handrim force direction, trunk lean and 

peak handrim force magnitude, and there continues to be debate over which factors are 

most important in reducing upper extremity demand.  

One possible reason for the unclear understanding of how changes in different 

aspects of propulsion influence upper extremity demand may be due to the lack of a clear 

theoretical understanding of individual muscle function during wheelchair propulsion.  

Providing a better understanding of the underlying muscle function during propulsion has 

important implications for developing rehabilitation techniques and will help determine 

which aspects of propulsion are most influential on upper extremity demand. 

Another reason that continued debate exists as to the optimal propulsion 

technique is because few studies have used biofeedback and within-subject designs to 

investigate how modifying different aspects of propulsion technique influences upper 

extremity demand.  Real-time biofeedback has been successfully used to improve skill 

performance in a variety of sports such as golfing, swimming, and baseball (Bennett et 
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al., 1999; Ishikura, 2008; Perez et al., 2009; Smith et al., 1997). In wheelchair propulsion, 

visual biofeedback has been used to investigate its effectiveness on changing the 

direction of the applied handrim force with mixed success. de Groot et al. (2008) found 

significant changes in both applied handrim force direction and mechanical efficiency in 

able-bodied participants after receiving biofeedback training for seven weeks.  In 

contrast, Kotajarvi et al. (2006) did not observe a change in the applied handrim force 

direction in experienced users at low intensities after a short learning period (4 minutes). 

A recent pilot study investigating the effectiveness of visual biofeedback on altering other 

aspects of propulsion technique showed that a single experienced wheelchair user 

successfully responded to the biofeedback training protocol with increased push angle, 

decreased cadence and reduced mean handrim force after three months of training (Rice 

et al., 2010). Further investigation into how different biofeedback variables and protocols 

influence upper extremity demand is a promising area of research that can assist in 

determining the optimal propulsion technique to reduce upper extremity demand.  

MUSCULOSKELETAL MODELS AND SIMULATION 

Although previous studies have made great strides in understanding physical 

demand during wheelchair propulsion, many of the conclusions are based on the 

assumption that measurable quantities (e.g. EMG, handrim forces) are related to more 

direct measures of upper extremity demand (e.g. individual muscle stress, joint contact 

loads).  These indirect measures are used because the more direct measures of upper 

extremity demand (e.g., individual muscle stress) are extremely difficult to collect due to 

the highly invasive nature of obtaining them.  Inverse-dynamics and quasi-static analyses 

provide additional information about individual joint data, but these models are not 

necessarily dynamically consistent and do not accurately account for muscle co-



 7 

contraction. As result, using these models to determine direct measures such as individual 

muscle demand is difficult. 

On the other hand, using detailed musculoskeletal models and forward dynamics 

simulations in combination with experimental measures is a promising approach to obtain 

direct measures of upper extremity demand.  Forward dynamics simulations have been 

successfully used to analyze other movement tasks such as walking (Anderson and 

Pandy, 2001; Liu et al., 2006; McGowan et al., 2009), running (Sasaki and Neptune, 

2006a; Sasaki and Neptune, 2006b), jumping and landing (van Soest and Bobbert, 1993; 

Wright et al., 2000) and pedaling (Raasch et al., 1997; Rankin and Neptune, 2008; 

Umberger et al., 2006).  These studies have been able to identify individual muscle 

function using segment power and induced acceleration analyses that determine 

individual muscle contributions to movement subtasks in healthy and impaired 

populations (Liu et al., 2006; Neptune et al., 2001; Raasch et al., 1997; Zmitrewicz et al., 

2006), quantify joint contact loads (Neptune and Kautz, 2000) and individual muscle 

work (Neptune et al., 2009), and determine optimal equipment configurations (Rankin 

and Neptune, 2008; Rankin and Neptune, 2010). Applying similar techniques to a 

forward dynamics simulation wheelchair propulsion has the potential to greatly increase 

our understanding of how altering different aspects of wheelchair propulsion technique 

influences specific measures of upper extremity demand. 

STUDY GOALS 

The overall goal of this study is to provide additional insight into how altering 

different aspects of wheelchair propulsion technique influences individual muscle 

demand in the upper extremity.  This information can be used by clinicians to develop 

novel rehabilitation interventions that focus on specific muscle groups and to determine 
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the optimal propulsion technique that reduces demand, which will ultimately decrease 

upper extremity injury and pain among manual wheelchair users.  To accomplish this 

goal, three specific studies will be performed.   

In the first study, individual muscle function during wheelchair propulsion will be 

identified using a forward dynamics simulation of propulsion and segment power 

analysis. How individual muscles work in synergy during wheelchair propulsion is 

currently not well understood.  Providing insight into how individual muscles accomplish 

the wheelchair propulsion task will create a theoretical basis for developing rehabilitation 

interventions and understanding the potential consequences of altering different aspects 

of wheelchair propulsion on upper extremity demand.  

In the second study, the influence of altering the direction of the applied handrim 

force on muscle demand will be determined.  A common practice is to teach wheelchair 

users to apply handrim forces in a more tangential direction in order to increase 

mechanical efficiency and reduce upper extremity demand.  However, recent studies have 

suggested that this practice may actually increase upper extremity demand (Bregman et 

al., 2009; Desroches et al., 2008b; Rozendaal et al., 2003).  Forward dynamics 

simulations investigating handrim force direction will provide additional information on 

how altering push force effectiveness influences individual muscle demand. 

In the third study, a combined experimental biofeedback and modeling approach 

will be used to determine the influence of altering cadence, push angle and peak force 

during wheelchair propulsion on individual muscle work and stress. This information will 

provide additional knowledge on the effectiveness of using these variables as part of 

biofeedback training, as well as how they influence upper extremity demand during 

propulsion.  
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Chapter 2 

Muscle Function during Wheelchair Propulsion 

 

INTRODUCTION 

Nearly 70% of the 1.5 million manual wheelchair users in the United States will 

likely experience upper extremity pain or overuse injuries at some point in their lifetime 

(Finley and Rodgers, 2004; Kaye et al., 2000). Many of these pathologies have been 

associated with the high force requirements of wheelchair propulsion, which place 

considerable physical demand on the upper extremity (e.g., Gellman et al., 1988; Mercer 

et al., 2006).  As a result, much effort has been devoted to investigate how different 

variables (e.g., wheelchair configuration, push technique) influence upper extremity 

demand during propulsion (e.g., de Groot et al., 2002b; Kotajarvi et al., 2004; Richter and 

Axelson, 2005).  However, an important prerequisite for understanding how different 

variables may influence upper extremity demand is to identify the functional roles of 

individual muscles by understanding how these muscles contribute to the flow of 

mechanical power throughout the wheelchair stroke. This knowledge will allow 

researchers to better determine a priori which variables are most likely to have the 

greatest influence on reducing demand within specific muscles and assist in developing 

rehabilitation techniques focused on reducing upper extremity demand. 

 Previous wheelchair propulsion studies have classified muscles broadly as having 

either a push or recovery function based on excitation synergies identified using 

electromyography (EMG) analyses (Mulroy et al., 2004; Tries, 1989). Others have 

performed a power analysis using an inverse dynamics model to determine the flow of 

joint power between the trunk, arm and hand/handrim during non-user wheelchair 
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propulsion and showed that mechanical power generated at the shoulder joint and the 

trunk was delivered to the arm and handrim during the push phase (i.e., region with hand-

handrim contact) (Guo et al., 2003).  During the transition from the push to recovery 

phase (i.e., region with no hand-handrim contact), power was absorbed from the arm as a 

result of trunk and shoulder extension.  These results suggest that the shoulder muscles 

play an important role in power generation and limb recovery.  However, determining 

individual muscle function based on muscle contributions to the mechanical energetics of 

wheelchair propulsion is limited by the ability of experimental and inverse dynamics 

approaches to quantify muscle contributions to body segment accelerations and 

mechanical power. 

The purpose of this study was to use a forward dynamics simulation of wheelchair 

propulsion to identify muscle function by determining how individual muscles deliver, 

absorb and/or transfer mechanical power to satisfy the task demands of wheelchair 

propulsion. Understanding how these muscles work in synergy during wheelchair 

propulsion has important implications for designing training techniques and determining 

propulsion techniques that help reduce demand in specific muscle groups to improve 

rehabilitation outcomes.  

METHODS 

An upper extremity musculoskeletal model and forward dynamics simulation of 

wheelchair propulsion was used within a dynamic optimization framework to identify the 

muscle excitation patterns that reproduced the stroke mechanics of a representative 

wheelchair user. Following the optimization, a segment power analysis was used to 

determine individual muscle function over the stroke.  The following sections provide 
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detailed descriptions of the experimental data collection procedures, musculoskeletal 

model, optimization framework and segment power analysis. 

Experimental Data 

Experimental data were collected from a 36-year old male wheelchair user with a 

T12 spinal cord injury with over 13 years of wheelchair experience.  The details of the 

experimental data collection procedures have been described previously (Rankin et al., 

2010).  In brief, the subject was asked to propel his wheelchair on a custom-built 

wheelchair treadmill set to match his self-selected overground speed for thirty seconds. 

During the trial, shoulder and elbow joint kinematics, handrim kinetics, wheel angle and 

EMG data from muscles crossing the shoulder and elbow joints were collected over ten 

strokes, with each stroke beginning when a discernable radial or tangential force was 

applied to the handrim and ending at the start of the following stroke. Data from each 

stroke were normalized to 100 percent of the stroke cycle using cubic spline interpolation 

and averaged together to create representative biomechanical and muscle excitation 

profiles. 

Musculoskeletal Model 

A previously described upper extremity musculoskeletal model and simulation 

(Rankin et al., 2010) was developed using SIMM/Dynamics Pipeline (Musculographics, 

Inc., Santa Rosa, CA, USA) based on the work of Holzbaur et al. (2005).  The model 

consisted of a trunk and right side upper arm, forearm and hand segments with six 

rotational degrees-of-freedom representing trunk lean, shoulder elevation plane, shoulder 

elevation angle (thoracohumeral angle), shoulder internal-external rotation, elbow 

flexion-extension and forearm pronation-supination. Trunk lean was prescribed based on 

the subject’s experimental data and hand translation was constrained to follow the 
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circular path of the handrim during the push.  The wrist joint was fixed to reduce model 

complexity and increase optimization stability.  The dynamic equations of motion were 

generated using SD/FAST (Parametric Technology Corp., Needham, MA, USA).   

Twenty-six Hill-type musculotendon actuators governed by intrinsic muscle 

force-length-velocity relationships (Zajac, 1989) were used to represent the major upper 

extremity muscles crossing the shoulder and elbow joints and polynomial regression 

equations were used to describe musculotendon length and moment arm paths 

(Appendices 2, 3). Each actuator had its own neural excitation signal except for three 

actuators that jointly represented the latissimus dorsii, two actuators that represented the 

sternal portion of the pectoralis major and two actuators that represented the anconeous 

and lateral triceps brachii. Muscles within these groups received the same excitation 

signal. Muscle excitation-activation dynamics were modeled using a first-order 

differential equation (Raasch et al., 1997) with muscle-specific activation and 

deactivation time constants (Happee and Van der Helm, 1995; Winters and Stark, 1988). 

Dynamic Optimization 

A global optimization algorithm (simulated annealing, Goffe et al., 1994) was 

used to identify the muscle excitation patterns that minimized the difference between the 

simulation and experimentally measured propulsion data using an optimal tracking cost 

function (Neptune et al., 2001). Quantities included in the cost function were the shoulder 

elevation plane, shoulder elevation angle, shoulder internal-external rotation, elbow 

flexion-extension, forearm rotation and tangential, and radial and lateral handrim forces.   

Neural excitation patterns were defined using the linear sum of four 

parameterized Henning patterns, defined by twelve parameters given by the equation: 
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where , is the excitation value of the pattern at time , and ,  and  represent the 

magnitude, onset and offset parameters, respectively, for each of the four Henning 

patterns, .  Each of the twenty-two excitation signals had a distinct pattern, resulting in 

264 total parameters to be optimized.  To assure that the solution produced excitation 

patterns similar to the subject, the recorded EMG data were used to constrain muscle 

excitation onset and offset timing. Muscles that had no EMG data available were left 

unconstrained. 

Segment Power Analysis 

To assure a steady-state motion, data were analyzed during the last of three 

consecutive propulsion strokes simulated. A segment power analysis (Fregly and Zajac, 

1996) was performed to identify individual muscle contributions to the body segment 

energetics over the entire stroke. A muscle’s contribution to arm power was defined as 

the sum of the power delivered to the upper arm, forearm, and hand segments. During the 

push phase, contributions to the handrim power were calculated as the scalar product of 

each muscle’s contribution to the handrim force and the hand segment velocity.  Muscle 

contributions to trunk energetics were determined in a similar manner.  Biomechanical 

function was determined based on each muscle’s ability to contribute to push and 

recovery subtasks of handrim power generation and hand relocation, respectively. 

RESULTS 

The dynamic optimization successfully produced a simulation that replicated the 

experimental data with average joint kinematic and handrim force differences of 1.3 



 14 

degrees and 3.0 N, which were within two standard deviations of the experimental data 

(4.0 degrees and 8.3 N, Table 2-1, Appendix 4). Net positive power was delivered to the 

handrim over the entire push phase (Fig. 2-1; dotted line positive), primarily by 

delivering power directly to the handrim, although some energy was transferred from the 

arm to the handrim early (~10-18%) and late (~32-48%) in the push phase (Fig. 2-1; 

dashed line negative, dotted line > solid line). During the recovery phase, power was 

absorbed from or delivered directly to the arm (Fig. 2-1; dashed line has negative and 

positive values) to reposition the hand for the subsequent push phase.  

Table 2-1:   Average differences between the experimental and simulated kinematics and 
handrim forces. Simulation differences were within two standard deviations 
(SD) of the experimental data.    

Simulation 
Difference

Experimental 
Variability  (SD)

Shoulder Elevation 
Angle (deg)

1.21 4.41

Shoulder Plane of 
Elevation (deg) 1.26 2.52

Shoulder Internal-
External Rotation (deg)

1.69 5.01

Elbow Flexion-
Extension (deg)

1.28 4.85

Forearm Pronation-
Supination (deg) 0.58 3.11

All Joints (deg) 1.25 3.98

Tangential Handrim 
Force (N)

2.08 8.41

Radial Handrim       
Force (N) 4.60 8.32

Lateral Handrim        
Force (N)

2.38 8.09

All Forces (N) 3.02 8.27
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Figure 2-1:   Net power contributions to the body segment energetics during the push and 
recovery phases.  Segments were combined into four groups for analysis: 
Arm (upper arm and forearm segments, dashed line), Trunk (trunk, scapula 
and clavicle, dash-dot line), Handrim (external handrim power, dotted line) 
and Total (sum of all segments, solid line). A positive (negative) value 
indicates power was delivered to (absorbed from) the corresponding body 
segments. 

Push Phase Subtask 

The pectoralis major group (PECM) (consisting of the sternal and clavicular 

heads of the pectoralis major and corachobrachialis), anterior deltoid (ADELT) and 

infraspinatus (INFSP) generated the majority of the total mechanical power during the 

push phase (Fig. 2-2; positive solid lines). The INFSP and ADELT delivered power to 

both the handrim and arm (Fig. 2-2; positive dashed and dotted lines), while PECM 
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delivered power primarily to the handrim.  The supraspinatus (SUPSP) and subscapularis 

(SUBSC) also delivered a small amount of power to the handrim early in the push phase 

(Fig. 2-2; solid line). At the end of the push phase, the middle deltoid (MDELT), 

posterior deltoid (PDELT),  SUBSC and LAT group (consisting of the three part 

latissimus dorsi and teres major) acted to absorb power from the handrim (Fig. 2-2; 

negative dotted lines).  

The uniarticular elbow flexors (combined brachioradialis and brachialis, BRD) 

delivered power to the handrim during the first half of the push phase then absorbed 

power during the second half (Fig. 2-3; dotted line positive then negative).  In addition to 

delivering power directly to the handrim, BRD also initially transferred a small amount of 

power from the trunk (Fig. 2-3; dash-dot line negative) to the handrim (Fig. 2-3; dotted 

line > solid line).  In contrast, the uniarticular elbow extensors (combined medial and 

lateral triceps brachii and anconeous, TRIlat) absorbed handrim power during the first 

half then delivered power during the second half of the push phase (Fig. 2-3; dotted line). 

The multiarticular biceps brachii (BIC) also delivered power to the handrim over the 

majority of the push phase and transferred a small amount of power from the arm (Fig. 2-

3; dashed line negative) to the handrim (Fig. 2-3; dotted line positive), while the long 

head of the triceps (TRIlong) delivered power directly to the handrim during the second 

half of the push. 

The pronator teres and pronator quadratus (combined as PT) and supinator (SUP) 

did not generate or absorb power during the push phase (Fig. 2-3; solid lines near 0).  

Instead, these muscles transferred power between the handrim and the arm (Fig. 2-3; 

dotted and dashed lines have opposite signs).
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Figure 2-2:  Shoulder muscle contributions during the push and recovery subtasks.  Segments were combined into four groups 
for analysis: Arm (upper arm and forearm segments, dashed line), Trunk (trunk, scapula and clavicle, dash-dot 
line), Handrim (external handrim power, dotted line) and Total (sum of all segments, solid line). A positive 
(negative) value indicates power was delivered to (absorbed from) the corresponding body segments. 
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Figure 2-3:  Elbow and forearm muscle contributions during the propulsion and recovery subtasks. Segments were combined 
into four groups for analysis: Arm (upper arm and forearm segments, dashed line), Trunk (trunk, scapula and 
clavicle, dash-dot line), Handrim (external handrim power, dotted line) and Total (sum of all segments, solid 
line). A positive (negative) value indicates power was delivered to (absorbed from) the corresponding body 
segments.
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Recovery Phase Subtask 

During the recovery phase, muscles systematically alternated between delivering 

and absorbing arm power, with most muscles falling into one of two groups.  The first 

muscle group, consisting of the shoulder extensors (MDELT, PDELT, LAT), SUBSC 

and elbow flexors (BIC, BRD), initially absorbed power from the arm and then delivered 

power during the first half of the recovery phase (Figs. 2-2, 2-3; dashed line).  The elbow 

flexors and MDELT also delivered and absorbed arm power, respectively, at the end of 

recovery.  The second muscle group, consisting of the shoulder flexors (ADELT, PECM),  

INFSP and elbow extensors (TRIlat, TRIlong) initially delivered power to the arm and 

then absorbed power during most of the recovery phase (Figs. 2-2, 2-3). The most distal 

muscles in the arm (PT, SUP) generated little power during most of the recovery phase, 

with PT delivering some power to the arm at the end (Fig. 2-3). 

DISCUSSION 

The goal of this study was to identify muscle function by determining how 

individual muscles deliver, absorb and/or transfer mechanical power to satisfy the task 

demands of wheelchair propulsion. Manual wheelchair propulsion is a cyclical activity 

consisting of push and recovery subtasks.  During the push phase, power is delivered to 

the handrim to overcome external resistive and inertial loads and accelerate the 

wheelchair forward.  During the recovery phase, the hand is repositioned in preparation 

for the subsequent push phase. In general, muscles either delivered power to the handrim 

(i.e. push phase subtask) or repositioned the hand (i.e. recovery phase subtask), which 

was consistent with previous EMG studies that classified muscles as either push or 

recovery phase muscles (e.g., Gutierrez et al., 2005; Mulroy et al., 1996) and inverse 
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dynamics studies that found individual muscle forces and moments occurred primarily in 

either the push or recovery phases (Lin et al., 2004; Veeger et al., 2002).  

Push Phase Subtask 

Similar to previous joint power analyses (Guo et al., 2003), the simulation showed 

that net positive power was provided to the handrim during the entire push phase (Fig. 2-

1). The ADELT and PECM were the primary contributors to the mechanical power, 

which was consistent with others who found large net shoulder flexion moments during 

the push phase (Koontz et al., 2002; Kulig et al., 1998; Sabick et al., 2004) and shoulder 

moment patterns similar to PECM and ADELT EMG data (Veeger et al., 1991b). These 

results were also similar to pedaling analyses (in which muscles deliver power during a 

constrained circular motion) that found the proximal hip and knee extensors to be the 

primary power producers (Neptune et al., 2000; Raasch et al., 1997). The INFSP also 

provided power near the end of the push phase, consistent with previous modeling studies 

that found this muscle to have a large force and shoulder flexion moment during the push 

phase (Lin et al., 2004; Veeger et al., 2002). 

Near the end of the push phase, most muscles that cross the shoulder joint were 

active (Fig. 2-2).  The high amount of muscle co-contraction resulted in a near-zero net 

power delivered to the handrim (Fig. 2-1), which is similar to others who found a low 

handrim force occurred at this time (de Groot et al., 2003; Kwarciak et al., 2009). The 

high amount of muscle co-contraction can be attributed to the wheelchair user 

transitioning between the push and recovery subtasks, which requires activity from 

muscles with antagonistic functions.  For example, the muscles that primarily deliver 

handrim power during the push phase (shoulder flexors) also accelerate the hand forward 

after release (see Recovery Phase Muscle Function, below), a function that is 
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counterproductive to accomplishing the recovery phase subtask of retracting the hand. 

These muscles continue to deliver power for a short time after releasing the handrim 

during muscle deactivation due to excitation-activation dynamics. Similarly, the shoulder 

extensors, which are primarily responsible for accomplishing the recovery task, are 

excited during the transition region in order to have sufficient activation time in 

preparation for removing arm power and slowing down the forward movement of the 

hand. As a result, the transition between the two subtasks requires high shoulder co-

contraction and produces a low handrim force. All of the deltoid muscles are active 

during the transition and act to move the humerus superiorly in the glenohumeral joint, 

which creates a condition that requires increased joint stabilization from antagonistic 

muscles to prevent humeral subluxation.  The PECM will help stabilize the joint, but this 

muscle also provides much of the handrim power and is susceptible to fatigue.  As a 

result, demand for other muscles (e.g., INFSP, TMIN, SUBSC) for joint stabilization may 

increase, which could explain the high prevalence of shoulder injuries in wheelchair users 

(up to 59%, Curtis et al., 1999). Thus, propulsion variables that affect transition region 

biomechanics may have a significant influence on upper extremity demand. 

Both the elbow flexors (BIC, BRD) and extensors (TRIlat, TRIlong) were active 

during the push phase, with the elbow flexors delivering power directly to the handrim 

during the first half and the elbow extensors delivering power during the second half of 

the push (Fig. 2-3).  Previous studies found the elbow joint moment to systematically 

switch from flexion to extension during the push (Price et al., 2007; Richter, 2001; 

Veeger et al., 1991b), which corresponds to the observed elbow flexor-extensor pattern of 

handrim power delivery. While the elbow flexors and extensors deliver a slightly lower 

amount of power relative to the shoulder muscles, the prevalence of elbow injury in 

wheelchair users is much lower (~16%, Sie et al., 1992).  This may be the result of lower 
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co-contraction, a shorter duration of elbow muscle activity and/or the greater inherent 

stability of the elbow joint. The most distal muscles (PT, SUP) did not deliver or absorb 

power directly from the arm or handrim but acted to transfer energy between the arm and 

handrim (Fig. 2-3). This function is similar to that performed by the ankle muscles during 

pedaling, which act to transfer power from the leg to the crank (Neptune et al., 2000; 

Raasch et al., 1997). 

Recovery Phase Subtask 

Repositioning the arm in preparation for a subsequent push is a complex task, as 

muscles are needed to 1) absorb power to decelerate the forward movement of the hand, 

2) deliver power to accelerate the hand posteriorly, and 3) absorb power to decelerate the 

hand in preparation for handrim contact in the subsequent push (Fig. 2-4).  In addition, 

the arm must achieve sufficient clearance from the handrim during recovery. 

 

 

 

 

 

Figure 2-4:  Motion of the hand during the recovery phase.  Three changes in hand 
direction occurred (two in the anterior-posterior and one in the superior-
inferior direction) at 51%, 78% and 91% of the stroke. 
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Similar to the end of the push phase, there was initially high power generation by 

the shoulder muscles during the initial recovery phase. The shoulder extensors (PDELT, 

LAT) and SUBSC helped reposition the hand by initially absorbing power to decelerate 

the forward hand movement and then delivering power to accelerate the hand posteriorly 

(Figs. 2-2, 2-4).  In contrast, the shoulder flexors (PECM, ADELT) functioned 

antagonistically by initially accelerating the hand forward during the recovery phase (Fig. 

2-2).  MDELT was active over the entire recovery phase and most likely responsible for 

providing hand clearance over the handrim (Fig. 2-2). The shoulder flexors and rotator 

cuff muscles were less active during the second half of the recovery phase (> 75% 

stroke), which is consistent with Price et al. (2007), who found that shoulder joint power 

during recovery was near zero during the end of the recovery phase. Instead, most of the 

power delivered to the arm at the end of the recovery phase was generated by PT and the 

elbow flexors (BIC, BRD). The large number of active muscles during the recovery 

phase suggests that a constant demand for joint stabilization and arm control is necessary 

even during the seemingly simple task of hand recovery.  

There are some potential limitations to this study. Although the model accurately 

replicated the experimental stroke biomechanics (Table 2-1), the data were taken from a 

representative subject.  Previous studies have shown that wheelchair users can have a 

wide range of push and recovery techniques (Boninger et al., 2002; Dubowsky et al., 

2009), which can influence muscle function.  However, the joint kinematics and handrim 

kinetics of the subject used in this study were similar to previously reported average 

values (Collinger et al., 2008; Robertson et al., 1996).  As a result, the findings presented 

here should be applicable to a large number of wheelchair users. The simulation also had 

high elbow flexor and extensor power contributions as a result of high muscle activity 

during parts of the recovery phase (Fig. 2-3). In contrast, previous studies show low 
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activity for these muscles in this region (Dubowsky et al., 2009; Mulroy et al., 2004). 

However, a reduction in muscle activity would only affect the magnitude of the power 

contributions and not change the overall function of these muscles.  

CONCLUSION 

During manual wheelchair propulsion, muscles generally contribute to either push 

or recovery subtasks, with high muscle co-contraction being required to transition 

between the the two subtasks.  The shoulder muscles appear to be particularly susceptible 

to fatigue and injury during the transition due to elevated deltoid activity, which creates a 

demand for additional rotator cuff muscle activity and may contribute to shoulder 

impingement and rotator cuff muscle tears that are common in wheelchair users. Thus, 

the transition region may be an important area to focus rehabilitation and training 

techniques to reduce shoulder demand and injuries.  In addition, the shoulder flexors 

(ADELT, PECM) were found to be primarily responsible for delivering handrim power 

during the push phase and developing rehabilitation programs designed to strengthen 

these muscles to improve endurance may reduce fatigue and the likelihood of developing 

shoulder injuries.  
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Chapter 3   

Influence of Push Force Effectiveness on Upper Extremity Demand 

 

INTRODUCTION 

Up to 70% of manual wheelchair will develop upper extremity (UE) overuse 

injuries and/or pain (Finley and Rodgers, 2004).  This high incidence is associated with 

the high load requirements and low mechanical efficiency (i.e. ratio of external work to 

metabolic cost) involved in wheelchair propulsion, which places considerable physical 

demand on the UE (e.g. Finley et al., 2004; Mercer et al., 2006). One possible reason for 

the low mechanical efficiency (de Groot et al., 2004; Veeger et al., 1991a) is that users 

generate non-tangential handrim forces that do not contribute to accelerating the 

wheelchair forward (e.g. Boninger et al., 1997), resulting in ineffective use of generated 

muscle force.  To quantify force effectiveness during a push, previous studies have used 

the ratio of tangential to total handrim force (i.e. fraction of effective force, FEF) and 

found average FEF values between 0.26 – 0.81 (1.0 indicates an entirely tangential force) 

(Boninger et al., 1999; Dallmeijer et al., 1998; Lin et al., 2009). Thus, redirecting the 

handrim force more tangentially may improve mechanical efficiency and reduce overall 

UE demand.  As a result, studies have used FEF to help develop training programs (e.g. 

de Groot et al., 2002a; Kotajarvi et al., 2006), as a guide to modify wheelchair 

configuration (e.g. Aissaoui et al., 2002; Guo et al., 2006) and to compare propulsion 

techniques (e.g. Boninger et al., 2002; Goosey-Tolfrey et al., 2006).  

However, studies attempting to relate FEF to UE demand have found mixed 

results.  Dallmeijer et al. (1998) found that tetraplegic wheelchair users had lower mean 

FEF and mechanical efficiency values compared to paraplegic users at low and moderate 
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propulsion intensities, suggesting that increased FEF reduces UE demand.  In contrast, de 

Groot et al. (2002b) found that non-wheelchair users who received FEF feedback 

increased mean FEF but reduced mechanical efficiency compared to a control group, 

suggesting that increasing FEF increases UE demand.  Others found no correlation 

between FEF and peak shoulder strength in experienced wheelchair users (Ambrosio et 

al., 2005). The different results across studies may be due to the challenge of relating FEF 

to UE demand.  

Modeling studies seeking to understand the relationship between FEF and UE 

demand have found high FEF values increase net shoulder moments in young (Bregman 

et al., 2008) and elderly (Desroches et al., 2008a; Desroches et al., 2008b) subjects, 

increase joint-based (Rozendaal et al., 2003) and muscle based (Bregman et al., 2008) 

cost functions and glenohumeral constraint force requirements (Bregman et al., 2008).  

Bregman et al. (2008) also related UE demand to increases in FEF using muscle work 

and power estimates obtained from net joint moments.  However, no study has quantified 

individual muscle contributions to the handrim forces and related bidirectional changes in 

FEF to individual muscle work, power and stress quantities or, which can provide 

additional insight into how changing FEF influences muscle recruitment. The purpose of 

this study was to build upon these previous studies by developing a forward dynamics 

simulation of the push phase of wheelchair propulsion to understand the relationship 

between FEF and UE demand by determining how changing FEF affects individual 

muscle contributions to the tangential handrim force and their corresponding muscle 

work and stress values. 
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METHODS 

Musculoskeletal Model 

An upper extremity musculoskeletal model was developed using SIMM 

(Musculographics, Inc.) based on the work of Holzbaur et al. (2005). The model 

consisted of rigid bodies representing the trunk and right upper arm, forearm and hand, 

with mass and inertia characteristics determined using anthropometric regression 

equations (Clauser et al., 1969) (Fig. 3-1). The model had six rotational degrees of 

freedom representing trunk lean and shoulder, elbow and forearm articulations.  Scapular 

and clavicular motion were prescribed as a function of shoulder elevation (de Groot and 

Brand, 2001).  Trunk lean was prescribed based on experimental data and hand 

translations were constrained to follow the circular handrim path. Passive torques 

representing forces applied by ligaments and other passive joint structures were applied at 

the shoulder and elbow to limit extreme joint angles using equations similar to those 

developed for the lower limb (Davy and Audu, 1987).  The dynamic equations of motion 

were generated using SD/FAST (Parametric Technology Corp.).   

Twenty-six Hill-type musculotendon actuators with parameters derived from 

Holzbaur et al. (2005) and governed by intrinsic muscle force-length-velocity 

relationships (Zajac, 1989) were used to represent the major UE muscles crossing the 

shoulder and elbow joints. Musculotendon lengths and moment arms were fit with 

polynomial equations (Menegaldo et al., 2004) over the complete range of motion for 

each joint during wheelchair propulsion.  The order of each polynomial equation was 

increased until fit errors during the simulations were either less than ten percent of the 

corresponding maximal value of the musculotendon length (moment arm) or 3mm, 

whichever was greater (Appendices 2, 3).  Actuators were combined into sixteen muscle  
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Figure 3-1: Musculoskeletal model used in the wheelchair propulsion simulations.  The 
model had 6 degrees of freedom consisting of trunk lean, shoulder elevation 
plane, shoulder elevation angle (thoracohumeral angle), shoulder internal-
external rotation, elbow flexion-extension and forearm rotation (pronation-
supination). The muscle groups used to drive the model were: ADELT 
(anterior deltoid), MDELT (middle deltoid), PDELT (posterior deltoid), 
PECM (pectoralis major clavicular and sternal heads), LAT (3 part 
latissimus dorsi and teres major), SUBSC (subscapularis), INFSP 
(infraspinatus), TMIN (teres minor), SUPSP (supraspinatus), BICshort 
(brachialis, short head of biceps brachii), CORB (coracobrachialis), BIClong 
(long head biceps brachii), TRI (anconeous, lateral, medial and long head 
triceps brachii), SUP (supinator), PQ (pronator quadratus), and PT (pronator 
teres, brachioradialis). 

groups based on similar anatomical classification and electromyographic (EMG) data, 

with muscles within each group receiving the same excitation signal (Fig. 3-1, Table 3-1).  

When EMG data was not available or limited, independent excitation patterns were used.  

Muscle excitation-activation dynamics were modeled using a first order differential 

equation (Raasch et al., 1997) with muscle specific activation and deactivation time 

constants (Happee and Van der Helm, 1995; Winters and Stark, 1988).  
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Table 3-1: Upper extremity muscle parameters.  

  
 

Anterior Deltoid

Middle Deltoid

Posterior Deltoid

Pectoralis Major, clavicular head
Pectoralis Major, sternal head 1
Pectoralis Major, sternal head 2

Teres Major
Lattissimus Dorsi 1
Lattissimus Dorsi 2
Lattissimus Dorsi 3

Subscapularis

Infraspinatus

Teres Minor

Supraspinatus

Brachialis
Bicepts Brachii, short head

Coracobrachialis

Biceps Brachii, long head

Anconeous
Triceps Brachii, Lateral
Triceps Brachii, Medial
Triceps Brachii, Long Head

Supinator

Pronator Quadratus

Pronator Teres
Brachioradialis

Muscle

ADELT Group

MDELT Group

PDELT Group

PECM Group

259.88 0.1367 0.038 18

SUBSC Group

390.55 0.1385 0.152 25

487.82 0.0682 0.0595 7

INFSP Group

TMIN Group

LAT Group
0.02 16

389.1 0.254 0.12

0.134 0.217 12

350 0.027

SUP Group

PQ Group

BRD Group

25

1377.81 0.0873 0.033 20

0
624.3 0.1138 0.098 9
624.3 0.1138 0.0908 9

566.22 0.0492 0.098 10

798.52

0.065 0

1210.84 0.0805

0

0

1142.6 0.12 0.123 22

1142.6 0.1078 0.1095 15

515.41 0.1385 0.089 25
364.41 0.1242 0.0228 17

425.39 0.1624

BIClong Group

TRI Group

389.1 0.2324 0.1765 19

435.56 0.1321 0.2123

281.66 0.2789 0.1403 21

0.05 18.5

354.25 0.0741 0.0813 24

0

SUPSP Group

BICshort Group
987.26 0.0858

0.018

261.33 0.1726 0.133 0

Peak Isometric 
Force (N)

Optimal Fiber 
Length (m)

Tendon Slack 
Length (m)

Pennation 
Angle (deg)

75.48 0.0282 0.005 10

CORB Group

476 0.033 0.028 0

242.46 0.0932 0.097

624.3 0.1557 0.3
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Dynamic Optimization 

A global optimization algorithm (simulated annealing, Goffe et al., 1994) was 

used to perform three optimizations.  First, a nominal forward dynamics simulation of the 

push phase of a representative wheelchair user was generated using the optimization 

algorithm with an optimal tracking cost function (Neptune et al., 2001) to identify the 

muscle excitation patterns that minimized the difference between the simulation and 

experimentally measured push phase data (see experimental data below).  Cost function 

quantities included the UE joint kinematics and three-dimensional handrim forces.  Two 

additional optimizations were performed that maximized and minimized FEF over the 

push phase while minimizing differences between the experimental joint kinematics and 

tangential handrim force.  

Neural excitation patterns were defined using the linear sum of two parameterized 

Henning patterns, which required six excitation parameters (two magnitudes, onset and 

offset values) for each muscle group, resulting in a total of ninety-six parameters to be 

optimized.  The excitation timing parameters for muscle groups with EMG data available 

were constrained to correspond with the experimental data.  Timing parameters for 

groups without EMG data were left unconstrained. 

Experimental Data 

Experimental data were collected from a representative manual wheelchair user 

who was a 36 year old male with paraplegia (T12) and had over 13 years of wheelchair 

experience.  Prior to data collection, the subject provided informed consent.  All data 

collection procedures were performed at MAX Mobility, LLC (Antioch, TN).   

Testing was conducted on a custom-built wheelchair treadmill while the subject 

propelled his own wheelchair at his self-selected speed.  Shoulder and elbow kinematics 

were obtained using a 3-camera motion capture system (Phoenix Technologies) and an  
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Figure 3-2:  Experimental setup used to collect upper extremity kinematics, handrim 
forces, and muscle EMG during wheelchair propulsion on a treadmill.  
Active markers were placed on the head and sternum, and on the right 
acromium process, lateral epicondyle, radial and ulnar styloids, third and 
fifth metacarpophalangeal joints, second proximal interphalangeal joint and 
wheelchair hub to collect kinematic data.  An OptiPush instrumented wheel 
(MAX Mobility, Antioch, TN) was used to measure the forces between the 
wheel and the chair axle.  EMG data were collected via surface electrodes 
from the anterior, middle, and posterior portions of the deltoid, sternal 
portion of the pectoralis major, biceps brachii and medial and lateral 
portions of the triceps brachii. 

active marker set (Fig. 3-2).  Marker data were collected at 100 Hz and low-pass filtered 

(10 Hz) using an eighth-order Butterworth filter.  Handrim kinetics and wheel angle were 

recorded at 200 Hz using an OptiPush force sensing wheel (Richter and Axelson, 2005) 
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and low-pass filtered (20 Hz) using an eighth-order Butterworth filter.  Raw EMG data 

were collected from the anterior, middle, and posterior portions of the deltoid, sternal 

portion of the pectoralis major, biceps brachii and medial and lateral portions of the 

triceps brachii (Fig. 3-2) at 1500 Hz using surface electrodes and then rectified, band-

pass filtered (10 – 500 Hz) and smoothed using a 100 ms moving average window.   

Data were collected for 10 complete strokes, with stroke limits defined by kinetic 

data from the wheel. Each stroke began when a discernible radial or tangential force was 

applied to the handrim and ended at the start of the following stroke. The end of the push 

phase was defined as the time when the handrim forces returned to the baseline value.  

Data for each stroke were normalized to 100 percent of the stroke using cubic spline 

interpolation and averaged over all strokes to create representative biomechanical and 

muscle excitation profiles. 

Analysis 

Three consecutive propulsion cycles were simulated for each optimization and 

data were analyzed during the third push phase to assure the simulation reached steady-

state.  For each simulation, the minimum, maximum and average FEF values were 

determined.  Individual muscle contributions to the handrim forces and how these 

contributions change with FEF were determined by independently applying each muscle 

force to the model and calculating the resultant handrim forces.  The push phase was 

divided into three equal regions that approximate regions of 1) increasing, 2) peak and 3) 

decreasing upper extremity power (Price et al., 2007) and average muscle contributions 

were determined within each region. To determine if the resulting simulation muscle 

activity was consistent with each muscle’s capacity to contribute to the handrim forces, 
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an additional analysis was performed that calculated each muscle’s average contribution 

to the handrim forces during each region when applying a constant muscle force of 100N. 

To assess the influence of FEF on upper extremity demand, muscle stress was 

calculated as the percentage of maximum isometric force generated by each muscle at 

every time step and average and maximum values were determined.  Total, positive and 

negative muscle work was quantified by integrating the positive and negative 

musculotendon power.   

RESULTS 

All simulations replicated well the experimental joint kinematics and handrim 

tangential force (Fig. 3-3) with average differences of 1.12o and 2.36 N, respectively.  

The simulations also produced different average FEF values, with the nominal, maximal, 

and minimal FEF simulations having values of 0.61, 0.80 and 0.30, respectively.  The 

maximal FEF simulation produced an entirely tangential force (i.e. FEF >0.99) for 29% 

of the push (region: 41-70% push phase), while peak FEF for the minimal FEF 

simulation was 0.45.  The nominal simulation followed the experimental FEF values over 

the push, peaking at 0.87.  All three simulations had a small initial region (3%-5% of the 

push phase) where FEF did not surpass 0.10.   

The average stress across all muscles was lowest for the nominal FEF simulation 

(9.2% versus 11.3% and 19.5% for the maximal and minimal simulations).  Anterior 

deltoid (ADELT), posterior deltoid (PDELT), pronator quadratus (PQ) and subscapularus 

(SUBSC) consistently had higher stress values, surpassing 12% in all three simulations 

(Fig. 3-4A).  Infraspinatus (INFSP) and teres minor (TMIN) had high average stress 

values in the maximal and minimal FEF simulations (> 13%).  Peak stresses exceeded 
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50% for many of these muscles, with some stress values surpassing 100% due to active 

stretching (Fig. 3-4B). 

Total muscle work was lowest in the nominal simulation, with muscle work 

increasing by 28% and 71% in the maximal and minimal FEF simulations, respectively.  

The increased work was due primarily to additional positive work generated by INFSP 

and negative work generated by PDELT and middle deltoid (MDELT) (Fig. 3-5).  There 

was also increased positive work generated by pectoralis major (PECM) in the maximal 

FEF simulation and SUBSC in the minimal FEF simulation (Fig. 3-5). The triceps group 

(TRI) increased positive and negative work when minimizing FEF, but reduced total 

work when maximizing FEF (Fig. 3-5).
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Figure 3-3:  Comparisons between the experimental kinematics and handrim kinetics (bars indicate ± 2SD) and the nominal 
(solid), maximal FEF (dotted) and minimal FEF (dashed) simulations.  The radial and lateral rim forces were not 
tracked in the maximal and minimal FEF simulations; instead the optimization modified these forces to change 
the average FEF over the push.
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Figure 3-4:  Muscle stress for each muscle group in the model.  A)  Average stress over 
the entire push.  B)  Peak stress.  Peak stress values were higher than 100% 
at times due to active stretching of some muscles during the push.  
*BICshort and BIClong are combined into BIC. 

Muscle contributions to the handrim forces during the simulations were consistent 

with their capacity with the exception of MDELT, which can generate tangential force 

during region 1 but was not utilized (Figs. 3-6, 3-7).  For all simulations, the biceps group 

(combined BICshort and BIClong, BIC) and brachioradialis (BRD) had the highest 

average contributions to the tangential force during region 1 and TRI and ADELT during 

regions 2 and 3 (Fig. 3-6).  Muscles contributing most to the radial force were ADELT 

during regions 1 and 2, MDELT during region 3 and TRI over all regions (Fig. 3-7). 
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Muscle contributions to the handrim forces changed with FEF.  The maximal FEF 

simulation increased tangential force contributions from BRD during region 1 and 

PECM, CORB and INFSP during region 2 (Fig. 3-6).  BRD and INFSP had larger 

negative contributions to the radial force during regions 1 and 3, respectively, while 

PECM and CORB increased their radial force contributions during region 2.  In the 

minimal FEF simulation, BRD reduced and SUBSC increased their contributions to the 

positive tangential force during region 1 (Fig. 3-6).  During regions 2 and 3, TRI 

increased positive contributions and MDELT and PDELT increased negative 

contributions to the tangential force (Fig. 3-6).  TRI also increased its positive 

contributions to the radial force during all regions in the minimal FEF simulation (Fig. 3-

7).  All other muscle groups had minimal ability to influence the handrim forces.   
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Figure 3-5:  Individual muscle group work over the entire push phase for each 
simulation.  A)  Muscle group positive and negative work.  B)  Total work 
(absolute value summation of positive and negative work).  *BICshort and 
BIClong are combined into BIC. 
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Figure 3-6:  Average muscle force contributions to the tangential force from the primary 
muscle groups used during the three regions of the push phase.  A positive 
contribution indicates a propulsive force on the handrim.  Capacity (black) 
represents the average force contributions if each muscle were to generate a 
constant 100N force over the entire push.  All other muscle groups had 
minimal ability to affect handrim forces. 

DISCUSSION 

Comparisons between the three simulations revealed that FEF strongly influences 

muscle work and stress and overall UE demand during wheelchair propulsion.  While the 

tangential force was maintained in all three simulations to generate the required 

wheelchair speed, the maximal and minimal FEF simulations greatly altered the lateral 

and radial forces, which resulted in increases in total muscle work.  Maximizing FEF 

increased muscle work primarily through increased work by the shoulder muscles, with 

additional positive work generated by INFSP and PECM and increased negative work 
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generated by MDELT and PDELT (Fig. 3-5).  The work generated by the elbow muscles 

decreased, primarily through reduced TRI negative work (Fig. 3-5).  These results are 

consistent with previous studies that showed higher FEF values increased shoulder 

moments (Desroches et al., 2008a; Desroches et al., 2008b) and rotator cuff muscle 

power generation (Bregman et al., 2008).  In the minimal FEF simulation, INFSP, 

SUBSC and TRI increased positive muscle work while MDELT, PDELT and TRI 

increased negative work (Fig. 3-5), suggesting that minimizing FEF increases muscle co-

contraction. 

In all simulations, there were multiple muscles with high average stresses, 

supporting the notion that wheelchair propulsion exerts a high physical demand on the 

UE.  Peak stresses for PQ, TMIN, SUBSC, ADELT and PDELT were greater than 40% 

in all three simulations, with average stresses exceeding 25% in many cases (Fig. 3-4).  

These results are consistent with previous studies showing high recruitment of ADELT 

and PDELT (e.g. Mulroy et al., 2004) and others predicting high SUBSC, PQ, ADELT 

and PDELT forces during nominal wheelchair propulsion (Lin et al., 2004; van 

Drongelen et al., 2005a; Veeger et al., 2002).  Although none of these studies showed a 

high TMIN force, there were high forces in other rotator cuff muscles (e.g.  INFSP) not 

present in the nominal simulation of this study.  This suggests that TMIN may replace the 

functions performed by the other rotator cuff muscles in previous studies.  Both 

maximizing and minimizing FEF increased average stress in these muscles, with the 

exception of ADELT, which only increased when minimizing FEF.  In addition, altering 

FEF greatly increased INFSP stress from less than 5% in the nominal simulation to 

almost 20% when FEF was minimized.  Previous studies have shown high forces in this 

muscle (Lin et al., 2004; Veeger et al., 2002), suggesting that INFSP may play an 

important role in propulsion.  The high stress in the rotator cuff muscles (SUBSC, TMIN 
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and INFSP) during the push phase may explain the high prevalence of rotator cuff 

injuries and pain in wheelchair users.   

Figure 3-7:  Average muscle force contributions to the radial force from the primary 
muscle groups used during the three regions of the push phase.  A positive 
contribution indicates a compressive force on the handrim.  Capacity (black) 
represents the average force contributions if each muscle were to generate a 
constant 100N force over the entire push.  All other muscle groups had 
minimal ability to affect handrim forces. 

There were some differences in muscle activity between this study and those 

previously reported.  While average and peak ADELT stresses were similar to previous 

findings, this muscle was not active during the initial region of the push phase (region 1, 

Fig. 3-6).  PECM activity also occurred later in the push phase.  These results are 
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different from previous EMG studies that show high PECM and ADELT activity during 

early push (e.g., Mulroy et al., 2004; Mulroy et al., 2005).  However, both muscles had 

excitation pattern timing constrained to match the EMG of our wheelchair user, who did 

not show high activity for either muscle during early push.  SUBSC was active over the 

entire push phase.  Although unusual in paraplegic wheelchair users, prolonged SUBSC 

activity is observed in tetraplegic wheelchair users, which suggests that this is a 

potentially viable method to provide muscle power during propulsion.  Average and peak 

SUPSP stresses were also low compared to some studies (e.g., Veeger et al., 2002), but 

were similar to the values reported by Mulroy et al., (2005).   

The analysis showed that most muscles exert forces in both the tangential and 

radial directions simultaneously at some point during the push (Figs. 3-6, 3-7), suggesting 

that pushing along a circular path is not optimal for converting muscle force into a 

tangential handrim force.  This inefficiency is highlighted by the changes in BIC and TRI 

that occur across FEF conditions.  In the nominal simulation, the BIC group contributes 

to the tangential force early in the push phase followed by contributions by the TRI group 

(Fig. 3-6).  However, both of these groups exert a radial force that is similar in magnitude 

to their tangential force contributions (Fig. 3-7).  This may explain why TRI is used less 

in the maximal FEF simulation, instead being replaced by shoulder muscles (i.e. PECM 

and INFSP) that generate greater tangential and less radial force (Figs. 3-6, 3-7).  The 

decreased use of the elbow extensors and increased use of rotator cuff muscles is 

consistent with the findings of Bregman et al. (2008), who found the elbow joint moment 

changed from having a peak extensor moment to a peak flexor moment when increasing 

FEF.  This result is also consistent with the suggestion by Veeger (1999) and supported 

by the study of de Groot et al. (2002b) that force generation must switch from muscles 

spanning the elbow to those that cross the shoulder to produce a more effective force, 
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which may result in an overall increase in muscle activity and higher metabolic cost.  The 

analysis of the average and peak muscle stresses performed in our study indeed showed 

that most of the increases occurred in shoulder muscles when maximizing FEF (Fig. 3-5).   

During the push phase, the direction of the tangential force constantly changes as 

the hand follows the handrim (Fig. 3-8).  When the tangential force has an upward 

component (region 1, Fig. 3-8), the reaction force moves the humerus inferiorly, which 

may reduce the need for rotator cuff muscle activity to stabilize the joint.  This reaction 

force is then systematically redirected downward as the hand moves forward, resulting in 

a superiorly directed shoulder force at the end of the push, which has been associated 

with shoulder pathologies (Mercer et al., 2006).  As a result, increasing the tangential 

force during the end of the push phase may increase the likelihood of shoulder injury by 

amplifying the superiorly directed shoulder force.  The maximal FEF simulation 

increased FEF mainly during regions 2 and 3, which suggests that encouraging 

wheelchair users to increase FEF will likely increase the superior shoulder force over 

much of the push and the likelihood of sustaining a shoulder injury. 

Wheelchair propulsion is similar to pedaling a bicycle in that the motion is 

constrained to follow a circular path.  Previous pedaling studies have shown that 

increasing pedal force effectiveness reduces maximal power output (Doorenbosch et al., 

1997) and gross efficiency (Korff et al., 2007).  These results and those analyzing 

wheelchair propulsion suggest that increasing FEF does not reduce neuromuscular 

demand.   Instead, there appears to be a balance between satisfying the competing 

demands of increasing the effective force to meet the wheelchair propulsion requirements 

and reducing total UE demand.  
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Figure 3-8:  Tangential force directions during the three regions defined in the push 
phase.  Light grey, grey and black represent regions 1, 2 and 3, respectively. 

A potential limitation of this study was that the wrist joint was fixed in the model.  

Previous studies have shown that the hand can apply a pure moment about the wheel axis 

(e.g., Veeger, 1999), which is usually associated with wrist movement and has the 

potential to influence muscle force requirements during the push phase.  Veeger et al., 

(1999) investigated the potential consequences of removing the hand moment and found 

an increase in elbow extensor muscle requirements.  However, the present study used a 

consistent model between the different conditions to investigate relative changes in 

muscle demand.  As a result, differences between FEF values would likely be similar 

when using a model with a wrist joint.  In addition, previous studies have shown that 

peak and average wrist joint moments during propulsion are much lower than those at the 

elbow and shoulder joints (e.g., Robertson et al., 1996; Sabick et al., 2004).  Thus, the 

influence of using a fixed wrist on the study results is expected to be minimal. 
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CONCLUSION 

In summary, there appears to be an optimal FEF value that minimizes UE 

demand.  Maximizing FEF resulted in higher muscle stress and total muscle work.  

Muscle use also shifted from the elbow to the shoulder, which adds to the already high 

demands placed on these muscles.  Minimizing FEF also increased total muscle work due 

to an increased need for higher muscle forces, resulting in more muscle co-contraction.  

Therefore, the optimal FEF value appears to represent a balance between increasing push 

force effectiveness to increase mechanical efficiency and minimizing overall UE demand.  

While likely to be similar among users, the specific optimal value will be unique to each 

individual due to differences in push mechanics and neuromusculoskeletal systems. Thus, 

care should be taken in using FEF as a metric to reduce UE demand.  
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Chapter 4 

Influence of Minimizing Cadence, Peak Handrim Force 
 and Maximizing Push Angle using Biofeedback on  

Upper Extremity Demand 

 

INTRODUCTION 

Up to 70% of manual wheelchair users will develop upper extremity overuse 

injuries or pain, likely due in part to the demanding, repetitive nature of wheelchair 

propulsion (Finley and Rodgers, 2004). Ergonomic and wheelchair studies have 

associated specific biomechanical factors with upper arm pathology, including high force 

requirements, repetitive movements and extreme joint postures (Council, 2001; Fay et al., 

1999; Mercer et al., 2006, NIOSH, 1997). Wheelchair users are exposed to these factors 

during propulsion. High forces must be applied to the handrim to overcome external 

loads, which create high joint moments and intersegmental forces at the shoulder and 

elbow (e.g., Dubowsky et al., 2008; Lin et al., 2009; Robertson et al., 1996; van 

Drongelen et al., 2005b). Sabick et al. (2004) found peak shoulder flexion and fore-arm 

pronation joint moments during propulsion to be greater than 50% relative to maximum 

achievable joint moments. The shoulder, elbow and wrist joint all experience large ranges 

of motion during propulsion and, in some instances, generate large forces at joint angles 

near the limits of the joint range of motion (Rao et al., 1996; Shimada et al., 1998; 

Veeger et al., 1998). Wheelchair propulsion is also a repetitive motion, with user 

cadences (i.e. rate at which a user completes a single propulsion stroke) averaging 

between 1.1 and 1.6 Hz (Boninger et al., 2002). 
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Because wheelchair propulsion places high demand on the upper extremity, recent 

efforts have been directed towards reducing physical demand during propulsion through 

modifications in propulsion technique and wheelchair configuration (e.g., Boninger et al., 

2005; Bregman et al., 2009; Guo et al., 2006; Mulroy et al., 2005; van der Woude et al., 

2003; Wei et al., 2003). Previous work has suggested that cadence, push angle (a measure 

of stroke length) and peak force influence different quantities related to upper extremity 

physical demand, including mechanical efficiency (Lenton et al., 2009), joint moments 

(Richter, 2001; Robertson et al., 1996), EMG activity (Dubowsky et al., 2009) and nerve 

conduction (Boninger et al., 2005). Based on the known biomechanical factors and 

results of wheelchair propulsion technique research, the Paralyzed Veterans of America 

established guidelines to assist clinicians in teaching proper propulsion technique 

("Preservation of upper limb function following spinal cord injury: a clinical practice 

guideline for health-care professionals," 2005). These guidelines recommend that 

clinicians instruct wheelchair users to incorporate long, smooth push strokes and reduce 

propulsion cadence and peak handrim force (i.e. maximum magnitude of the force 

applied to the handrim during a push) during propulsion in order to reduce upper 

extremity demand and injury. However, most studies provide comparisons across 

different populations, which make it difficult to provide conclusive evidence of the 

influence of these variables on physical demand.  

Few studies have directly investigated the influence of cadence, push angle and 

peak force on specific measures of upper extremity demand using within-subject study 

designs to determine the optimal propulsion technique that minimizes demand.  Of the 

three variables, research has focused largely on cadence, with previous studies indicating 

that slower propulsion cadences increase mechanical efficiency and reduce self-reported 

perceived exertion measures (Goosey-Tolfrey and Kirk, 2003; Lenton et al., 2009).  To 
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our knowledge, only one study has investigated the effect of altering push angle on 

wheelchair forces, but did not provide specific measures of upper extremity demand 

(Rice et al., 2009). The low number of studies may be because obtaining specific 

measures of physical demand (e.g., muscle stress) using experimental techniques is 

extremely difficult or because results from longitudinal intervention studies can be 

confounded by other effects such as physiological adaptation. Unlike experimental 

studies, musculoskeletal model and simulation analyses allow one to systematically 

perform multiple forward dynamics simulation of different wheelchair propulsion 

strategies to quantify individual muscle demand and eliminate any potentially 

confounding effects. Therefore, the objective of this study was to use a detailed upper 

extremity musculoskeletal model and forward dynamics simulations of wheelchair 

propulsion to investigate the influence of altering cadence, peak force and push angle on 

measures of individual upper extremity muscle demand (i.e. muscle work and stress).   

METHODS 

Experimental data were collected from a representative wheelchair user during 

four propulsion conditions that manipulated cadence, push angle and peak handrim force 

using visual biofeedback. A dynamic optimization framework was then used with a 

detailed upper extremity model and forward dynamics simulation of wheelchair 

propulsion to identify the model neural excitation patterns necessary to generate 

simulations that accurately reproduced the experimental data. Individual muscle work 

and stress were then obtained to determine the influence of these variables on upper 

extremity demand. The experimental data collection procedures, musculoskeletal model, 

and analysis are described in detail below. 
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Experimental Data 

After obtaining informed consent, experimental data of a single representative 

manual wheelchair user (37 year old male with 14 years experience) were collected as 

part of a larger study. Individual trials were performed on a wheelchair treadmill at a 

constant speed of 1.13-1.14 m/s and a custom built biofeedback system provided the 

subject with a real-time visual representation of one of three propulsion technique 

variables (i.e. cadence, push angle, peak force) (Fig. 4-1). Four trials were performed 

during which the subject was instructed to propel his own wheelchair while 1) using a 

self-selected propulsion technique (NOM), 2) minimizing cadence (CD), 3) maximizing 

push angle (PA) and 4) minimizing peak force (PF). For all trials, data were collected 

after an adaptation period to allow the user to become accustomed to task demands and 

reach a steady-state motion. After the adaptation period, joint kinematics, handrim 

kinetics and electromyographic (EMG) data were collected for a minimum of ten 

propulsion strokes. Each stroke began when the torque about the wheel axle exceeded ±1 

Nm and ended at the start of the following stroke, when the torque again exceeded ±1 

Nm. The end of the push phase was defined as the time when the wheel axle torque 

returned to below the ±1 Nm threshold (Kwarciak et al., 2009). Data for each stroke were 

normalized to 100 percent of the stroke using cubic spline interpolation and averaged 

over all strokes to create representative biomechanical and muscle excitation profiles. 
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Figure 4-1: Custom built biofeedback system. A) Subjects propelled their own 
wheelchair on a custom-made treadmill. B) During each trial, average (red), 
target (green) and time history (bars) of a biofeedback variable is provided 
visually.  

Shoulder and elbow kinematics were collected at 100 Hz using an active marker 

set and a 3-camera motion capture system (Phoenix Technologies, Burnaby, BC, CA) and 

low-pass filtered (10 Hz) using an eighth-order Butterworth filter.  An OptiPush force 

sensing wheel (MAX Mobility, LLC, Antioch, TN, USA) was used to collect handrim 

kinetics and wheel angle at 200 Hz and low-pass filtered (20 Hz) using an eighth-order 

Butterworth filter. EMG data were collected at 1500 Hz from the anterior, middle, and 

posterior portions of the deltoid, sternal portion of the pectoralis major, biceps brachii 

and long head of the triceps brachii using surface electrodes.  Raw data were then 

rectified, band-pass filtered (10 – 500 Hz) and smoothed using a 100 ms moving average 

window.   

Musculoskeletal Model 

A detailed upper extremity musculoskeletal model and forward dynamics 

simulation of propulsion (Rankin et al., 2010) was developed using SIMM/Dynamics 

A) B) 
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Pipeline (Musculographics, Inc., Santa Rosa, CA, USA) based on the work of Holzbaur 

et al. (2005).  This model consists of rigid segments that represent the trunk and right side 

upper arm, forearm and hand, with segment mass and inertia characteristics obtained 

using regression equations (Clauser et al., 1969).  Six rotational degrees of freedom 

representing trunk lean, shoulder elevation plane, shoulder elevation angle 

(thoracohumeral angle), shoulder internal-external rotation, elbow flexion-extension and 

forearm pronation-supination are used to define articulations between segments. Trunk 

lean and hand translations were prescribed based on collected kinematic data. The 

dynamic equations of motion for the simulation were generated using SD/FAST 

(Parametric Technology Corp., Needham, MA, USA). 

The model was driven by twenty-six Hill-type musculotendon actuators that 

included muscle force-length-velocity relationships (Zajac, 1989) and represented the 

major upper extremity muscles of the shoulder and elbow.  To improve computational 

speed, higher order polynomial regression equations were fit to original model 

musculotendon length and moment arms for each muscle (Appendices 2, 3). Twenty-two 

excitation patterns (three part latissimus dorsii, two part sternal pectoralis major, and 

lateral triceps and anconeous were combined into distinct groups) were used to excite the 

musculotendon actuators. Each excitation pattern was created from the linear sum of four 

parameterized Henning patterns and defined by twelve parameters (Rankin et al., 2010), 

resulting in a total of 264 parameters to be optimized. Musculotendon actuators 

associated with collected EMG data had excitation onset and offset timing constrained to 

match experimental values. Muscles with no available data were left unconstrained. 

Muscle excitation-activation dynamics were modeled using a first order differential 

equation (Raasch et al., 1997) with muscle-specific activation and deactivation time 

constants (Happee and Van der Helm, 1995; Winters and Stark, 1988). 
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Dynamic Optimization 

A global optimization algorithm (simulated annealing, Goffe et al., 1994) was 

used to perform four optimizations. For each optimization, the neural excitation pattern 

parameters were identified that minimized differences between simulation and measured 

experimental kinematics using an optimal tracking cost function (Neptune et al., 2001).  

Each optimization reproduced one of the four experimental conditions: NOM, CD, PA 

and PF.  Cost function quantities included the upper extremity joint kinematics and three-

dimensional handrim forces. 

Analysis 

To assure the simulation reached steady-state, three consecutive propulsion cycles 

were simulated for each optimization and data were analyzed during the third push phase. 

Individual muscle stress was calculated at each time step as the percentage of maximum 

isometric force and peak and average values were determined. Total, positive and 

negative muscle work was calculated by integrating the positive and negative 

musculotendon power. Because each simulation had a different propulsion stroke time, 

muscle work was normalized for comparison.  This was accomplished by calculating the 

total amount of individual muscle work required for a fixed time period, which was set to 

be equal to the condition with longest stroke time. Muscle work and stress from each of 

the twenty-six muscles were then placed in one of fifteen groups based on anatomical 

location for analysis.  These groups were: ADELT (anterior deltoid), MDELT (middle 

deltoid), PDELT (posterior deltoid), PECM (sternal and clavicular pectoralis major), 

CORB (corachobrachialis), LAT (three part latissimus dorsii), TMIN (teres minor), 

SUBSC (subscalularis), SUPSP (supraspinatus), INFSP (infraspinatus), BIC (long and 

short heads of biceps brachii), TRI (long, medial and lateral heads of the triceps brachii), 

BRD (brachioradialis), PQ (pronator quadrates, pronator teres) and SUP (supinator). 
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Table 4-1:  Root mean square (RMS) tracking differences between the simulated and 
experimental kinematics and handrim forces for each simulation.  In all four 
simulations, differences between the simulation and experimental data were 
within two standard deviations of the experimental values (presented in 
parentheses).  

Shoulder Elevation Angle 3.22 (5.76) 4.29 (8.04) 2.96 (8.76) 2.57 (13.26)
Shoulder Elevation 1.65 (2.44) 1.98 (3.76) 1.62 (4.06) 1.94 (5.16)
Shoulder Rotation 1.24 (6.18) 3.29 (8.76) 1.44 (7.70) 1.40 (11.54)
Elbow Flexion-Extension 3.22 (5.16) 3.79 (9.64) 2.53 (8.06) 3.03 (13.50)
Pronation-Supination 0.94 (6.48) 2.77 (15.44) 1.23 (8.84) 4.93 (13.10)
All Angles 2.28 (5.20) 3.32 (9.14) 2.07 (7.48) 3.03 (11.32)

Tangential 3.85 (8.56) 3.44 (17.80) 3.02 (10.74) 8.23 (35.84)
Radial 4.97 (10.02) 4.39 (17.46) 7.02 (13.02) 15.16 (37.10)
Lateral 8.40 (8.42) 4.47 (16.50) 6.09 (9.24) 7.91 (20.68)
All Forces 6.06 (9.00) 4.13 (17.26) 5.64 (11.00) 10.96 (31.22)
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RESULTS 

All four simulations accurately reproduced the experimental joint kinematics and 

handrim forces with average differences within two standard deviations of the 

experimental variability (Table 4-1). Relative to the nominal simulation (NOM), the 

simulations that reproduced biofeedback trials that maximized push angle (PA) and 

minimized cadence (CD) increased the push angle on the handrim (Table 4-2).  Only the 

simulation that reproduced the minimize peak force condition (PF) reduced the peak 

force during the push phase, while CD had the largest peak force of all of the simulations 

(Table 4-2).  There was a wide range in cadence values over the four conditions, ranging 

from 0.36 to 0.95 Hz (Table 4-2). 
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Table 4-2:  Stroke times, handrim variables, and net muscle work for each of the four 
simulations that reproduced the experimental data.  Handrim values that 
were included in the biofeedback for each simulation are italicized. 

Simulation Stroke Time 
(s)

Contact 
Angle (deg)

Peak Force 
(N)

Cadence    
(Hz)

Avg. Muscle 
Stress

Total 
Muscle 
Work 

(J/stroke)

Total 
Muscle 
Work 

(J/2.75s)
Nominal 1.18 95.1 67.1 0.85 0.179 61.4 143.1
Max CA 1.86 104.7 71.9 0.54 0.159 83.9 124.0
Min PF 1.05 87.5 57.9 0.95 0.097 34.4 90.0
Min CD 2.75 102.4 104.7 0.36 0.157 80.0 80.0

 

Muscle Stress 

The average muscle stress for all of the muscles during the nominal simulation 

was highest in the NOM and lowest in the PF simulation (17.9 vs. 9.7%, Table 4-2). 

Muscle peak and average stresses showed similar trends in that muscle groups with 

higher peak stresses also tended to have higher average stresses over the entire push 

phase (Fig. 4-2).  In the nominal simulation PQ had the highest peak stress (>100% due 

to active stretching), with SUP, SUPSP, MDELT, BRD and TRI also having peak 

stresses higher than 50% (Fig. 4-2B). Average stress values for many muscles were near 

20%, including ADELT, PECM, SUPSP and INFSP (Fig. 4-2A). Relative to the nominal 

simulation, both the PA and CD simulations increased CORB and LAT stress. In 

addition, PA also greatly increased SUBSC stress while CD increased PECM and SUPSP 

stress.  PF increased peak SUPSP and INFSP stress as well as peak and average MDELT 

stress.  All three simulations reduced SUP and PQ average and peak muscle stresses and 

increase peak INFSP stresses relative to NOM (Fig. 4-2). PF also had reduced average 

stresses in most other muscle groups, with the largest reductions occurring in ADELT, 

PDELT, and CORB.  PA was the only simulation that reduced peak and average SUPSP 

stress. CD also reduced BIC and TRI stress in addition to SUP and PQ (Fig. 4-2A). 
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Figure 4-2:  Muscle stress for each muscle group in the model.  A)  Average stress over 
the entire push.  B)  Peak stress.  PQ peak stress value was higher than 
100% due to active stretching of the muscle during the push. Min CD = 
minimize cadence, Min PF = minimize peak force, Max PA = maximize 
push angle, Nominal = nominal simulation. 
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Muscle Work 

The elbow flexors (BIC, BRD) and extensors (TRI) consistently generated a large 

amount of muscle work in all four simulations, with the similar amounts of positive and 

negative work generated (Fig. 4-3). In general, the shoulder flexors (ADELT, PECM) 

were also active during the push phase to generate a large amount of positive work (Fig. 

4-3A), while the LAT group consistently generated negative work by actively stretching 

at the end of the push phase (Fig. 4-3A).  Of the rotator cuff muscles, SUBSC and INFSP 

consistently generated negative and positive work, respectively in each simulation (Fig. 

4-3). Relative to the NOM simulation, the CD simulation had a large increase in positive 

PECM work and decreases in both positive and negative BIC and TRI work (Fig. 4-3).  

The PF simulation had small increases in MDELT, PECM and LAT work and a decrease 

in ADELT work (Fig. 4-3). PA increased positive ADELT and negative SUBSC work 

(Fig. 4-3). Relative to NOM, all three biofeedback simulations reduced total elbow flexor 

and extensor work (Fig. 4-3). 
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Figure 4-3:  Total push phase muscle group work for each simulation.  Work has been 
normalized to the longest propulsion stroke for comparison.  A)  Positive 
and negative work.  B)  Total work (absolute value summation of positive 
and negative work). Min CD = minimize cadence, Min PF = minimize peak 
force, Max PA = maximize push angle, Nominal = nominal simulation. 
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DISCUSSION 

The simulations that reproduced the three experimental biofeedback trials showed 

that instructing the user to maximize push angle, minimize cadence or minimize peak 

force with visual biofeedback influences individual upper extremity muscle work and 

stress (Table 4-2). The few experimental studies that have investigated the effectiveness 

of using feedback to teach different propulsion techniques were also successful in altering 

push angle, cadence and peak forces (de Groot et al., 2008; de Groot et al., 2002a; Lenton 

et al., 2009; Rice et al., 2010). Of these, Rice et al. (2010) specifically provided push 

angle and cadence feedback to an experienced wheelchair user and reported a decrease in 

average handrim forces.  However, the study did not provide specific information on how 

the feedback influenced upper extremity demand. Both de Groot et al. (2008) and Lenton 

et al. (2009) found that cadence influenced push angle and mechanical efficiency in able-

bodied (non-wheelchair user) subjects. While other studies are necessary to evaluate the 

long-term effectiveness of feedback training, the results of this study and others suggest 

that feedback training can be an effective method to teach novel propulsion techniques to 

reduce upper extremity demand. 

The results of the CD simulation showed that using feedback to minimize cadence 

is a promising technique to reduce the total amount of muscle work required to propel a 

wheelchair, as this condition had the lowest total work normalized over a fixed time 

period when compared across all four conditions (Table 4-2). This result is similar to 

previous studies of able-bodied subjects that found lower propulsion cadences increased 

mechanical efficiency (de Groot et al., 2008; Lenton et al., 2009). The reduction in 

muscle work was due to reduced positive and negative work generated by the elbow 

muscles (TRI, BIC, BRD) and positive work by ADELT and MDELT, which suggests 
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that the lower cadence reduces co-contraction about the elbow joint and the need for 

antagonistic muscle activity to stabilize the shoulder during the push phase. 

On the other hand, CD had the highest peak handrim force out of all the 

simulations (Table 4-2), which will increase intersegmental moments (e.g., Finley et al., 

2004) and has been associated with wrist injury in wheelchair users (Boninger et al., 

2005).  This was consistent with a previous study investigating seat height that found 

lower seat positions had lower cadences and higher peak axial and radial handrim forces 

(Kotajarvi et al., 2004).  In contrast, others found lower cadences reduced peak and 

average handrim forces (Boninger et al., 2002; Rice et al., 2010). Differences between 

study findings may be due to study protocol as Rice et al. (2010) simultaneously 

instructed the wheelchair user to maximize push angle and Boninger et al. (2002) did not 

instruct subjects to minimize cadence. While the CD simulation resulted in the lowest 

amount of muscle work, the simulation did not minimize average muscle stress, most 

likely as a result of the increased handrim forces. Specifically, the CD simulation 

increased PECM and SUPSP stress, which have been shown to already have high 

excitation intensities during the push phase of wheelchair propulsion (e.g., Mulroy et al., 

2004), suggesting that minimizing cadence may actually increase the likelihood of injury 

to some muscles.  

The lowest average muscle stress occurred in the PF simulation, which was 45% 

and 38% lower than the NOM and CD conditions, respectively (Table 4-2). In order to 

minimize peak handrim force, the PF simulation had the highest cadence, which was 

three times higher than the minimal cadence condition (Table 4-2, PF).  In contrast to 

others who found increased cadences lowered mechanical efficiency (de Groot et al., 

2008; Lenton et al., 2009), the PF simulation greatly decreased the amount of muscle 

work used to propel the wheelchair relative to the nominal simulation when normalized 
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to a fixed time, suggesting that increasing cadence can increase mechanical efficiency.  

However, this study did not account for energy expended during the recovery phase, 

which likely has a higher metabolic cost at faster cadences due to increases in segment 

velocities and accelerations (Lenton et al., 2009), or other muscle activity that may be 

influenced by cadence (e.g. trunk flexors and extensors). Although there was a reduction 

in positive ADELT and net TRI, BIC and BRD work (Fig. 4-3), the PF simulation still 

had high peak stresses (>25%) in the elbow flexors and extensors (TRI, BRD) and rotator 

cuff muscles (SUBSC, INFSP, SUPSP) as well as high average stresses (>20%) in the 

MDELT and elbow flexors and extensors (Fig. 4-1). In addition, peak handrim forces 

were still greater than 50N, which is higher than the 39N threshold suggested by previous 

ergonomic studies that results in injury during a repetitive task (Silverstein et al., 1987). 

As a result, the potentially negative consequences of using a high cadence to minimize 

peak force during feedback training outweigh any positive effects produced from a lower 

peak handrim force. 

Instructing the user to maximize push angle also reduced push cadence and 

increased peak force, relative to the nominal simulation, which was similar to the CD 

simulation.  Although average muscle stress and net work was lower than the NOM 

simulation, the PA simulation had higher values relative to the other two conditions 

(Table 4-2).  The higher work was found to be a result of increased negative work by the 

LAT and SUBSC and positive work by ADELT. This suggests that maximizing the push 

angle may have required extended activation of these muscles at the end of the push 

phase, resulting in increased co-contraction (Fig. 4-3). Although minimizing cadence also 

increased contact angle, the CD simulation reduced the work in LAT, SUBSC and 

ADELT.  Therefore, encouraging the user to maximize push angle may result in extreme 

upper extremity configurations that actually increase upper extremity demand.  
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A large amount of interaction between push angle, cadence and peak force 

occurred when using each variable as feedback, indicating that these variables are likely 

coupled.  For example the CD simulation, which minimized cadence, also increased push 

angle and peak force (Table 4-2). This is because a fixed amount of work must be 

supplied to the handrim over time in order to overcome external loads (e.g., friction) and 

produce the desired speed. A decrease in cadence reduces the amount of hand-handrim 

contact time available, which increases the amount of handrim work required per 

propulsion stroke. Increasing push angle to provide additional time on the handrim for 

generating work and/or increasing the tangential force on the handrim to produce more 

work per stroke are both valid mechanisms to provide additional work. In extreme cases, 

such as the CD simulation investigated here, both mechanisms would be required to 

produce enough work to satisfy the external requirements. As a result, investigating the 

influence of each of these variables independent of each other to determine the optimal 

propulsion technique to minimize demand is difficult. Purely theoretical studies that alter 

each variable while holding other quantities constant or alter all three variables 

simultaneously to minimize specific measures of upper extremity demand may be able to 

isolate some of the variables influence better and provide additional insight into how to 

optimize propulsion technique.  

There are some limitations to this study. First, only a single subject was used to 

create the experimental profiles used in the tracking simulation in this study. However, 

representative stroke data are more dynamically consistent and have lower variability 

than group average data, resulting in a more realistic propulsion stroke. In addition, the 

subject selected for simulation had segment anthropometrics simulate to the model, 

which are of a 50th percentile male providing a good estimate of average propulsion 

biomechanics. Although previous studies show a wide range of self-selected techniques 
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used to push a wheelchair, the few intervention studies have produced consistent changes 

among all subjects (de Groot et al., 2008; Lenton et al., 2009).  In addition, the subject’s 

response to the biofeedback training was similar to other subjects collected as part of a 

larger study.  Second, the musculoskeletal model in this study incorporated a fixed wrist 

and only the push phase was simulated. There were differences observed in the 

magnitude of the free moment exerted by the hand on the handrim between each 

simulation, which are produced by the wrist and can potentially affect the results of the 

study.  However, the wrist moment is generally small and should not greatly affect the 

main study conclusions.   

CONCLUSION 

Because of the interaction between the three variables for a fixed wheelchair 

speed, it is difficult to determine the influence of each variable independently on upper 

extremity demand.  However, the results of this study show that using each of these 

variables as independent feedback variables will create changes in push phase 

biomechanics that influence upper extremity demand.  While instructing users to 

minimize peak force results in the lowest average muscle stress, the corresponding 

increase in frequency may negate the positive effects, as some individual muscles still 

have high peak and average stresses during the push phase.  On the other hand, 

instructing users to maximize push angle alone did not result in a large decrease in 

average muscle stress of muscle work relative to the other to biofeedback conditions, 

which suggest that instructing users to maximize push angle may not result in large 

reductions in upper extremity demand.  Due to the interdependence between the three 

variables, instructing users to minimize cadence also caused the user to increase push 

angle. The CD simulation showed that even though peak force increased relative to the 
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nominal simulation, average muscle stress was lower and total muscle work was 

minimized when normalized to a fixed time.  Therefore, instructing users to minimize 

cadence appears to have the greatest influence on minimizing upper extremity demand 

and reducing muscle fatigue, which would result in a decreased likelihood of 

experiencing upper extremity pain and injury. 
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Chapter 5 

Conclusions 

 

SUMMARY 

The overall goal of this work was to provide additional insight into how altering 

different aspects of wheelchair propulsion technique influences individual muscle 

demand in the upper extremity.  This was accomplished through a combined 

experimental and modeling approach.  First, individual muscle function during the push 

and recovery phases of wheelchair propulsion was identified by using a detailed upper 

extremity model and forward dynamics simulation (Chapter 2).  This model and 

simulation was then used within an optimization framework to determine how altering 

the applied handrim force direction influences individual muscle demand (Chapter 3).  

Finally, multiple simulations of wheelchair propulsion were produced to reproduce 

experimental wheelchair biomechanics of a representative subject receiving biofeedback 

training in order to determine the influence that minimizing cadence, maximizing push 

angle and minimizing peak handrim force has on muscle demand (Chapter 4). 

Similar to previous EMG studies (Mulroy et al., 2004; Tries, 1989), most muscles 

functioned within one of two groups, either contributing to push (i.e. delivering handrim 

power) or recovery (i.e. repositioning the hand) subtasks. The shoulder flexors (i.e. 

anterior deltoid, pectoralis major) were found to be the primary contributors to 

completing the push subtask while the shoulder extensors (i.e. latissimus dorsi, posterior 

deltoid) were the main contributors to the recovery subtask. During the transition 

between the two subtasks (i.e. when the hand releases from the handrim) most of the 

shoulder muscles were active, which resulted in a high amount of co-contraction. At this 
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time all three components of the deltoid act to elevate the humeral head, resulting in the 

need for stabilizing force from the rotator cuff muscles.  The high activity and resulting 

upper extremity demand during this period suggests that the transition between the two 

subtasks may contribute greatly to the high prevalence of rotator cuff tears and shoulder 

impingement among wheelchair users (Finley and Rodgers, 2004). In addition, the 

recovery subtask required muscle activity from a large number of muscles, suggesting 

that even the apparently simple goal of retracting the arm requires a high amount of 

muscle coordination.   

By using a specific measure commonly used to quantify force direction (i.e. ratio 

of tangential to total handrim force, FEF), a theoretical framework was developed to 

study the influence of handrim force direction on upper extremity demand. Forward 

dynamics simulations that maximized (i.e. directed the handrim force more tangentially) 

and minimized FEF were found to increase average muscle stress and total muscle work 

relative to a nominal simulation that reproduced a wheelchair user’s self-selected FEF. In 

addition, maximizing FEF was found to reduce elbow muscle quantities at the expense of 

shoulder muscle work and stress, suggesting that increasing FEF may actually increase 

the likelihood of experiencing shoulder injury and pain.  Instead, wheelchair users appear 

to optimize FEF naturally by balancing the competing demands of improving handrim 

force effectiveness to improve mechanical efficiency and minimizing upper extremity 

demand.  Therefore, care should be taken when using FEF as a measure for teaching 

wheelchair users proper propulsion technique and reducing upper extremity demand.  

Finally, a combined modeling and experimental approach was used to determine 

the influence of three different biofeedback variables (cadence, push angle, peak handrim 

force) on upper extremity demand. The three variables were found to be interdependent, 

due to the need to provide a constant amount of work over the handrim.  Minimizing 
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peak force resulted in the lowest average muscle stress over a propulsion stroke, which 

was accomplished by greatly increasing push cadence.  However, peak and average 

stresses of the rotator cuff muscles (subscapularis, infraspinatus and supraspinatus) and 

anterior deltoid were still found to be greater than 20%. The combination of high rotator 

cuff muscle stresses and high cadence suggests that minimizing peak force may actually 

increase shoulder injury, even though overall muscle stress is reduced. On the other hand, 

total muscle work was lowest when the user minimized cadence. Muscle stress was also 

decreased relative to the self-selected technique at this condition. Therefore, using 

cadence as a biofeedback variable appears to have the greatest potential to reduce upper 

extremity demand during propulsion. 

The three studies have provided new insight into how muscles function to 

accomplish the highly demanding task of wheelchair propulsion and how altering 

different aspects of propulsion technique influence individual muscle work and stress.  

This insight can help determine the optimal propulsion technique that minimizes upper 

extremity demand and assist in the development of effective rehabilitation techniques in 

order to decrease the prevalence of upper extremity and pain among manual wheelchair 

users. 

FUTURE DIRECTIONS 

Wheelchair Propulsion Technique 

Chapter 2 has provided a theoretical understanding of how different muscles 

function during the push and recovery phases of propulsion, which can be used as a basis 

for identifying specific propulsion variables that may have the greatest influence on 

individual muscle and total upper extremity demand. The study found that variables 

altering the biomechanics of the transition between the push and recovery phases may 
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have the highest potential to influence upper extremity demand. The feedback variables 

investigated in Chapter 4 primarily influence push phase biomechanics.  Future studies 

investigating variables that alter transition biomechanics (e.g. release angle) should be 

performed to determine how these variables influence upper extremity demand. 

Model Improvements 

The upper extremity model developed as part of this work contains detailed 

information regarding shoulder and elbow muscle architecture and joint articulations.  

While the majority of muscular effort during propulsion occurs at the shoulder and elbow 

joints, there is also a high incidence of wrist injury and pain among manual wheelchair 

users. The hand can also produce a free moment about the wheel axle, which can affect 

muscle demand at the shoulder and elbow. Studies have reported many different values 

for this moment, ranging from negative quantities (i.e. it counters the movement of the 

wheel) to positive values that may reach up to 40% of the net moment on the wheel (van 

der Woude et al., 2001; Veeger, 1999).  In the model used in these studies, the wrist was 

fixed to improve optimization stability.  However, future work should be performed to 

include a wrist in the model in order to provide a more complete understanding of how 

propulsion technique variables influence upper extremity demand. 

In order to represent the hand-handrim contact, the translations of the hand in this 

study were prescribed to follow experimental data.  This allowed for a stable optimization 

with good convergence.  However, a more detailed contact model (e.g. non-linear spring 

model) may provide a more realistic representation of hand-handrim interaction, which 

could be used to investigate how certain behaviors commonly observed in propulsion, 

such as the initial contact spike when the hand hits the handrim, contribute to upper 

extremity demand. 
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The current model prescribes both the trunk and scapular motion.  These motions 

are used to replace forces that are normally generated by muscles at the neck and pelvis.  

Increasing the complexity of the model in these areas can increase the range of motions 

(and thus subjects) that the model can reproduce.  In addition, insight into the role of the 

trunk muscles in propulsion could be assessed.  

Chapters 3 and 4 focused on the influence of different propulsion techniques on 

individual muscle demand. However, additional insight into upper extremity demand and 

potential injury mechanisms can be obtained from investigations of joint contact forces. 

Few studies have either estimated or provided in vivo contact force information during 

propulsion (Bergmann et al., 2007; van Drongelen et al., 2005a).  Improving the current 

model’s capability to determine joint contact forces will provide a broader picture of how 

different propulsion techniques influence upper extremity demand. 

Combining a metabolic cost model with the current upper extremity model and 

optimization framework can provide additional insight into how different muscles 

contribute to the total metabolic cost of wheelchair propulsion and provide an alternative 

method of model validation. Preliminary work has been performed on implementing a 

metabolic cost model for model validation, with simulated push phase mechanical 

efficiencies of 10-13%. These values are slightly higher than those commonly reported 

(4-11%, de Groot et al., 2002a; van der Woude et al., 2009), but this is most likely due to 

not simulating the recovery phase.  

Finally, the model used in this study is a generic model representing a 50th 

percentile able-bodied male.  Future improvements should be made to make the model 

subject specific.  For example, spinal cord injury level has been shown to affect a 

wheelchair user’s muscle coordination during propulsion (Mulroy et al., 2004), which is 

likely a result of the impaired neuromuscular system’s ability to generate force in some 
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muscles. Adapting the model to better reflect these impairments has the potential to 

provide more insight into how different levels of spinal cord injury influences upper 

extremity demand.  

Wheelchair Design 

Recent studies have begun to investigate the effects of modifying the design of 

wheelchair equipment on upper extremity demand, including handrim size, seat location 

(i.e. height and fore-aft position), backrest angle and handrim type (Aissaoui et al., 2002; 

Guo et al., 2006; Masse et al., 1992; Richter and Axelson, 2005; Richter et al., 2006).  

However, very few of these studies relate changes in wheelchair equipment setup to 

measures of individual muscle demand or joint contact loads. The model developed for 

this work can be used in a design optimization framework in the future to investigate 

different wheelchair configuration variables to determine the optimal wheelchair 

configuration that further reduces upper extremity demand. 
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Appendix 1 

Musculoskeletal Model Muscle Definitions 

Table A1-1: Origin and insertion segments and muscle abbreviation for each 
musculotendon actuator in the upper extremity model.  

Abreviation Muscle Name Origin Insertion

ADELT Anterior Deltoid clavicle humerus
ANC Anconeous humerus ulna

BIClong Biceps Brachii, long head scapula radius
BICshort Bicepts Brachii, short head scapula radius

BRA Brachialis humerus ulna
BRD Brachoradialis humerus radius

CORB Corachobrachialis scapula humerus
INFSP Infraspinatus scapula humerus
LAT1 Lattissimus Dorsi 1 thorax humerus
LAT2 Lattissimus Dorsi 2 thorax humerus
LAT3 Lattissimus Dorsi 3 thorax humerus

MDELT Middle Deltoid scapula humerus
PDELT Posterior Deltoid scapula humerus
PECM1 Pectoralis Major, clavicular head clavicle humerus
PECM2 Pectoralis Major, sternal head 1 thorax humerus
PECM3 Pectoralis Major, sternal head 2 thorax humerus

PQ Pronator Quadratus ulna radius
PT Pronator Teres humerus radius

SUBSC Subscapularis scapula humerus
SUP Supinator ulna radius

SUPSP Supraspinatus scapula humerus
TMAJ Teres Major scapula humerus
TMIN Teres Minor scapula humerus
TRIlat Triceps Brachii, Lateral humerus ulna

TRIlong Triceps Brachii, Long Head humerus ulna
TRImed Triceps Brachii, Medial scapula ulna
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Appendix 2 

Muscle Regression Equations 

Because the forward dynamics simulations used in this study have open loop 

controls, the optimization algorithms used to identify the optimal controls (e.g., simulated 

annealing Goffe et al., 1994) require a large number of iterations (tens of thousands) to 

converge. Within a single iteration, a set of parameters is varied and a forward dynamics 

simulation is performed in order to evaluate the optimization criteria (Fig. A2-1). Once 

the criteria have been satisfied, the optimal simulation is then used for data analysis. One 

way to improve the performance of these open loop algorithms is to reduce the time 

required to complete a single iteration, which can be accomplished by reducing the time 

required to perform a forward dynamics simulation. Using today’s personal computers 

(e.g. one 3.0 GHz processor), a single forward dynamics simulation must not take more 

than a few seconds if the problem is to converge to an optimal solution in a reasonable 

amount of time (i.e. one week).  
  

 

Figure A2-1: Dynamic optimization framework.  The optimization algorithm repeatedly 
varies the open loop control parameters (e.g. muscle excitation patterns) 
and generates forward dynamics simulations until the optimization criteria 
are achieved (e.g. minimizing differences between simulation and 
experimental values).  Of the steps shown, running the forward dynamics 
simulation is the most computationally expensive. 

Forward Dynamics 
Simulation 

Evaluate Optimization 
Criteria 

Is Optimal 
Solution? 

Set Parameter 
Values 

No 

Yes 

Run Analyses 
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The original upper extremity model that was adapted in this work implemented a 

large number of complex surfaces (i.e. wrapping objects) to accurately replicate muscle 

moment arms and musculotendon lengths (Holzbaur et al., 2005).  As a result, a forward 

dynamics simulation of wheelchair propulsion using the original model required 5.25 

minutes of processing time on a standard workstation computer (3.16 GHz dual-core 

processor, 2GB ram), which would prevent the use of open loop control simulations. In 

order to increase simulation time, muscle moment arms and musculotendon lengths were 

fit with polynomial regression equations and the wrapping objects were removed from 

the model. These equations greatly reduced the computational complexity of the model 

and the resultant forward dynamics simulation of a single wheelchair propulsion stroke 

was completed in 2.3 seconds on the same workstation computer. 

Regression equations were determined using a least-squares fitting method 

previously used by Menegaldo et al (2004) for the lower extremity.  The problem 

consisted of determining the coefficients ai of the function g defined as: 

g(Q1, …, Qk) = a1 + a2f1(Q1, …, Qk) + a3f2(Q1, …, Qk)  

 + … + anfn-1(Q1, …, Qk) (A2-1) 

where g represents a muscle’s moment arms or musculotendon length, Qi is a generalized 

coordinate of the model, fi are predetermined generic non-linear polynomial functions 

and n and k are a positive integers. This function can be expressed in matrix form as a 

vector product of coefficient and function vectors a and b, respectively as: 

g = ba (A2-2) 

a = [a1, a2, …, an]T (A2-1) 

b = [f1, f2, …, fn-1] (A2-3) 

If m samples of data are available (i.e. the values for g and corresponding Qis) 

then Equation A2-2 can be expressed in matrix form: 
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G = Ba (A2-4) 

where G contains the function values at each sample and B is defined as: 

G  = [g(1), g(2), …, g(m)]T (A2-5) 

 B = 

1 1 1
1 2 2

1

 (A2-6) 

The pseudo-inverse of equation A2-4 can be taken to obtain the least-squares normal 

equation, 

a = (BTB)-1BTG (A2-7) 

Eighteen different polynomial equations were utilized to fit muscle moment arm 

and musculotendon data (Table A2-1).  These equations are a function of the generalized 

coordinate value (in radians) and return values in meters (m). Sample data were taken 

directly from SIMM (Musculographics, Inc.) using the original upper extremity model.  

Points were taken at fixed intervals over a predetermined range of motion for each 

generalized coordinate.  The range was set to contain values that are typically observed 

during wheelchair propulsion (Table A2-2). For equations that were a function of three or 

less generalized coordinates, twenty points were sampled across each coordinate to create 

a coordinate mesh.  For example, a quantity dependent on two generalized coordinates 

had a total of 400 data points (20 x 20).  For equations dependent on four or five 

generalized coordinates fifteen and eleven data points were sampled, respectively. In all 

cases, the polynomial equation for each quantity was determined by increasing equation 

complexity until a predetermined tolerance was achieved (i.e. maximum error less than 

2mm or 10% of largest value, whichever was greater) (Table A2-2).  

The regression equations fit the muscle moment arm and musculotendon length 

data well, with the largest average fit error occurring in the middle deltoid shoulder 
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internal-external rotation moment arm (1.75mm, 2.14%, Table A2-3).  A few of the 

maximum fit errors were above the 2mm, 10% threshold (Table A2-3).  However, 

increasing equation complexity did not significantly reduce these errors. This is due to 

many of these errors being a result of the discontinuities in the original model created by 

moving across different wrapping surfaces, which cannot be accurately modeled using a 

continuous fitting equation. Appendix 3 provides comparison plots between the 

regression equation and original model values for each of these quantities during a typical 

propulsion stroke, which shows some of these discontinuities (e.g., Fig. A3-12). The 

specific coefficient values for each regression equation used in the model are provided in 

Table A2-4.  
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Table A2-1: Regression equation forms.  Generalized coordinates for the regression 
equations are: Q0 = shoulder plane of elevation, Q1 = shoulder elevation 
(thoracohumeral) angle, Q2 = shoulder internal-external rotation, Q3 = 
elbow flexion-extension and Q4 = forearm pronation-supination.  All 
equations use radian coordinate values as input and return values in meters 
(m). 

 

Equation 
Number

Number of 
generalized 
coordinates

Equation Form

0 1 F(Q 3) = a 1 + a 2Q 3 + a 3Q 3
2 + a 4Q 3

3 + a 5Q 3
4 + a 6Q 3

5

1 1 F(Q 3) = a 1 + a 2Q 3 + a 3Q 3
2 + a 4Q 3

3 + a 5Q 3
4 + a 6Q 3

5 + a 7Q 3
6

2 1 F(Q 4) = a 1 + a 2Q 4 + a 3Q 4
2 + a 4Q 4

3 + a 5Q 4
4

3 2 F(Q 3,Q 4) = a 1 + a 2Q 3 + a 3Q 4 + a 4Q 3
2  + a 5Q 4

2  + a 6Q 3
3  + a 7Q 4

3  + a 8Q 3Q 4 + a 9Q 3
2Q 4 + a 10Q 3Q 4

2  + a 11Q 3
3Q 4 + a 12Q 3Q 4

3

4 2 F(Q 3,Q 4) = a 1 + a 2Q 3 + a 3Q 4 + a 4Q 3
2 + a 5Q 4

2 + a 6Q 3
3 + a 7Q 4

3

5 2 F(Q 3,Q 4) = a 1 + a 2Q 3 + a 3Q 3
2 + a 4Q 3

3 + a 5Q 3
4 + a 6Q 3

5 + a 7Q 4 + a 8Q 4
2 + a 9Q 4

3 + a 10Q 4
4 + a 11Q 4

5

6 3 F(Q 0,Q 1,Q 2) = a 1 + a 2Q 0 + a 3Q 1 + a 4Q 2 + a 5Q 0
2 + a 6Q 1

2 + a 7Q 2
2 + a 8Q 0

3 + a 9Q 1
3 + a 10Q 2

3 + a 11Q 0Q 1 + a 12 Q 0Q 2 + a 13Q 1Q 2 + a 14Q 0Q 1Q 2 + a 15Q 0
2Q 1 + 

a 16Q 0
2Q 2 + a 17Q 0Q 1

2 + a 18Q 1
2Q 2 + a 19Q 0Q 2

2 + a 20Q 1Q 2
2

7 3 F(Q 0,Q 1,Q 2) = F 9(Q 0,Q 1,Q 2) + a 55Q 0
3Q 1

3Q 2 + a 56Q 0
3Q 1Q 2

3 + a 57Q 0Q 1
3Q 2

3 + a 58Q 0
5Q 1 + a 59Q 0

5Q 2 + a 60Q 0Q 1
5 + a 61Q 1

5Q 2 + a 62Q 0Q 2
5 + a 63Q 1Q 2

5 + 

a 64Q 0
6Q 1 + a 65Q 0Q 1

6 + a 66Q 0
7Q 1 + a 67Q 0Q 1

7 + a 68Q 0
8Q 1 + a 69Q 0Q 1

8 + a 70Q 0
6Q 2 + a 71Q 1

6Q 2 + a 72Q 0
7Q 2 + a 73Q 1

7Q 2 + a 74Q 0
8Q 2 + a 75Q 1

8Q 2

8 3 F(Q 0,Q 1,Q 2) = F 6(Q 0,Q 1,Q 2) + a 21Q 0
3Q 1 + a 22Q 0

3Q 2 + a 23Q 0Q 1
3 + a 24Q 1

3Q 2 + a 25Q 0Q 2
3 + a 26Q 1Q 2

3 + a 27Q 0
2Q 1

2 + a 28Q 0
2Q 2

2 + a 29Q 1
2Q 2

2 + a 30Q 0
2Q 1

2Q 2
2 

+ a 31Q 0
4Q 1 + a 32Q 0

4Q 2 + a 33Q 0Q 1
4 + a 34Q 1

4Q 2 + a 35Q 0Q 2
4 + a 36Q 1Q 2

4 + a 37Q 0
3Q 1

2 + a 38Q 0
3Q 2

2 + a 39Q 0
2Q 1

3 + a 40Q 1
3Q 2

2 + a 41Q 0
2Q 2

3 + a 42Q 1
2Q 2

3

9 3 F(Q 0,Q 1,Q 2) = F 8(Q 0,Q 1,Q 2) + a 43Q 0
5 + a 44Q 1

5 + a 45Q 2
5 + a 46Q 0

3Q 1
3 + a 47Q 0

3Q 1Q 2
2 + a 48Q 0

2Q 1
3Q 2 + a 49Q 0Q 1

3Q 2
2 + a 50Q 0

3Q 2
3 + a 51Q 0Q 1

2Q 2
3 + 

a 52Q 0
2Q 1

2Q 2 + a 53Q 0
2Q 1Q 2

2 + a 54Q 0Q 1
2Q 2

2

10 3 F(Q 0,Q 1,Q 2) = F 8(Q 0,Q 1,Q 2) + a 43Q 0
5 + a 44Q 1

5 + a 45Q 2
5 + a 46Q 0

3Q 1
3 + a 47Q 0

3Q 1Q 2
2 + a 48Q 0

2Q 1
3Q 2 + a 49Q 0Q 1

3Q 2
2 + a 50Q 0

2Q 1Q 2
3 + a 51Q 0Q 1

2Q 2
3 + 

a 52Q 0
2Q 1

2Q 2 + a 53Q 0
2Q 1Q 2

2 + a 54Q 0Q 1
2Q 2

2 + a 55Q 0
3Q 1

3Q 2 + a 56Q 0
3Q 1Q 2

3 + a 57Q 0Q 1
3Q 2

3 + a 58Q 0
5Q 1 + a 59Q 0

5Q 2 + a 60Q 0Q 1
5 + a 61Q 1

5Q 2 + 

a 62Q 0Q 2
5 + a 63Q 1Q 2

5 + a 64Q 0
6Q 1 + a 65Q 0Q 1

6 + a 66Q 0
7Q 1 + a 67Q 0Q 1

7 + a 68Q 0
8Q 1 + a 69Q 0Q 1

8 + a 70Q 0
6Q 2 + a 71Q 1

6Q 2 + a 72Q 0
7Q 2 + a 73Q 1

7Q 2 + a 74Q 0
8Q 2 + 

a 75Q 1
8Q 2 + a 76Q 0Q 2

6 + a 77Q 1Q 2
6 + a 78Q 0

4Q 1
2Q 2

2 + a 79Q 0
4Q 1

3Q 2
2 + a 80Q 0

4Q 1
2Q 2

3 + a 81Q 0
2Q 1

4Q 2
2 + a 82Q 0

2Q 1
4Q 2

3 + a 83Q 0
3Q 1

4Q 2
2 + a 84Q 0

2Q 1
2Q 2

4 + 

a 85Q 0
2Q 1

3Q 2
4 + a 86Q 0

3Q 1
2Q 2

4 + a 87Q 0
3Q 1

3Q 2
3 + a 88Q 0

4Q 1
4Q 2

4

11 4 F(Q 0,Q 1,Q 2,Q 3) = a 1 + a 2Q 0 + a 3Q 1 + a 4Q 2 + a 5Q 3 + a 6Q 0
2 + a 7Q 1

2 + a 8Q 2
2 + a 9Q 3

2 + a 10Q 0
3 + a 11Q 1

3 + a 12Q 2
3 + a 13Q 3

3 + a 14Q 0Q 1 + a 15Q 0Q 2 + a 16Q 0Q 3 + 

a 17Q 1Q 2 + a 18Q 1Q 3 + a 19Q 2Q 3 + a 20Q 0Q 1Q 2Q 3 + a 21Q 0
2Q 1 + a 22Q 0

2Q 2 + a 23Q 0
2Q 3 + a 24Q 0Q 1

2 + a 25Q 1
2Q 2 + a 26Q 1

2Q 3 + a 27Q 0Q 2
2 + a 28Q 1Q 2

2 + a 29Q 2
2Q 3 

+ a 30Q 0Q 3
2 + a 31Q 1Q 3

2 + a 32Q 2Q 3
2

12 3 F(Q 0,Q 1,Q 2) = a 1 + a 2Q 0 + a 3Q 1 + a 4Q 2 + a 5Q 0
2 + a 6Q 1

2 + a 7Q 2
2 + a 8Q 0

3 + a 9Q 1
3 + a 10Q 2

3 + a 11Q 0Q 1 + a 12 Q 0Q 2 + a 13Q 1Q 2 + a 14Q 0
2Q 1 + a 15Q 0Q 1

2 + 

a 16Q 1
2Q 2 + a 17Q 0

2Q 2 + a 18Q 0Q 2
2 + a 19Q 1Q 2

2 + a 20Q 0
2Q 1Q 2 + a 21Q 0Q 1

2Q 2 + a 22Q 0Q 1Q 2
2 + a 23Q 0Q 1Q 2 + a 24Q 0

4 + a 25Q 1
4 + a 26Q 2

4 + a 27Q 0
2Q 1

2 + 

a 28Q 0
2Q 2

2 + a 29Q 1
2Q 2

2 + a 30Q 0
2Q 1

2Q 2
2 + a 31Q 0

3Q 1 + a 32Q 0
3Q 2 + a 33Q 0Q 1

3 + a 34Q 1
3Q 2 + a 35Q 0Q 2

3 + a 36Q 1Q 2
3

13 1 F(Q 3) = a 1 + a 2Q 3 + a 3Q 3
2 + a 4Q 3

3 + a 5Q 3
4 + a 6Q 3

5

14 5 F(Q 0,Q 1,Q 2,Q 3,Q 4) = a 1 + a 2Q 0 + a 3Q 1 + a 4Q 2 + a 5Q 3 + a 6Q 4 + a 7Q 0
2 + a 8Q 1

2 + a 9Q 2
2 + a 10Q 3

2 + a 11Q 4
2 + a 12Q 0

3 + a 13Q 1
3 + a 14Q 2

3 + a 15Q 3
3 + a 16Q 4

3 + 

a 17Q 0Q 1 + a 18Q 0Q 2 + a 19Q 0Q 3 + a 20Q 0Q 4 + a 21Q 1Q 2 + a 22Q 1Q 3 + a 23Q 1Q 4 + a 24Q 2Q 3 + a 25Q 2Q 4 + a 26Q 3Q 4 + a 27Q 0Q 1Q 2Q 3Q 4 + a 28Q 0Q 1Q 2 + a 29Q 0Q 1Q 3 

+ a 30Q 0Q 1Q 4 + a 31Q 0Q 2Q 3 + a 32Q 0Q 2Q 4 + a 33Q 0Q 3Q 4 + a 34Q 0Q 1Q 2Q 3 + a 35Q 0Q 1Q 2Q 4 + a 36Q 0Q 1Q 3Q 4 + a 37Q 0
2Q 1 + a 38Q 0

2Q 2 + a 39Q 0
2Q 3 + a 40Q 0

2Q 4 + 

a 41Q 0Q 1
2 + a 42Q 1

2Q 2 + a 43Q 1
2Q 3 + a 44Q 1

2Q 4 + a 45Q 0Q 2
2 + a 46Q 1Q 2

2 + a 47Q 2
2Q 3 + a 48Q 2

2Q 4 + a 49Q 0Q 3
2 + a 50Q 1Q 3

2 + a 51Q 2Q 3
2 + a 52Q 3

2Q 4 + a 53Q 0Q 4
2 + 

a 54Q 1Q 4
2 + a 55Q 2Q 4

2 + a 56Q 3Q 4
2

15 3 F(Q 0,Q 1,Q 2) = a 1 + a 2Q 0 + a 3Q 1 + a 4Q 2 + a 5Q 0
2 + a 6Q 1

2 + a 7Q 2
2 + a 8Q 0Q 1 + a 9Q 0Q 2 + a 10Q 1Q 2 + a 11Q 0Q 1Q 2 + a 12Q 0

2Q 1 + a 13Q 0
2Q 2 + a 14Q 0Q 1

2 + 

a 15Q 1
2Q 2 + a 16Q 0Q 2

2 + a 17Q 1Q 2
2 + a 18Q 0

3 + a 19Q 1
3 + a 20Q 2

3 + a 21Q 0
3Q 1 + a 22Q 0

3Q 2 + a 23Q 0Q 1
3 + a 24Q 1

3Q 2 + a 25Q 0Q 2
3 + a 26Q 1Q 2

3 + a 27Q 0
2Q 1

2Q 2
2

16 3 F(Q 0,Q 1,Q 2) = F15(Q 0,Q 1,Q 2) + a 28Q 0
2Q 1Q 2 + a 29Q 0Q 1

2Q 2 + a 30Q 0Q 1Q 2
2 + a 31Q 0

3Q 1Q 2 + a 32Q 0Q 1
3Q 2 + a 33Q 0Q 1Q 2

3 + a 34Q 0
3Q 1

2 + a 35Q 0
3Q 1

2 + a 36Q 0
2Q 1

3 

+ a 37Q 1
3Q 2

2 + a 38Q 0
2Q 2

3 + a 39Q 1
2Q 2

3 + a 40Q 0
3Q 1

2Q 2 + a 41Q 0
3Q 1Q 2

2 + a 42Q 0
2Q 1

3Q 2 + a 43Q 0Q 1
3Q 2

2 + a 44Q 0
2Q 1Q 2

3 + a 45Q 0Q 1
2Q 3

3 + a 46Q 0
4 + a 47Q 1

4 + 

a 48Q 2
4 + a 49Q 0

4Q 1 + a 50Q 0Q 1
4 + a 51Q 0Q 2

4 + a 52Q 0
4Q 2 + a 53Q 1

4Q 2 + a 54Q 1Q 2
4 + a 55Q 0

4Q 1
2 + a 56Q 0

2Q 1
4 + a 57Q 0

2Q 2
4 + a 58Q 0

4Q 2
2 + a 59Q 1

4Q 2
2 + a 60Q 1

2Q 2
4 

+ a 61Q 0
4Q 1

3 + a 62Q 0
3Q 1

4 + a 63Q 0
3Q 2

4 + a 64Q 0
4Q 2

3 + a 65Q 1
4Q 2

3 + a 66Q 1
3Q 2

4 + a 67Q 0
4Q 1

2Q 2 + a 68Q 0
2Q 1

4Q 1 + a 69Q 0
2Q 1Q 2

4 + a 70Q 0
4Q 1Q 2

2 + a 71Q 0Q 1
4Q 2

2 + 

a 72Q 0Q 1
2Q 2

4

17 2 F(Q 3,Q 4) = a 1 + a 2Q 3 + a 3Q 4 + a 4Q 3
2 + a 5Q 4

2 + a 6Q 3
3 + a 7Q 4

3 + a 8Q 3Q 4 + a 9Q 3
2Q 4 + a 10Q 3Q 4

2
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Table A2-2: Regression equation form and joint ranges of motion used to obtain fits for each musculotendon length and 
moment arm. Min = minimum value and Max = maximum value.  For definitions of muscle abbreviations, see 
Appendix 1. 

MT 
Length

Muscle Mino Maxo
Equation 
Form

Mino Maxo
Equation 
Form

Mino Maxo
Equation 
Form

Mino Maxo
Equation 
Form

Mino Maxo
Equation 
Form

Equation 
Form

PT 0 100 5 ‐45 45 5 4

PQ ‐45 45 2 2

SUP ‐45 45 2 2

ANC 0 100 1 0

TRIlat 0 100 0 0

TRImed 0 100 0 0

TRIlong ‐60 60 12 0 65 12 ‐20 85 12 0 100 13 11

BRD 0 100 3 ‐45 45 3 3

BRA 0 100 0 0

BICshort ‐60 60 15 0 65 15 ‐20 85 15 0 100 17 ‐45 45 17 14

BIClong ‐60 40 16 0 55 16 ‐20 80 16 0 100 17 ‐45 45 17 14

PECM1 ‐60 60 9 0 65 9 ‐20 85 9 9

PECM2 ‐60 60 9 0 65 9 ‐20 85 9 9

PECM3 ‐60 60 9 0 65 9 ‐20 85 7 9

CORB ‐60 60 6 0 65 6 ‐20 85 6 6

LAT1 ‐60 60 9 0 65 9 ‐20 85 9 9

LAT2 ‐60 60 9 0 65 9 ‐20 85 9 9

LAT3 ‐60 60 9 0 9 ‐20 85 9 9

TMAJ ‐60 60 9 0 65 9 ‐20 85 9 9

ADELT ‐60 40 7 0 55 7 ‐20 80 7 7

MDELT ‐60 40 7 0 55 7 ‐20 80 7 7

PDELT ‐60 60 8 0 65 9 ‐20 85 8 8

SUPSP ‐60 40 10 0 55 10 ‐20 80 10 10

SUBSC ‐60 40 10 0 55 10 ‐20 80 10 10

INFSP ‐60 40 10 0 55 10 ‐20 80 10 10

TMIN ‐60 40 7 0 55 10 ‐20 80 10 7

Shoulder Plane of Elevation Shoulder Elevation Angle
Shoulder Internal‐External 

Rotation
Elbow Flexion‐Extension

Forearm Pronation‐
Supination
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Table A2-3:  Regression equation errors for each moment arm and musculotendon length.  Error values are mm (% maximum 
value).  For definitions of muscle abbreviations, see Appendix 1. 

Muscle Ave Max Ave Max Ave Max Ave Max Ave Max Ave Max

PT 0.04 (0.28) 0.10 (0.65) 0.08 (0.78) 0.34 (3.45) 0.03 (0.02) 0.11 (0.07)

PQ 0.00 (0.06) 0.04 (0.54) 0.00 (0.00) 0.00 (0.00)

SUP 0.00 (0.03) 0.01 (0.12) 0.00 (0.00) 0.00 (0.01)

ANC 0.04 (0.35) 0.18 (1.46) 0.00 (0.02) 0.01 (0.05)

TRIlat 0.13 (0.55) 0.47 (1.95) 0.01 (0.01) 0.03 (0.02)

TRImed 0.13 (0.55) 0.47 (1.95) 0.01 (0.01) 0.03 (0.02)

TRIlong 0.15 (0.43) 1.51 (4.18) 0.12 (0.37) 1.13 (3.50) 0.06 (0.62) 0.64 (6.51) 0.14 (0.58) 0.376 (1.55) 0.36 (0.12) 2.91 (1.06)

BRD 0.83 (0.98) 3.83 (4.52) 0.09 (0.54) 0.60 (3.51) 0.14 (0.04) 0.87 (0.26)

BRA 0.19 (0.81) 0.76 (3.20) 0.02 (0.01) 0.05 (0.04)

BICshort 0.27 (0.57) 1.83 (3.87) 0.16 (0.53) 1.85 (6.15) 0.14 (1.81) 1.80 (23.40) 0.20 (0.40) 2.00 (4.04) 0.28 (1.75) 1.85 (11.65) 0.33 (0.10) 2.17 (0.75)

BIClong 0.24 (0.85) 2.72 (9.73) 0.12 (0.50) 1.49 (6.47) 0.20 (0.84) 2.60 (10.96) 0.20 (0.40) 2.00 (4.04) 0.28 (1.75) 1.85 (11.65) 0.46 (0.11) 4.24 (1.09)

PECM1 0.11 (0.32) 1.62 (4.86) 0.12 (0.31) 1.26 (3.36) 0.05 (0.30) 0.60 (3.35) 0.05 (0.04) 0.87 (0.70)

PECM2 0.14 (0.26) 1.79 (3.38) 0.12 (0.30) 1.11 (2.87) 0.07 (0.43) 1.32 (7.83) 0.05 (0.03) 0.90 (0.53)

PECM3 0.27 (0.44) 3.85 (6.13) 0.09 (0.23) 1.40 (3.72) 0.12 (0.59) 0.89 (4.49) 0.07 (0.04) 1.24 (0.63)

CORB 0.16 (0.32) 1.26 (2.42) 0.15 (0.48) 1.17 (3.83) 0.05 (1.78) 0.69 (25.83) 0.23 (0.14) 1.89 (1.28)

LAT1 0.15 (0.40) 2.40 (6.46) 0.08 (0.25) 1.58 (4.99) 0.15 (1.27) 1.04 (8.80) 0.05 (0.02) 0.67 (0.26)

LAT2 0.19 (0.35) 1.93 (3.66) 0.10 (0.34) 1.36 (4.57) 0.15 (1.36) 0.92 (8.33) 0.06 (0.02) 0.76 (0.27)

LAT3 0.22 (0.40) 2.47 (4.42) 0.13 (0.58) 1.38 (6.16) 0.19 (1.49) 1.98 (15.83) 0.08 (0.03) 1.11 (0.36)

TMAJ 0.14 (0.29) 1.77 (3.62) 0.07 (0.18) 1.20 (3.08) 0.13 (1.24) 1.12 (10.40) 0.04 (0.03) 0.53 (0.46)

ADELT 0.12 (0.22) 6.8 (11.96) 0.05 (0.13) 2.49 (6.15) 0.05 (0.50) 1.86 (19.42) 0.02 (0.01) 0.49 (0.21)

MDELT 0.37 (0.96) 2.59 (6.68) 0.15 (0.58) 1.08 (4.18) 1.74 (2.14) 11.18 (13.76) 0.26 (0.13) 1.94 (0.90)

PDELT 0.23 (0.33) 2.8 (4.05) 0.20 (0.37) 4.07 (7.58) 0.13 (1.11) 1.16 (10.27) 0.09 (0.07) 6.17 (3.93)

SUPSP 0.10 (0.37) 1.70 (6.06) 0.11 (0.442) 2.11 (8.28) 0.10 (0.44) 2.65 (11.69) 0.03 (0.03) 0.38 (0.40)

SUBSC 0.07 (0.44) 1.14 (7.56) 0.04 (0.24) 0.44 (2.83) 0.08 (0.38) 0.64 (3.17) 0.04 (0.04) 0.42 (0.40)

INFSP 0.08 (0.40) 5.72 (29.7) 0.07 (0.37) 2.30 (12.42) 0.08 (0.33) 4.24 (16.9) 0.02 (0.01) 0.23 (0.18)

TMIN 0.24 (1.07) 5.54 (24.89) 0.24 (1.52) 2.62 (16.4) 0.18 (0.82) 2.36 (10.9) 0.25 (0.18) 6.58 (4.86)

MT Length
Shoulder Plane of 

Elevation
Shoulder Elevation Angle

Shoulder Internal‐
External Rotation

Elbow Flexion‐Extension
Forearm Pronation‐

Supination
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Table A2-4: Regression equation coefficients. 

  Coefficient TRIlat lMT TRIlat R FE TRImed lMT TRImed R FE ANC lMT BRA lMT BRA R FE

a 1 1.6660E‐01 ‐2.0427E‐02 1.5422E‐01 ‐2.0427E‐02 2.1494E‐02 1.4592E‐01 9.6289E‐03

a 2 2.0682E‐02 ‐1.9176E‐02 2.0682E‐02 ‐1.9176E‐02 8.3901E‐03 ‐9.3999E‐03 1.4300E‐02

a 3 9.0158E‐03 2.5847E‐02 9.0161E‐03 2.5847E‐02 5.5984E‐03 ‐7.2576E‐03 ‐4.0962E‐02

a 4 ‐8.9415E‐03 ‐2.7379E‐03 ‐8.9420E‐03 ‐2.7379E‐03 ‐1.6110E‐03 1.1715E‐02 5.5254E‐02

a 5 2.4508E‐03 ‐7.1459E‐03 2.4511E‐03 ‐7.1459E‐03 ‐1.4302E‐03 ‐9.8585E‐03 ‐2.6196E‐02

a 6 ‐4.3761E‐05 2.2392E‐03 ‐4.3822E‐05 2.2392E‐03 6.1526E‐04 2.4795E‐03 3.8852E‐03

Equation 0

Coefficient ANC R FE

a 1 ‐8.0463E‐03

a 2 ‐1.6548E‐02

a 3 3.0014E‐02

a 4 ‐4.6139E‐02

a 5 4.9304E‐02

a 6 ‐2.5485E‐02

a 7 4.7736E‐03

Equation 1
Coefficient PQ lMT PQ RPS SUP lMT SUP RPS

a 1 3.1172E‐02 7.3085E‐03 6.1404E‐02 ‐7.6798E‐03

a 2 ‐7.3084E‐03 2.2813E‐03 7.6585E‐03 4.0810E‐04

a 3 ‐1.1341E‐03 ‐2.8193E‐03 ‐2.1178E‐04 1.4535E‐03

a 4 9.3733E‐04 ‐1.0212E‐03 ‐4.1293E‐04 ‐1.7015E‐04

a 5 2.4294E‐04 1.7448E‐05 4.8667E‐05 ‐5.0131E‐04

Equation 2

Coefficient BRD lMT PQ R FE BRD RPS

a 1 3.3174E‐01 1.1800E‐02 ‐7.8148E‐04

a 2 ‐5.4350E‐03 2.0999E‐02 6.9945E‐04

a 3 8.1329E‐04 ‐5.8285E‐04 ‐3.9357E‐04

a 4 ‐2.6860E‐02 3.7126E‐02 3.6046E‐03

a 5 ‐2.8019E‐04 ‐3.5760E‐03 1.4430E‐03

a 6 1.3825E‐03 ‐1.4764E‐02 ‐1.0602E‐03

a 7 ‐4.9063E‐04 ‐7.2543E‐04 ‐8.9473E‐04

a 8 ‐8.7755E‐04 1.4099E‐02 ‐4.0525E‐03

a 9 ‐3.3809E‐03 ‐1.2553E‐02 ‐1.0018E‐02

a 10 5.4689E‐03 ‐1.4782E‐03 ‐2.8397E‐03

a 11 9.8000E‐04 3.6103E‐03 3.5157E‐03

a 12 9.6761E‐04 ‐2.5732E‐04 2.8509E‐03

Equation 3
Coefficient PT lMT

a 1 1.5813E‐01

a 2 ‐8.0137E‐03

a 3 ‐9.4500E‐03

a 4 ‐1.6737E‐03

a 5 6.5036E‐04

a 6 ‐1.5204E‐04

a 7 6.1474E‐04

Equation 4
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Table A2-4 (cont.): Regression equation coefficients. 

 

  Coefficient PT R FE PTRPS

a 1 6.5564E‐03 9.4796E‐03

a 2 1.6923E‐02 5.4680E‐13

a 3 ‐3.2833E‐02 ‐2.3396E‐12

a 4 3.2120E‐02 3.5519E‐12

a 5 ‐1.2774E‐02 ‐2.1613E‐12

a 6 1.6366E‐03 4.7640E‐13

a 7 ‐1.1235E‐16 ‐2.0113E‐03

a 8 ‐3.1808E‐15 ‐2.8277E‐03

a 9 7.6328E‐16 2.8598E‐03

a 10 5.0680E‐15 1.7045E‐03

a 11 ‐9.8966E‐16 ‐2.3419E‐03

Equation 5
Coefficient CORB lMT CORB R EP CORB R EA CORB R IE

a 1 1.4803E‐01 ‐1.1587E‐05 ‐2.8592E‐02 1.5752E‐03

a 2 2.6690E‐02 1.8318E‐02 ‐3.2007E‐02 1.0740E‐03

a 3 ‐6.6120E‐04 1.4034E‐03 1.8209E‐02 ‐5.4186E‐05

a 4 ‐1.5282E‐03 ‐6.4645E‐06 1.1431E‐03 ‐1.3631E‐03

a 5 1.6333E‐02 8.0749E‐03 2.8663E‐02 ‐7.9845E‐04

a 6 ‐1.0726E‐03 ‐5.9826E‐05 1.2374E‐02 ‐3.0732E‐04

a 7 7.7345E‐04 2.1270E‐04 ‐4.7090E‐04 ‐8.3130E‐04

a 8 ‐7.1013E‐03 ‐6.1907E‐03 ‐4.3924E‐03 5.8392E‐06

a 9 1.5614E‐03 ‐1.6628E‐03 ‐2.5824E‐03 ‐9.0834E‐05

a 10 1.1343E‐04 ‐7.5973E‐05 ‐3.1871E‐05 3.1677E‐04

a 11 ‐2.1558E‐02 2.3974E‐02 1.6351E‐02 1.2658E‐03

a 12 ‐7.1835E‐04 1.1799E‐03 ‐1.6792E‐03 ‐9.2418E‐04

a 13 1.0073E‐04 ‐5.9972E‐04 1.2953E‐03 5.2448E‐04

a 14 ‐9.9146E‐04 3.7337E‐04 ‐8.1252E‐04 1.8455E‐04

a 15 2.9013E‐03 ‐1.0008E‐02 ‐1.8716E‐02 ‐3.8292E‐04

a 16 3.7875E‐04 ‐3.9459E‐04 3.0234E‐05 7.6875E‐04

a 17 ‐6.6715E‐03 ‐7.8049E‐03 ‐1.0194E‐02 2.5780E‐04

a 18 2.5800E‐05 ‐3.1106E‐04 2.1164E‐04 2.5538E‐04

a 19 6.5418E‐05 1.5676E‐04 7.8777E‐04 ‐7.0714E‐05

a 20 ‐1.5898E‐04 2.4889E‐04 1.2743E‐04 ‐2.8872E‐04

Equation 6
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Table A2-4 (cont.): Regression equation coefficients. 

  

Coefficient PECM3 R IE ADELT lMT ADELT R EP ADELT R EA ADELT R IE MDELT lMT MDELT R EP MDELT R EA MDELT R IE TMIN lMT TMIN R EP

a 1 ‐1.8287E‐03 2.0438E‐01 1.1059E‐05 ‐1.5513E‐02 5.0508E‐03 2.1874E‐01 ‐1.1951E‐04 3.1471E‐02 3.3765E‐02 1.2612E‐01 2.5493E‐04

a 2 3.3432E‐02 1.5704E‐02 4.9910E‐02 5.9846E‐03 ‐2.0422E‐04 ‐3.0710E‐02 1.7849E‐02 ‐1.6150E‐03 ‐2.8534E‐02 5.7610E‐03 ‐9.6337E‐03

a 3 4.5031E‐04 ‐9.9739E‐05 4.0817E‐05 4.9601E‐02 4.0638E‐05 ‐7.1493E‐04 4.8776E‐05 1.7144E‐02 2.6864E‐03 1.8587E‐05 1.7705E‐04

a 4 ‐2.7078E‐02 ‐5.0634E‐03 ‐2.7333E‐05 ‐4.5967E‐04 ‐6.6356E‐03 ‐3.3336E‐02 4.0678E‐04 ‐2.1506E‐02 2.7273E‐02 1.9054E‐02 ‐3.9439E‐04

a 5 ‐2.9040E‐02 ‐4.2551E‐03 ‐1.1360E‐02 2.3930E‐02 ‐2.5820E‐03 2.7053E‐04 ‐3.2435E‐04 2.1886E‐03 9.1962E‐03 6.9370E‐03 1.1794E‐02

a 6 ‐2.2542E‐04 ‐6.4173E‐05 ‐8.6408E‐05 2.3893E‐03 1.6814E‐04 ‐2.5959E‐04 3.5580E‐04 ‐1.6681E‐02 ‐9.4597E‐04 ‐9.4121E‐05 ‐5.3459E‐04

a 7 4.0713E‐03 3.2850E‐03 8.8698E‐05 1.0173E‐03 ‐3.0653E‐03 ‐2.0528E‐02 1.0429E‐03 ‐9.9617E‐03 ‐1.4511E‐01 ‐6.9760E‐03 ‐2.0788E‐03

a 8 9.6125E‐03 ‐4.8258E‐03 ‐5.0566E‐03 ‐1.1511E‐02 ‐1.3245E‐05 ‐8.7285E‐04 ‐3.6985E‐03 ‐2.6154E‐03 ‐2.4059E‐04 ‐3.9773E‐03 ‐1.2490E‐03

a 9 ‐2.6796E‐04 ‐1.0156E‐04 ‐2.6018E‐04 ‐7.0862E‐03 2.8527E‐04 5.7591E‐04 7.0779E‐04 ‐2.9981E‐03 ‐1.4971E‐03 ‐1.2731E‐04 6.6746E‐05

a 10 6.2606E‐03 8.5090E‐04 ‐4.0744E‐05 ‐2.8026E‐05 1.4750E‐03 5.2571E‐02 ‐2.0916E‐03 3.0719E‐02 3.7130E‐02 3.8321E‐04 2.8348E‐03

a 11 1.0294E‐02 ‐4.7954E‐02 6.5232E‐03 ‐2.4526E‐02 8.7161E‐04 ‐1.2231E‐02 ‐3.8011E‐02 5.0197E‐03 1.2000E‐02 1.2413E‐02 1.4669E‐02

a 12 2.2723E‐02 ‐2.7514E‐05 2.4335E‐03 ‐3.7841E‐03 2.4095E‐03 2.5671E‐02 7.1009E‐03 1.8053E‐03 2.6984E‐02 ‐1.2302E‐02 ‐1.1505E‐02

a 13 2.6641E‐03 ‐3.7171E‐04 ‐3.0256E‐05 1.9951E‐03 ‐3.7549E‐04 ‐5.0037E‐03 2.3343E‐03 4.8593E‐03 ‐1.3809E‐02 1.9360E‐03 2.8602E‐04

a 14 6.5760E‐04 ‐3.6483E‐03 1.4130E‐03 6.9376E‐03 ‐2.5535E‐03 8.5702E‐03 5.9158E‐03 ‐1.1481E‐02 ‐4.1344E‐02 9.1777E‐03 8.3735E‐04

a 15 ‐3.1911E‐03 4.2257E‐03 6.4469E‐03 ‐1.7434E‐02 1.2019E‐02 ‐3.8518E‐03 1.0015E‐02 ‐1.1438E‐02 ‐1.2396E‐03 ‐3.9557E‐02 ‐2.6282E‐03

a 16 7.9987E‐03 4.5236E‐03 5.3195E‐03 3.0330E‐04 ‐3.3836E‐03 ‐2.6371E‐02 ‐4.7987E‐03 ‐6.1215E‐03 ‐1.4472E‐01 8.9849E‐02 ‐7.7765E‐03

a 17 ‐1.7091E‐03 ‐2.2001E‐03 ‐2.3264E‐02 1.1530E‐02 ‐1.5485E‐03 1.8019E‐02 ‐1.3900E‐02 ‐5.9932E‐03 9.7098E‐03 ‐1.0982E‐02 1.0866E‐02

a 18 1.6078E‐04 2.5084E‐04 ‐2.9179E‐04 8.0339E‐04 ‐2.9849E‐05 ‐1.0477E‐03 ‐2.5190E‐04 4.9687E‐03 4.6847E‐03 ‐2.4568E‐03 2.0304E‐03

a 19 ‐4.6155E‐02 ‐8.9461E‐04 ‐3.4563E‐03 1.0168E‐03 3.7591E‐04 2.7628E‐03 ‐4.1514E‐02 2.5249E‐02 1.3614E‐01 8.9544E‐03 3.3953E‐03

a 20 ‐3.0120E‐03 2.5698E‐04 ‐4.5805E‐04 6.4013E‐04 ‐7.7924E‐04 6.8868E‐03 ‐2.1243E‐03 ‐3.7923E‐02 ‐3.8122E‐02 ‐8.6355E‐04 ‐3.7587E‐03

a 21 2.8524E‐03 2.1952E‐02 ‐3.0512E‐03 9.5106E‐02 ‐3.8090E‐02 ‐3.3193E‐02 ‐8.0841E‐02 ‐7.7216E‐02 ‐3.5549E‐01 5.6803E‐02 ‐2.9982E‐02

a 22 ‐2.2822E‐02 ‐8.8441E‐03 ‐1.6443E‐02 ‐3.1459E‐02 ‐5.7323E‐03 1.7429E‐01 4.2589E‐03 2.3681E‐01 1.0857E+00 ‐5.4683E‐01 5.3515E‐02

a 23 1.3864E‐03 7.4722E‐03 ‐3.8324E‐03 1.2410E‐02 9.9474E‐04 ‐1.2650E‐04 7.3617E‐03 ‐1.1201E‐02 ‐3.5415E‐03 ‐4.6051E‐03 ‐1.2974E‐04

a 24 ‐2.6785E‐03 1.0701E‐03 ‐7.1603E‐04 ‐2.0023E‐05 ‐3.4975E‐05 ‐2.1771E‐04 ‐4.1231E‐03 7.6118E‐03 1.4796E‐02 ‐1.2020E‐03 ‐1.2308E‐03

a 25 7.2548E‐03 4.5685E‐05 8.1941E‐04 ‐1.8662E‐03 ‐3.5404E‐03 ‐2.7864E‐02 ‐2.2703E‐02 ‐1.8186E‐02 ‐3.3462E‐01 ‐1.4545E‐02 9.9409E‐03

a 26 ‐1.0223E‐03 6.4556E‐04 1.3615E‐03 ‐1.8779E‐03 3.7317E‐03 1.8104E‐02 ‐2.2547E‐03 ‐2.0661E‐02 8.9738E‐02 ‐9.9343E‐03 9.0844E‐03

a 27 6.0493E‐03 ‐7.4186E‐03 1.1729E‐02 ‐8.4833E‐03 3.6639E‐03 ‐4.5933E‐04 ‐4.7453E‐03 2.4277E‐02 ‐2.6109E‐03 9.4914E‐03 ‐2.9975E‐02

a 28 5.4720E‐02 2.0985E‐03 7.8146E‐03 ‐1.4840E‐02 4.3094E‐03 ‐5.9021E‐03 1.6196E‐03 ‐1.8595E‐02 ‐6.8638E‐02 ‐3.0238E‐02 3.4889E‐02

a 29 ‐2.2155E‐04 ‐4.4408E‐05 1.8684E‐04 ‐5.6089E‐04 ‐6.6856E‐05 4.1648E‐03 1.0674E‐03 ‐3.4958E‐03 ‐4.8073E‐03 1.4942E‐03 7.7022E‐04

a 30 ‐6.9522E‐04 9.2102E‐04 5.3962E‐03 ‐6.5359E‐03 ‐1.3920E‐03 5.6471E‐03 ‐5.9236E‐03 ‐1.3636E‐03 2.5961E‐02 ‐5.1537E‐03 6.2492E‐04

a 31 ‐1.0211E‐02 ‐5.1128E‐02 ‐1.5685E‐03 ‐3.6775E‐01 1.4983E‐01 1.9040E‐01 4.1733E‐01 2.7628E‐01 1.4763E+00 1.4370E‐01 8.7486E‐02

a 32 1.2703E‐02 3.2464E‐02 7.3275E‐02 1.3805E‐01 3.2068E‐02 ‐7.5006E‐01 ‐3.7807E‐02 ‐1.0530E+00 ‐3.7857E+00 1.9135E+00 ‐2.5419E‐01

a 33 ‐1.4132E‐03 4.1731E‐04 ‐2.5429E‐03 2.9957E‐03 ‐1.3315E‐04 ‐1.8177E‐03 6.4418E‐03 1.7829E‐03 ‐1.2032E‐04 1.1839E‐03 ‐4.2855E‐03

a 34 2.4313E‐04 1.9933E‐04 6.3536E‐04 ‐2.6858E‐04 2.5635E‐04 ‐1.9657E‐04 ‐3.4741E‐03 1.9745E‐03 7.9827E‐04 5.0854E‐03 ‐3.5378E‐03

a 35 1.7584E‐03 ‐2.3437E‐04 3.6632E‐04 5.2658E‐04 3.3824E‐03 5.6465E‐03 5.8818E‐02 ‐1.8641E‐02 3.4501E‐01 1.8936E‐02 ‐1.6176E‐02

a 36 8.5985E‐04 ‐4.0902E‐04 ‐1.2388E‐03 9.9104E‐05 ‐3.6121E‐03 ‐2.7014E‐02 3.7260E‐03 5.4292E‐02 ‐4.1001E‐02 1.2787E‐02 ‐7.4812E‐03

a 37 ‐3.5123E‐03 3.9573E‐03 3.5211E‐04 ‐7.7204E‐04 ‐8.2227E‐04 ‐3.2117E‐03 ‐2.9058E‐04 ‐8.0222E‐03 ‐2.0349E‐03 ‐2.2468E‐03 1.6972E‐02

a 38 ‐1.9693E‐02 ‐1.6974E‐03 ‐6.0146E‐03 1.3609E‐02 ‐3.4577E‐03 8.7840E‐03 7.8362E‐03 6.0969E‐03 9.8869E‐03 2.1229E‐02 ‐3.2074E‐02

Equation 7
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Table A2-4 (cont.): Regression equation coefficients. 

  

Coefficient PECM3 R IE ADELT lMT ADELT R EP ADELT R EA ADELT R IE MDELT lMT MDELT R EP MDELT R EA MDELT R IE TMIN lMT TMIN R EP

a 39 ‐7.1576E‐03 ‐2.1574E‐03 1.1164E‐02 ‐1.6561E‐02 ‐7.9424E‐03 7.9019E‐03 ‐1.8308E‐03 8.1742E‐03 3.3511E‐02 2.0425E‐02 6.9615E‐04

a 40 2.7784E‐03 ‐9.2024E‐04 7.6203E‐04 ‐1.4258E‐03 ‐6.0199E‐04 ‐1.1588E‐03 2.2963E‐03 ‐2.4008E‐03 ‐1.2032E‐02 8.7263E‐04 8.9178E‐04

a 41 ‐2.4023E‐02 ‐1.4865E‐03 ‐6.1703E‐03 1.2656E‐02 7.8590E‐05 1.0047E‐02 8.3121E‐04 5.0769E‐03 3.7751E‐02 1.7740E‐02 ‐2.7357E‐02

a 42 1.9000E‐04 ‐1.3630E‐04 1.7915E‐04 ‐2.2460E‐04 ‐2.5045E‐05 ‐2.5491E‐03 1.1538E‐06 ‐5.0861E‐04 1.6648E‐03 ‐2.0044E‐04 ‐9.2089E‐04

a 43 ‐3.8827E‐04 4.8032E‐04 7.0657E‐04 2.2850E‐03 4.3530E‐04 1.7552E‐04 2.8998E‐04 1.0042E‐03 5.0663E‐04 4.9226E‐04 3.0104E‐04

a 44 1.7637E‐04 1.1575E‐04 2.2065E‐04 ‐5.7921E‐04 ‐1.9280E‐04 ‐2.0686E‐04 ‐2.9713E‐04 ‐3.2425E‐04 6.7325E‐04 6.5573E‐05 ‐2.3555E‐04

a 45 ‐9.3382E‐04 ‐1.7307E‐04 ‐2.6565E‐05 ‐1.1988E‐06 7.0672E‐05 ‐8.4447E‐03 6.1242E‐04 ‐7.3781E‐03 8.6159E‐03 4.7389E‐04 ‐6.8173E‐04

a 46 3.4330E‐03 ‐1.4697E‐03 ‐1.1847E‐02 1.3881E‐02 5.0867E‐03 ‐3.5123E‐03 ‐3.4896E‐03 ‐3.5706E‐03 ‐2.6094E‐02 ‐1.2999E‐02 ‐1.7180E‐03

a 47 7.7577E‐03 ‐4.3185E‐03 6.9722E‐04 ‐4.3862E‐03 2.1183E‐03 1.2547E‐02 1.8993E‐03 ‐7.9892E‐03 ‐6.8215E‐02 ‐6.2240E‐03 1.3993E‐04

a 48 1.7293E‐02 ‐9.4347E‐04 3.7542E‐03 ‐2.8521E‐02 5.1923E‐03 ‐1.3395E‐02 2.0476E‐03 ‐9.1055E‐03 ‐5.7710E‐02 ‐2.5190E‐04 9.2048E‐03

a 49 ‐4.5079E‐03 1.6255E‐03 ‐6.1566E‐03 8.9795E‐03 ‐5.7015E‐04 7.4705E‐03 1.1431E‐02 2.1036E‐02 7.4185E‐03 7.7358E‐03 ‐1.0682E‐02

a 50 1.0811E‐02 1.0608E‐03 4.3347E‐03 ‐1.0966E‐02 4.7204E‐04 ‐7.4926E‐03 ‐3.0138E‐03 ‐1.2461E‐03 ‐7.7500E‐03 ‐1.3404E‐02 2.2917E‐02

a 51 ‐1.6741E‐03 1.5684E‐04 ‐2.1851E‐06 ‐2.1951E‐03 ‐2.2436E‐03 1.8335E‐03 ‐1.6258E‐02 ‐4.5460E‐04 3.8861E‐03 ‐5.4335E‐03 1.1583E‐02

a 52 3.8542E‐03 ‐2.6844E‐03 ‐6.3591E‐03 2.1490E‐03 1.7651E‐04 ‐4.9730E‐03 1.1138E‐02 ‐3.6490E‐03 ‐2.0247E‐02 2.7014E‐03 3.6731E‐03

a 53 ‐5.7993E‐03 3.6961E‐03 3.8150E‐03 ‐4.8118E‐03 ‐5.1627E‐03 1.2179E‐02 ‐1.0502E‐02 2.0097E‐02 8.7470E‐02 ‐4.9505E‐03 2.5366E‐03

a 54 2.4876E‐03 ‐6.8403E‐04 ‐2.7658E‐03 1.0550E‐02 4.6573E‐03 ‐3.0004E‐03 3.0572E‐02 ‐2.1839E‐05 ‐2.0733E‐02 7.9498E‐03 ‐1.7184E‐02

a 55 ‐9.9474E‐03 6.1809E‐04 3.4399E‐04 2.4912E‐02 ‐2.9452E‐03 6.4032E‐03 4.0754E‐03 2.7274E‐03 4.6753E‐02 ‐1.7658E‐04 ‐6.7246E‐03

a 56 ‐1.8380E‐03 1.0067E‐03 ‐1.6508E‐03 4.1406E‐03 9.6659E‐04 ‐1.5621E‐02 8.7151E‐05 ‐1.3427E‐03 1.0938E‐02 4.8282E‐03 ‐5.6929E‐04

a 57 3.7027E‐04 ‐4.0815E‐04 1.7370E‐03 ‐1.6424E‐03 7.9202E‐04 ‐3.3730E‐03 ‐7.2430E‐03 ‐1.0872E‐02 3.3120E‐03 ‐5.9049E‐03 4.8320E‐03

a 58 1.3181E‐02 1.2181E‐01 5.4019E‐02 6.9327E‐01 ‐3.6850E‐01 ‐4.4528E‐01 ‐9.5164E‐01 ‐4.8815E‐01 ‐3.0663E+00 ‐8.8388E‐01 ‐4.4636E‐02

a 59 ‐3.8840E‐03 ‐7.9168E‐02 ‐2.0110E‐01 ‐2.4514E‐01 ‐5.0637E‐02 1.6870E+00 8.7258E‐02 2.3527E+00 7.4526E+00 ‐3.9258E+00 8.1681E‐01

a 60 ‐2.5887E‐04 1.6445E‐04 3.9126E‐03 ‐6.8399E‐03 ‐1.2521E‐03 ‐1.0777E‐03 6.1591E‐04 4.2525E‐03 ‐1.9588E‐03 ‐4.5652E‐03 7.2222E‐03

a 61 ‐2.7414E‐04 ‐1.3747E‐04 ‐3.8095E‐04 ‐1.0081E‐04 3.0903E‐04 8.0272E‐04 ‐1.4262E‐03 ‐1.9431E‐03 ‐6.2279E‐05 3.2265E‐03 ‐2.0926E‐03

a 62 6.7077E‐04 1.8915E‐04 5.2774E‐05 ‐3.4161E‐04 ‐1.1786E‐03 3.0846E‐03 ‐2.1046E‐02 1.3284E‐02 ‐1.2482E‐01 ‐7.9750E‐03 7.1463E‐03

a 63 ‐6.5460E‐05 7.0737E‐05 3.2176E‐04 1.8173E‐04 1.1207E‐03 8.9613E‐03 ‐1.4065E‐03 ‐1.9366E‐02 1.3988E‐03 ‐4.2597E‐03 1.9251E‐03

a 64 ‐9.2005E‐03 ‐1.7198E‐01 ‐1.5018E‐01 ‐6.5494E‐01 5.0873E‐01 5.5064E‐01 1.1538E+00 4.9972E‐01 3.5585E+00 1.6299E+00 ‐1.6797E‐01

a 65 1.0639E‐04 3.8526E‐04 7.5340E‐03 ‐7.8198E‐03 2.6656E‐04 3.5615E‐05 ‐1.4186E‐03 2.7319E‐04 ‐6.3496E‐04 ‐3.5152E‐03 1.3210E‐02

a 66 3.4421E‐03 1.2732E‐01 1.6612E‐01 2.5018E‐01 ‐3.6993E‐01 ‐3.4928E‐01 ‐7.1878E‐01 ‐2.7719E‐01 ‐2.1687E+00 ‐1.3253E+00 2.4713E‐01

a 67 3.1249E‐05 ‐3.9673E‐04 ‐6.0787E‐03 8.4339E‐03 2.2389E‐03 2.8615E‐04 ‐1.3679E‐03 ‐7.2633E‐04 2.9862E‐04 2.2915E‐03 ‐7.2901E‐03

a 68 ‐5.5502E‐04 ‐3.8337E‐02 ‐6.6759E‐02 ‐6.9782E‐03 1.1024E‐01 8.9448E‐02 1.8117E‐01 6.4671E‐02 5.4104E‐01 4.0567E‐01 ‐9.6634E‐02

a 69 5.1783E‐06 ‐2.1337E‐04 ‐6.5808E‐03 6.5225E‐03 1.1236E‐03 1.0546E‐04 ‐5.7616E‐04 ‐2.5297E‐04 3.4227E‐04 2.1443E‐03 ‐9.7488E‐03

a 70 1.3883E‐03 1.1063E‐01 3.1007E‐01 1.9087E‐01 3.0568E‐02 ‐2.0646E+00 ‐1.0710E‐01 ‐2.8613E+00 ‐8.3716E+00 4.6727E+00 ‐1.3498E+00

a 71 ‐9.5176E‐05 ‐1.1941E‐04 ‐1.2076E‐03 ‐1.5654E‐03 ‐1.4483E‐03 2.0052E‐04 6.7509E‐04 ‐9.5451E‐04 5.8229E‐05 ‐5.5185E‐03 2.9580E‐03

a 72 ‐5.3623E‐04 ‐8.1026E‐02 ‐2.4803E‐01 ‐2.7284E‐02 4.4008E‐03 1.3057E+00 6.8200E‐02 1.7994E+00 4.9979E+00 ‐2.9715E+00 1.0719E+00

a 73 ‐7.6104E‐06 5.9595E‐05 1.0010E‐03 7.2493E‐04 ‐4.7041E‐04 ‐1.5285E‐04 1.1244E‐03 3.6534E‐04 ‐2.1726E‐04 ‐5.1788E‐03 4.6929E‐03

a 74 1.0993E‐04 2.4081E‐02 7.9926E‐02 ‐2.5786E‐02 ‐8.6377E‐03 ‐3.3450E‐01 ‐1.7603E‐02 ‐4.5890E‐01 ‐1.2300E+00 7.7736E‐01 ‐3.2642E‐01

a 75 6.9226E‐06 2.6187E‐05 1.0612E‐03 1.5627E‐03 4.9476E‐04 ‐9.2425E‐05 4.0528E‐04 2.8971E‐04 ‐1.7021E‐04 ‐7.1387E‐04 1.7917E‐03

Equation 7 (cont)
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Table A2-4 (cont.): Regression equation coefficients. 

  

Coefficient PDELT lMT PDELT R EP PDELT R IE

a 22 ‐9.8033E‐03 ‐3.2808E‐02 ‐3.9236E‐04

a 23 ‐9.7690E‐03 ‐1.2769E‐02 ‐5.9270E‐06

a 24 ‐1.5705E‐04 ‐1.1484E‐03 4.6423E‐04

a 25 ‐4.8478E‐04 5.6895E‐05 ‐3.2895E‐03

a 26 ‐3.6677E‐04 2.4328E‐04 ‐8.3066E‐04

a 27 ‐1.8575E‐02 ‐1.3492E‐02 9.7991E‐04

a 28 1.1275E‐03 ‐1.7332E‐03 ‐1.8746E‐03

a 29 9.5872E‐04 ‐2.8195E‐04 7.7998E‐04

a 30 ‐8.8064E‐04 1.2852E‐03 ‐8.3951E‐04

a 31 ‐9.2541E‐03 ‐2.8138E‐02 1.4331E‐03

a 32 4.1382E‐03 1.3332E‐02 ‐8.7499E‐04

a 33 9.7769E‐04 2.8900E‐03 ‐4.8969E‐04

a 34 2.4492E‐04 ‐4.3267E‐04 2.0855E‐04

a 35 3.5141E‐04 ‐1.0498E‐04 1.4803E‐03

a 36 8.4641E‐05 ‐7.6711E‐05 2.6362E‐04

a 37 8.2852E‐03 ‐5.7336E‐03 5.6453E‐04

a 38 1.4756E‐04 1.2808E‐03 8.8521E‐04

a 39 7.6583E‐03 7.2198E‐03 3.7391E‐04

a 40 1.2760E‐04 2.1195E‐04 ‐2.3008E‐04

a 41 ‐1.1671E‐04 1.0591E‐04 3.7825E‐04

a 42 ‐3.0626E‐04 6.9270E‐05 ‐1.8047E‐04

Equation 8 (cont)
Coefficient PDELT lMT PDELT R EP PDELT R IE

a 1 1.5451E‐01 ‐8.4435E‐05 ‐8.4060E‐03

a 2 ‐1.7859E‐02 ‐4.4560E‐02 ‐1.7554E‐03

a 3 9.9052E‐05 ‐1.1346E‐03 2.7422E‐04

a 4 8.7261E‐03 1.4117E‐04 2.0502E‐03

a 5 ‐3.9920E‐03 ‐1.2441E‐02 1.1595E‐04

a 6 ‐2.1170E‐04 ‐2.4460E‐04 ‐1.8186E‐05

a 7 ‐1.7271E‐03 8.0049E‐05 9.8833E‐04

a 8 7.0577E‐03 1.7450E‐02 9.2769E‐04

a 9 1.7287E‐04 1.7433E‐03 ‐1.7338E‐04

a 10 3.5830E‐04 ‐1.6615E‐05 ‐6.4677E‐04

a 11 4.8143E‐02 1.2787E‐02 2.4575E‐03

a 12 6.2524E‐04 ‐2.1804E‐03 5.9538E‐04

a 13 ‐7.1238E‐04 7.9315E‐04 ‐1.2933E‐03

a 14 ‐1.1447E‐04 1.8319E‐03 ‐5.7300E‐04

a 15 ‐4.3779E‐03 ‐1.8155E‐02 5.1425E‐04

a 16 4.9457E‐03 2.2162E‐02 1.6445E‐03

a 17 2.3668E‐03 2.2845E‐02 4.6549E‐04

a 18 ‐8.7689E‐04 5.6118E‐04 ‐8.1203E‐04

a 19 ‐7.6557E‐04 ‐8.1335E‐04 1.9161E‐03

a 20 5.5654E‐04 ‐6.9135E‐04 1.3785E‐03

a 21 5.4556E‐03 5.1219E‐02 ‐3.9562E‐03

Equation 8
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Table A2-4 (cont.): Regression equation coefficients. 

  

Coefficient PECM1 lMT PECM1 R EP PECM1 R EA PECM1 R IE PECM2 lMT PECM2 R EP PECM2 R EA PECM2 R IE PECM3 lMT PECM3 R EP PECM3 R EA LAT1 lMT LAT1 R EP LAT1 R EA LAT1 R IE

a 1 1.1978E‐01 ‐3.2273E‐05 ‐2.6959E‐02 1.1684E‐02 1.6597E‐01 ‐2.8466E‐05 ‐4.2652E‐02 9.5865E‐03 1.7680E‐01 ‐7.4865E‐05 ‐3.8842E‐02 2.5096E‐01 ‐7.4643E‐05 2.0675E‐03 1.1094E‐02

a 2 2.7113E‐02 2.0778E‐02 1.0693E‐02 ‐2.2821E‐05 4.2612E‐02 2.9060E‐02 6.6345E‐03 6.0997E‐03 4.0239E‐02 3.4406E‐02 ‐6.1095E‐02 ‐1.3824E‐03 ‐3.4325E‐02 ‐3.4007E‐02 ‐2.9866E‐05

a 3 ‐3.7350E‐05 3.9659E‐04 2.1128E‐02 3.6892E‐06 1.3999E‐04 5.3896E‐04 2.9989E‐02 1.2083E‐04 3.8196E‐04 3.7535E‐04 3.4084E‐02 1.0524E‐04 ‐7.5510E‐05 ‐3.4554E‐02 1.8663E‐04

a 4 ‐1.1344E‐02 ‐5.6844E‐05 ‐4.7526E‐04 ‐9.7000E‐03 ‐9.3744E‐03 1.8655E‐05 5.1291E‐03 ‐1.5376E‐02 1.8473E‐03 3.2762E‐04 3.2266E‐02 ‐1.1209E‐02 ‐1.3138E‐04 8.5259E‐04 8.7028E‐05

a 5 ‐6.2048E‐03 ‐3.2109E‐03 1.6943E‐02 ‐3.7305E‐03 ‐4.7890E‐03 ‐9.8442E‐03 2.1580E‐02 ‐7.9725E‐03 2.1339E‐02 ‐1.9066E‐02 1.0600E‐01 1.5541E‐02 1.8901E‐03 7.5755E‐03 9.1171E‐04

a 6 ‐2.2353E‐05 5.5953E‐05 1.4641E‐02 6.4538E‐05 ‐1.2773E‐04 2.3806E‐05 1.6475E‐02 7.0102E‐05 ‐7.2206E‐05 1.2035E‐04 1.3252E‐02 5.8690E‐05 1.5622E‐04 3.5415E‐03 ‐8.9291E‐05

a 7 4.6009E‐03 2.5389E‐04 3.9154E‐03 ‐9.6848E‐03 7.7333E‐03 2.3886E‐04 8.0702E‐03 ‐9.5367E‐03 1.3495E‐02 ‐8.1883E‐05 9.1346E‐03 7.6865E‐04 4.6412E‐04 ‐5.0559E‐04 ‐2.4554E‐04

a 8 ‐3.5686E‐03 ‐6.3418E‐04 ‐7.2650E‐03 4.2200E‐04 ‐2.8155E‐03 2.3223E‐05 ‐1.4265E‐02 2.9279E‐03 ‐1.7021E‐02 3.4552E‐03 ‐5.2666E‐02 ‐1.4448E‐03 8.7024E‐03 1.1024E‐03 2.2802E‐04

a 9 1.2137E‐04 ‐3.0315E‐04 ‐3.8444E‐03 5.2478E‐05 ‐1.7274E‐06 ‐3.1288E‐04 ‐5.1546E‐03 7.0556E‐05 ‐9.6769E‐05 ‐2.6360E‐04 ‐6.1360E‐03 ‐3.8417E‐05 4.1849E‐05 4.8425E‐03 ‐1.4673E‐04

a 10 2.7757E‐03 ‐2.1596E‐04 5.1285E‐04 3.1746E‐03 1.9386E‐03 ‐2.8435E‐04 ‐2.2079E‐03 6.1618E‐03 ‐2.4540E‐03 ‐2.3443E‐04 ‐1.1515E‐02 ‐9.4798E‐04 ‐2.9157E‐04 2.8060E‐04 8.3902E‐04

a 11 ‐1.9540E‐02 2.7043E‐02 ‐1.2452E‐02 5.1126E‐03 ‐2.9103E‐02 3.0220E‐02 ‐3.0364E‐02 6.7381E‐03 ‐3.5907E‐02 2.7242E‐02 ‐3.5066E‐02 3.3329E‐02 8.6615E‐03 3.5848E‐03 2.8427E‐03

a 12 ‐1.1231E‐03 4.3090E‐03 ‐5.7647E‐03 5.1583E‐03 ‐5.7176E‐03 7.6596E‐03 ‐1.2089E‐02 1.1438E‐02 ‐3.0373E‐02 1.3372E‐02 ‐4.9422E‐02 4.5777E‐04 3.4086E‐03 ‐4.7674E‐03 ‐1.9306E‐03

a 13 ‐4.9349E‐04 6.3600E‐04 5.8560E‐03 7.5002E‐04 ‐3.8598E‐04 6.8076E‐04 8.9575E‐03 1.5636E‐03 ‐5.8625E‐04 ‐5.2020E‐05 1.2817E‐02 ‐1.9809E‐05 6.4895E‐04 6.6022E‐04 ‐1.1008E‐03

a 14 ‐4.7384E‐03 9.0383E‐03 1.1939E‐03 ‐3.7438E‐03 ‐6.7714E‐03 3.6852E‐03 ‐1.9207E‐03 ‐8.3806E‐05 ‐7.5315E‐03 3.3942E‐04 ‐9.8287E‐03 3.3915E‐04 ‐2.5395E‐03 ‐3.7919E‐03 5.5847E‐04

a 15 1.2985E‐03 ‐8.9963E‐03 1.2462E‐02 ‐1.6937E‐03 1.0043E‐02 ‐1.3137E‐02 2.5136E‐02 ‐5.5155E‐04 1.9967E‐02 1.5552E‐03 ‐3.3048E‐03 1.5727E‐03 2.3256E‐02 2.5671E‐02 ‐6.3386E‐03

a 16 4.6145E‐03 8.0518E‐04 1.9488E‐03 ‐2.9979E‐03 6.2708E‐03 ‐2.2425E‐03 8.2858E‐03 ‐6.2747E‐03 1.9418E‐02 ‐9.8100E‐03 9.4035E‐03 ‐2.1205E‐03 ‐5.7664E‐03 1.5810E‐02 9.7906E‐03

a 17 ‐1.4751E‐02 ‐1.1170E‐02 ‐1.4231E‐02 3.0912E‐03 ‐1.5842E‐02 ‐1.3428E‐02 ‐1.9357E‐02 ‐2.2223E‐04 ‐1.4639E‐02 ‐1.7488E‐02 1.0416E‐03 ‐6.0257E‐03 1.4769E‐02 2.0145E‐02 ‐2.4826E‐04

a 18 ‐1.0417E‐03 5.0059E‐04 4.9587E‐03 ‐4.7503E‐04 ‐6.3578E‐04 4.0819E‐04 3.0303E‐03 ‐5.6262E‐04 ‐9.1643E‐05 ‐3.0228E‐04 8.3592E‐04 4.2570E‐04 6.9969E‐04 ‐8.2970E‐04 5.8216E‐05

a 19 ‐1.9860E‐03 ‐5.2894E‐04 ‐9.8901E‐03 5.6291E‐03 ‐5.9712E‐03 1.1395E‐03 ‐1.4616E‐02 ‐5.2018E‐04 ‐9.1282E‐03 ‐1.8555E‐04 3.0027E‐02 ‐3.0492E‐03 ‐4.1136E‐03 1.4309E‐02 1.1769E‐02

a 20 ‐4.0633E‐04 1.8744E‐04 ‐1.2938E‐03 ‐7.7881E‐04 ‐1.1309E‐03 ‐9.9623E‐04 ‐1.7518E‐04 ‐9.2072E‐04 ‐1.3881E‐03 ‐9.3492E‐04 1.1462E‐04 5.8268E‐04 ‐2.6054E‐04 1.5775E‐04 ‐9.5627E‐04

a 21 8.8109E‐04 ‐7.3087E‐03 ‐9.6313E‐03 3.1685E‐03 ‐1.2067E‐03 ‐1.1058E‐02 ‐1.6374E‐02 1.1452E‐03 ‐2.5026E‐03 ‐3.0453E‐02 2.2992E‐02 ‐1.3430E‐02 ‐2.0308E‐02 2.5064E‐03 2.3137E‐03

a 22 ‐7.9543E‐04 1.4922E‐03 ‐3.8458E‐03 3.1027E‐04 ‐2.1754E‐03 2.1453E‐03 ‐3.8680E‐03 4.3076E‐04 1.5482E‐04 6.4769E‐04 2.3279E‐02 1.2707E‐03 2.1167E‐03 ‐1.4770E‐02 ‐9.8700E‐03

a 23 3.0146E‐03 ‐2.6554E‐03 6.4458E‐03 ‐5.3706E‐04 4.5202E‐03 ‐2.4507E‐03 1.3745E‐02 ‐8.1134E‐04 6.7625E‐03 ‐4.2057E‐03 1.4029E‐02 ‐4.9124E‐03 ‐3.7493E‐03 ‐3.4826E‐03 1.2946E‐03

a 24 9.3021E‐04 ‐2.2369E‐03 ‐2.1996E‐03 3.7907E‐04 6.4157E‐04 ‐2.0660E‐03 ‐2.5528E‐03 ‐6.8919E‐04 ‐1.3529E‐04 ‐1.6524E‐03 ‐2.2486E‐03 ‐8.7851E‐04 ‐3.7930E‐04 1.6347E‐03 5.9931E‐05

a 25 ‐1.0561E‐03 ‐8.5059E‐04 2.8051E‐03 ‐3.9401E‐03 1.1874E‐03 ‐1.6112E‐03 6.6337E‐03 ‐6.3796E‐03 8.9667E‐03 ‐2.1263E‐03 7.7293E‐03 2.1779E‐03 2.4365E‐03 ‐1.0259E‐02 ‐1.1464E‐02

a 26 9.5237E‐04 ‐1.1339E‐03 ‐1.7387E‐03 ‐7.3058E‐04 1.1180E‐03 ‐1.2012E‐04 ‐1.4601E‐03 ‐1.8155E‐03 1.1162E‐03 7.6823E‐04 ‐9.2727E‐04 ‐8.6324E‐04 ‐1.0611E‐03 1.5585E‐03 3.7056E‐03

a 27 6.7366E‐03 4.5563E‐03 ‐6.3153E‐03 3.2446E‐03 8.9004E‐03 8.2872E‐03 ‐1.0759E‐02 5.9464E‐03 6.4776E‐03 1.0949E‐02 ‐4.5878E‐02 ‐5.9322E‐03 ‐1.0288E‐02 ‐2.6119E‐02 ‐2.6034E‐03

a 28 1.4598E‐03 ‐1.8166E‐03 9.6520E‐03 ‐2.7450E‐03 3.9274E‐03 1.2223E‐03 7.1504E‐03 5.0308E‐03 ‐4.5936E‐03 9.5482E‐03 ‐7.0610E‐02 7.3252E‐04 2.8754E‐03 ‐2.7592E‐02 ‐2.2141E‐02

a 29 8.5930E‐04 ‐3.0371E‐04 ‐2.0839E‐03 ‐4.0256E‐04 5.8385E‐04 8.3356E‐06 ‐4.0732E‐03 ‐4.6551E‐04 ‐8.0605E‐05 6.8972E‐04 ‐2.4172E‐03 ‐6.3712E‐04 ‐7.4647E‐04 5.9009E‐04 ‐3.0676E‐04

a 30 ‐3.2354E‐04 4.3578E‐03 ‐4.2688E‐03 ‐7.9693E‐04 ‐1.9743E‐03 4.4001E‐03 ‐8.4078E‐03 ‐4.4728E‐04 ‐1.7113E‐03 2.4962E‐03 ‐8.1972E‐03 5.3973E‐04 ‐1.4030E‐03 3.9392E‐03 3.4196E‐04

a 31 2.0691E‐04 1.2599E‐03 1.8512E‐03 ‐7.3325E‐04 4.6269E‐04 3.8377E‐03 2.4695E‐03 ‐1.8598E‐04 ‐8.7238E‐04 1.1785E‐02 ‐1.0892E‐02 3.4712E‐03 2.8401E‐03 ‐6.8414E‐03 4.0374E‐04

a 32 1.4855E‐04 ‐5.4315E‐04 2.5541E‐03 ‐3.8381E‐04 5.3520E‐04 ‐3.4575E‐04 6.0878E‐04 2.8998E‐04 ‐2.8731E‐03 2.3169E‐03 ‐1.3577E‐02 ‐1.6599E‐04 ‐6.2356E‐04 3.1735E‐03 2.6779E‐03

a 33 2.4453E‐04 1.4888E‐03 6.5256E‐04 ‐1.1679E‐03 2.4043E‐04 1.3176E‐03 8.4615E‐04 ‐1.2474E‐03 3.8022E‐04 1.4479E‐03 1.2055E‐03 1.3919E‐03 9.3198E‐04 ‐1.3260E‐03 ‐2.6453E‐04

a 34 4.6911E‐04 ‐4.6596E‐04 ‐1.4899E‐03 2.4430E‐04 5.6798E‐04 ‐5.6675E‐04 ‐1.7190E‐03 1.4897E‐04 6.0243E‐04 ‐5.2403E‐04 ‐1.8323E‐03 ‐3.9330E‐05 ‐7.6830E‐04 ‐5.1829E‐04 4.7903E‐04

a 35 5.1455E‐04 ‐1.7565E‐05 3.8452E‐04 3.4617E‐05 7.3600E‐04 ‐3.7731E‐04 2.2068E‐04 1.2056E‐03 1.0187E‐04 ‐5.4986E‐04 ‐3.6047E‐03 ‐3.9401E‐04 ‐2.6096E‐04 1.6723E‐03 1.9549E‐03

a 36 ‐1.7917E‐04 ‐4.7491E‐05 3.1859E‐04 6.3462E‐04 ‐7.9697E‐05 ‐2.2000E‐04 3.4680E‐05 9.4187E‐04 ‐2.7811E‐05 ‐3.8137E‐04 ‐2.0257E‐04 1.5147E‐04 7.9384E‐04 ‐4.5924E‐04 ‐1.8567E‐03

a 37 1.6662E‐03 ‐4.8689E‐03 1.5796E‐03 ‐9.6108E‐04 1.5505E‐03 ‐5.9840E‐03 6.5775E‐03 ‐3.0990E‐03 2.5273E‐03 ‐4.9713E‐03 2.4731E‐02 4.6265E‐03 2.1204E‐03 6.1607E‐03 1.6586E‐03

a 38 ‐1.5567E‐04 2.7460E‐04 ‐4.7996E‐03 1.8681E‐03 ‐7.3159E‐04 ‐1.7979E‐03 ‐7.6618E‐04 ‐1.5123E‐03 4.9355E‐03 ‐6.3271E‐03 3.3457E‐02 9.3505E‐04 7.1962E‐04 1.3985E‐02 1.0505E‐02

a 39 ‐1.0702E‐03 5.1243E‐03 ‐1.2641E‐02 7.0127E‐05 ‐3.0218E‐03 4.4777E‐03 ‐2.4853E‐02 1.8336E‐04 ‐4.9602E‐03 3.2695E‐03 ‐2.2206E‐02 3.1969E‐03 ‐7.0924E‐03 ‐4.1252E‐03 1.8451E‐03

a 40 ‐7.4577E‐04 2.3506E‐03 1.9817E‐03 ‐2.8362E‐04 ‐2.9851E‐04 2.2947E‐03 1.6342E‐03 7.2790E‐04 5.7677E‐04 1.7377E‐03 9.2434E‐04 9.4886E‐04 ‐1.3011E‐04 ‐9.1214E‐04 3.9905E‐04

a 41 ‐7.7177E‐04 1.4075E‐04 ‐3.9945E‐03 3.0333E‐03 ‐2.5639E‐03 4.0653E‐04 ‐3.9725E‐03 1.2113E‐03 ‐4.7852E‐03 5.1586E‐04 1.9514E‐02 1.2838E‐03 1.3047E‐03 1.1551E‐02 1.0642E‐02

a 42 ‐2.7205E‐04 9.8337E‐05 ‐5.0733E‐04 4.3124E‐04 ‐2.5312E‐04 ‐1.1234E‐04 4.4305E‐04 6.1062E‐04 ‐7.5829E‐05 ‐3.0169E‐04 7.8405E‐04 2.0294E‐04 4.4197E‐04 1.6339E‐04 ‐2.6480E‐05

a 43 4.4945E‐04 1.9597E‐04 3.0487E‐04 1.0923E‐04 4.4877E‐04 3.6411E‐04 1.6996E‐03 ‐1.9396E‐04 1.9399E‐03 2.8190E‐04 4.9758E‐03 ‐4.7844E‐04 ‐1.0019E‐03 2.5709E‐04 ‐5.6400E‐04

a 44 ‐1.2030E‐04 5.4137E‐05 2.6248E‐04 ‐6.5377E‐05 ‐9.2428E‐05 6.8461E‐06 2.7599E‐04 ‐9.9167E‐05 ‐1.0661E‐04 1.2945E‐04 3.3688E‐04 ‐3.1802E‐05 2.2053E‐04 1.0010E‐04 ‐1.0374E‐04

a 45 ‐3.9443E‐04 4.1057E‐05 ‐2.9462E‐04 3.3615E‐04 ‐5.1741E‐04 7.9209E‐05 ‐3.4495E‐04 ‐5.1041E‐05 ‐3.2918E‐04 1.0121E‐04 7.7292E‐04 2.6213E‐04 2.1813E‐05 ‐2.1237E‐04 ‐5.6234E‐04

a 46 1.6072E‐03 ‐1.8519E‐03 4.4747E‐03 ‐1.0645E‐03 2.0662E‐03 ‐9.9942E‐04 1.1310E‐02 ‐1.7821E‐03 1.8067E‐03 1.3606E‐03 1.0577E‐02 ‐8.9592E‐04 5.0246E‐03 3.2599E‐03 ‐1.3378E‐03

a 47 ‐2.7014E‐03 3.2798E‐03 2.6952E‐03 2.6218E‐04 ‐1.7902E‐03 ‐3.7367E‐04 1.4216E‐03 2.3480E‐03 3.4578E‐05 ‐3.2363E‐03 ‐2.7657E‐03 1.4027E‐03 3.0582E‐03 ‐4.3794E‐03 ‐4.2286E‐03

a 48 ‐4.4540E‐04 ‐9.8205E‐04 1.5627E‐04 2.9009E‐03 1.3194E‐03 ‐1.5874E‐03 ‐1.5977E‐03 3.9628E‐03 3.4936E‐03 ‐2.2023E‐03 ‐2.1959E‐03 ‐1.9785E‐04 ‐2.7509E‐03 1.3594E‐03 2.5778E‐03

a 49 2.9716E‐05 ‐3.3715E‐03 ‐3.5610E‐05 4.6363E‐05 ‐7.7756E‐04 ‐3.8680E‐03 5.9398E‐04 ‐7.8534E‐04 ‐2.2430E‐03 ‐3.1232E‐03 9.2107E‐04 ‐1.3233E‐03 2.9120E‐03 8.0023E‐04 ‐3.0941E‐03

a 50 1.2966E‐04 ‐4.2593E‐05 2.2705E‐03 ‐1.2450E‐03 7.0329E‐04 3.6391E‐04 9.2886E‐04 ‐2.2400E‐04 4.2301E‐04 7.3104E‐04 ‐1.1509E‐02 ‐1.2701E‐03 ‐1.4852E‐03 ‐4.8571E‐03 ‐4.1581E‐03

a 51 1.6674E‐03 ‐4.9439E‐04 ‐1.4363E‐03 ‐7.4677E‐04 1.1715E‐03 8.8473E‐04 ‐2.3176E‐03 ‐1.7935E‐03 3.8290E‐04 1.7049E‐03 ‐1.7852E‐03 ‐9.5411E‐04 ‐3.3120E‐03 1.2425E‐03 2.9457E‐03

a 52 ‐3.6790E‐03 ‐5.2325E‐03 2.0726E‐03 4.2275E‐03 ‐1.3616E‐03 ‐7.4731E‐03 ‐9.5534E‐05 5.1167E‐03 1.9051E‐04 ‐6.8231E‐03 1.2380E‐04 1.2128E‐03 5.4063E‐03 ‐1.2736E‐04 ‐3.0249E‐03

a 53 4.6456E‐03 ‐2.8879E‐04 ‐2.9022E‐03 ‐2.5962E‐03 2.7161E‐03 6.0073E‐03 ‐9.1927E‐05 ‐5.2212E‐03 7.8901E‐05 8.8836E‐03 6.5213E‐03 ‐2.8016E‐03 ‐6.6214E‐03 6.3615E‐03 8.0078E‐03

a 54 ‐2.8310E‐03 1.3827E‐03 1.1324E‐02 ‐2.0298E‐03 ‐1.3964E‐03 ‐9.7386E‐04 1.9079E‐02 3.3577E‐04 ‐7.0575E‐04 ‐1.8022E‐03 1.5237E‐02 2.4496E‐03 5.3814E‐03 ‐8.8340E‐03 ‐3.2538E‐03
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Table A2-4 (cont.): Regression equation coefficients. 

  
Coefficient LAT2 lMT LAT2 R EP LAT2 R EA LAT2 R IE LAT3 lMT LAT3 R EP LAT3 R EA LAT3 R IE TMAJ lMT TMAJ R EP TMAJ R EA TMAJ R IE PDELT R EA

a 1 2.8632E‐01 ‐1.1258E‐04 1.9779E‐03 1.0129E‐02 3.0831E‐01 ‐6.0549E‐05 ‐8.6823E‐04 7.0838E‐03 1.3543E‐01 ‐5.2020E‐05 ‐6.4663E‐03 9.2907E‐03 1.7521E‐02

a 2 ‐8.8359E‐04 ‐4.0302E‐02 ‐4.2722E‐02 ‐6.4890E‐04 1.9673E‐03 ‐3.4886E‐02 ‐6.7121E‐02 2.6487E‐03 7.4083E‐03 ‐4.5652E‐02 ‐1.7526E‐02 3.3098E‐04 1.4088E‐02

a 3 1.3074E‐04 ‐1.5807E‐04 ‐4.0985E‐02 2.7030E‐04 2.8476E‐04 2.3901E‐04 ‐3.5121E‐02 ‐6.2344E‐06 1.2938E‐05 ‐4.2941E‐05 ‐4.6244E‐02 ‐1.9357E‐05 ‐4.5934E‐02

a 4 ‐1.0260E‐02 ‐1.7542E‐04 6.3833E‐04 ‐2.8187E‐04 ‐7.4901E‐03 ‐4.3233E‐04 1.8008E‐03 ‐2.0338E‐05 ‐9.5304E‐03 ‐2.0735E‐04 3.8661E‐04 6.3682E‐04 ‐1.8532E‐03

a 5 1.9001E‐02 3.4430E‐03 2.6171E‐03 2.7012E‐03 3.0237E‐02 1.0808E‐02 3.4444E‐02 1.0613E‐02 5.9497E‐03 8.0774E‐03 ‐2.4983E‐03 1.9022E‐03 ‐3.9362E‐02

a 6 1.4294E‐04 2.5479E‐04 3.0838E‐03 ‐7.0209E‐05 7.4942E‐05 1.9600E‐04 3.7018E‐03 5.1805E‐05 1.0621E‐04 1.2181E‐04 1.2828E‐02 ‐7.8446E‐05 1.0436E‐03

a 7 1.0081E‐03 5.2514E‐04 ‐1.0138E‐03 ‐1.1526E‐03 7.7364E‐04 2.8152E‐04 7.3615E‐03 3.9775E‐03 ‐2.8155E‐04 1.7221E‐04 2.5899E‐03 5.9292E‐03 5.5144E‐04

a 8 2.2435E‐04 1.2844E‐02 6.0054E‐03 ‐5.7452E‐04 ‐7.2400E‐03 4.9222E‐03 ‐8.3326E‐03 ‐9.7731E‐03 3.4804E‐03 1.1712E‐02 1.5047E‐03 ‐1.0890E‐03 1.5546E‐02

a 9 ‐4.1866E‐05 6.6024E‐05 5.8581E‐03 ‐2.1668E‐04 ‐1.6850E‐04 ‐3.4122E‐04 4.4706E‐03 1.6472E‐04 7.2438E‐05 2.0999E‐04 6.7697E‐03 ‐9.8901E‐05 5.7266E‐03

a 10 ‐8.0688E‐04 ‐2.8887E‐04 8.6974E‐04 1.7574E‐03 ‐1.1037E‐03 1.8866E‐04 ‐4.3134E‐03 ‐2.8712E‐03 ‐5.4110E‐04 7.8102E‐05 ‐2.6637E‐03 ‐6.1713E‐03 ‐1.0676E‐05

a 11 3.9573E‐02 8.3357E‐03 8.5182E‐03 3.8265E‐03 3.2300E‐02 8.0402E‐03 2.0889E‐02 6.7171E‐03 4.4953E‐02 2.8868E‐02 1.8984E‐02 1.0982E‐03 ‐2.6973E‐02

a 12 1.3028E‐03 5.0502E‐03 ‐4.0549E‐03 ‐1.5592E‐03 ‐1.6781E‐03 6.7738E‐03 2.5289E‐02 1.0282E‐02 3.3811E‐04 2.3916E‐03 1.6292E‐03 3.4258E‐03 6.1126E‐04

a 13 1.1900E‐04 9.1597E‐04 1.2423E‐03 ‐1.1985E‐03 9.3907E‐04 1.4780E‐03 1.6859E‐03 ‐2.4612E‐03 1.9269E‐04 6.0762E‐04 ‐1.3291E‐03 ‐1.6396E‐03 3.1219E‐03

a 14 ‐8.0707E‐04 ‐3.9683E‐03 ‐3.3820E‐03 1.7353E‐03 ‐1.0928E‐03 ‐7.4225E‐03 ‐5.9797E‐03 6.6401E‐03 1.1873E‐03 ‐1.6876E‐03 ‐8.6677E‐04 2.0491E‐03 ‐5.3245E‐03

a 15 1.4595E‐04 2.8196E‐02 4.1291E‐02 ‐6.8654E‐03 ‐4.7903E‐03 1.3246E‐02 2.1653E‐02 ‐1.7505E‐02 ‐4.1456E‐03 1.7600E‐02 3.0217E‐02 ‐6.3673E‐03 9.0802E‐02

a 16 ‐4.5406E‐03 ‐7.4476E‐03 1.8888E‐02 8.9760E‐03 ‐1.0468E‐02 ‐1.3310E‐02 ‐4.6796E‐02 ‐1.8750E‐02 ‐3.7597E‐03 ‐8.4435E‐03 2.2183E‐03 ‐8.6022E‐04 7.4355E‐04

a 17 ‐6.8634E‐03 1.6464E‐02 2.4441E‐02 ‐3.7841E‐04 ‐6.3388E‐03 1.2439E‐02 1.0998E‐02 ‐2.3396E‐03 ‐1.6275E‐02 1.9522E‐02 1.7201E‐02 4.2862E‐04 ‐3.6202E‐03

a 18 5.1188E‐04 8.4355E‐04 ‐1.2799E‐03 ‐4.0016E‐05 8.3555E‐04 1.7682E‐03 ‐2.6709E‐03 ‐1.7463E‐03 9.2261E‐05 7.7498E‐04 2.0448E‐04 ‐3.4740E‐04 1.3207E‐03

a 19 ‐4.0852E‐03 ‐5.3321E‐03 1.8432E‐02 1.3869E‐02 ‐9.3368E‐03 ‐4.8689E‐03 ‐1.7886E‐02 ‐6.8083E‐03 ‐4.0464E‐03 ‐5.2684E‐03 ‐1.0822E‐04 ‐5.7480E‐03 2.6667E‐03

a 20 3.1944E‐04 ‐5.0336E‐04 9.6063E‐04 ‐6.2074E‐04 2.2853E‐05 ‐3.0087E‐03 2.6737E‐03 3.1526E‐03 8.7506E‐04 ‐1.3694E‐03 4.9201E‐04 2.7466E‐03 ‐6.3889E‐04

a 21 ‐1.9787E‐02 ‐3.3739E‐02 ‐1.0004E‐02 2.4313E‐03 ‐1.0813E‐02 ‐2.0074E‐02 ‐1.2581E‐02 1.2274E‐02 ‐1.9098E‐02 ‐3.4425E‐02 1.7190E‐03 4.2917E‐03 ‐6.5468E‐02

a 22 2.9737E‐03 3.2292E‐03 ‐1.9857E‐02 ‐1.0012E‐02 9.9289E‐03 7.0302E‐03 2.7213E‐02 1.3630E‐02 3.3501E‐03 6.1857E‐03 ‐6.7229E‐03 ‐3.3180E‐03 7.0274E‐03

a 23 ‐5.7189E‐03 ‐4.3935E‐03 ‐6.8114E‐03 1.4955E‐03 ‐3.6497E‐03 ‐2.2680E‐03 ‐4.9632E‐03 3.4504E‐04 ‐6.9474E‐03 ‐7.2798E‐03 ‐1.5361E‐02 9.8303E‐04 1.9254E‐02

a 24 ‐1.0339E‐03 ‐4.6233E‐04 1.9212E‐03 ‐6.4845E‐05 ‐1.9619E‐03 ‐7.4217E‐04 1.2911E‐03 ‐1.4797E‐04 ‐6.5652E‐04 ‐3.5089E‐04 1.2738E‐03 ‐1.8698E‐04 1.3172E‐03

a 25 2.2908E‐03 2.7535E‐03 ‐1.3423E‐02 ‐1.2998E‐02 5.8086E‐03 4.0126E‐03 1.8648E‐03 ‐1.9854E‐03 3.3056E‐03 3.5443E‐03 ‐6.6372E‐04 2.3028E‐03 ‐1.4190E‐03

a 26 ‐7.6813E‐04 ‐9.6553E‐04 1.4341E‐03 3.0801E‐03 ‐1.9546E‐03 5.5941E‐04 2.3752E‐03 5.6771E‐04 ‐1.6135E‐03 6.8820E‐04 1.7966E‐03 ‐5.8030E‐04 1.5649E‐04

a 27 ‐3.3502E‐03 ‐1.0990E‐02 ‐4.4352E‐02 ‐3.3842E‐03 1.2726E‐03 ‐7.6070E‐03 ‐2.7560E‐02 ‐1.2828E‐03 ‐1.5599E‐05 ‐2.1502E‐02 ‐4.9013E‐02 ‐1.8013E‐03 6.4832E‐02

a 28 2.6752E‐03 7.4322E‐03 ‐3.7978E‐02 ‐2.6900E‐02 1.2531E‐02 1.3444E‐02 9.9046E‐03 ‐4.0401E‐03 5.1711E‐03 8.9921E‐03 ‐1.2112E‐02 ‐7.4809E‐03 ‐8.3883E‐03

a 29 ‐8.3519E‐04 ‐7.4727E‐04 4.8859E‐04 ‐6.1750E‐04 ‐6.8532E‐04 ‐1.1841E‐03 ‐4.1233E‐03 4.6836E‐04 ‐3.0719E‐04 ‐4.8105E‐04 ‐7.5526E‐04 ‐1.7801E‐04 ‐7.3385E‐04

a 30 ‐2.5162E‐04 ‐3.2560E‐03 6.6687E‐03 1.8524E‐03 ‐1.9280E‐03 ‐4.9999E‐03 5.4703E‐03 4.4976E‐03 5.7428E‐04 ‐2.2411E‐03 4.4597E‐03 2.3386E‐03 ‐2.7240E‐03

a 31 6.4961E‐03 8.1978E‐03 ‐5.0736E‐03 6.6264E‐04 3.5783E‐03 5.2896E‐03 7.6202E‐04 ‐2.3807E‐03 6.3717E‐03 9.1856E‐03 ‐9.3944E‐03 ‐4.2419E‐04 2.9120E‐02

a 32 ‐5.2097E‐04 ‐8.1466E‐04 4.9935E‐03 3.0838E‐03 ‐2.3942E‐03 ‐1.3277E‐03 ‐5.4283E‐03 ‐3.2120E‐03 ‐6.9075E‐04 ‐1.7618E‐03 2.3550E‐03 1.7491E‐03 ‐5.5654E‐03

a 33 1.2982E‐03 7.7329E‐04 ‐9.4885E‐04 ‐2.7201E‐04 9.0684E‐04 2.2091E‐04 ‐7.7283E‐04 ‐2.4916E‐04 1.3731E‐03 1.1625E‐03 ‐8.4264E‐04 ‐4.4177E‐04 5.5467E‐04

a 34 ‐7.2451E‐05 ‐8.8470E‐04 ‐3.5003E‐04 5.7438E‐04 ‐2.3926E‐04 ‐9.4870E‐04 2.2126E‐04 7.1357E‐04 4.9521E‐05 ‐5.8114E‐04 ‐6.8510E‐04 4.4461E‐04 ‐1.0265E‐03

a 35 ‐3.0592E‐04 ‐2.2552E‐04 1.8128E‐03 2.0242E‐03 ‐4.9307E‐04 ‐2.9948E‐04 4.8707E‐04 3.8476E‐04 ‐5.3678E‐04 ‐5.2052E‐04 ‐1.7580E‐04 ‐7.4528E‐04 ‐4.9309E‐05

a 36 1.6116E‐04 8.3450E‐04 ‐5.1790E‐04 ‐1.6326E‐03 6.5811E‐04 6.1285E‐04 ‐9.4594E‐04 ‐1.2326E‐03 5.1986E‐04 1.0601E‐04 ‐6.4349E‐04 ‐4.7363E‐04 ‐6.1929E‐05

a 37 4.5583E‐03 2.5903E‐03 1.6135E‐02 2.1387E‐03 1.6204E‐03 1.3568E‐03 1.1209E‐02 1.3381E‐03 5.4200E‐03 7.8785E‐03 1.8552E‐02 9.0572E‐04 ‐5.5689E‐02

a 38 8.8675E‐05 ‐1.7460E‐03 2.0342E‐02 1.3281E‐02 ‐5.1576E‐03 ‐5.9622E‐03 ‐4.0340E‐05 3.9524E‐03 ‐1.8257E‐03 ‐3.1751E‐03 8.5797E‐03 5.8689E‐03 5.0650E‐03

a 39 3.7566E‐03 ‐7.3157E‐03 2.2034E‐03 2.2670E‐03 2.0359E‐03 ‐6.3269E‐03 3.3244E‐03 4.8651E‐03 7.4999E‐03 ‐5.9844E‐04 1.1764E‐02 1.8636E‐03 ‐7.9956E‐02

a 40 1.0371E‐03 ‐2.1555E‐04 ‐1.0175E‐03 6.4845E‐04 1.9265E‐03 4.5079E‐04 ‐1.2930E‐04 3.5287E‐04 6.3486E‐04 ‐9.7164E‐05 ‐3.6513E‐04 5.0430E‐04 ‐1.5081E‐03

a 41 1.0696E‐03 ‐1.9573E‐04 1.7807E‐02 1.3538E‐02 ‐3.9254E‐03 ‐4.0052E‐03 5.0807E‐03 6.1851E‐03 ‐1.3549E‐03 ‐1.8160E‐03 6.6105E‐03 4.9345E‐03 4.4018E‐03

a 42 2.8021E‐04 3.3473E‐04 3.1304E‐04 2.4157E‐04 9.3944E‐05 1.7409E‐04 2.5421E‐03 3.2491E‐04 1.0534E‐04 1.1001E‐04 8.0677E‐04 1.7638E‐04 3.1363E‐04

a 43 ‐9.9652E‐04 ‐2.2121E‐03 ‐6.4885E‐04 ‐6.6683E‐04 1.4713E‐04 ‐1.1472E‐03 6.2048E‐04 1.3476E‐03 ‐1.1326E‐03 ‐2.0474E‐03 9.1476E‐04 ‐2.8382E‐04 ‐2.4482E‐03

a 44 ‐1.3890E‐05 2.9108E‐04 4.5228E‐07 ‐1.1792E‐04 4.5554E‐05 3.8092E‐04 ‐1.2120E‐04 ‐2.3333E‐04 ‐7.5788E‐05 8.4223E‐05 1.2189E‐04 ‐7.4850E‐05 3.1676E‐04

a 45 1.8286E‐04 2.5458E‐05 ‐3.0568E‐04 ‐6.1038E‐04 2.4386E‐04 ‐6.6826E‐05 4.9511E‐05 7.2872E‐05 2.8377E‐04 ‐3.7923E‐05 2.7236E‐04 6.3273E‐04 2.2785E‐05

a 46 ‐1.1400E‐03 6.0184E‐03 ‐4.7237E‐05 ‐1.8438E‐03 ‐6.4052E‐04 4.3315E‐03 ‐2.1315E‐03 ‐2.7163E‐03 ‐2.9048E‐03 2.3190E‐03 ‐2.9222E‐03 ‐1.2396E‐03 5.0354E‐02

a 47 2.0911E‐03 4.3924E‐03 ‐5.5772E‐03 ‐4.9709E‐03 3.9047E‐03 4.1497E‐03 ‐3.3866E‐03 ‐5.1968E‐03 1.6765E‐03 2.4298E‐03 ‐4.9670E‐03 ‐3.9643E‐03 2.7764E‐03

a 48 ‐3.5223E‐05 ‐2.3290E‐03 9.8277E‐04 2.6341E‐03 9.6109E‐04 8.4585E‐04 3.6895E‐03 2.2095E‐04 ‐5.9917E‐04 ‐2.0618E‐03 1.6464E‐03 1.9443E‐03 ‐2.6530E‐03

a 49 ‐1.1841E‐03 3.3958E‐03 1.5962E‐04 ‐3.7673E‐03 ‐1.8139E‐03 1.7007E‐03 ‐2.8333E‐03 ‐2.7159E‐03 ‐6.8969E‐04 2.0164E‐03 ‐3.6151E‐04 ‐2.4235E‐03 3.1824E‐03

a 50 ‐1.2417E‐03 ‐6.7311E‐04 ‐8.4589E‐03 ‐5.8630E‐03 1.2929E‐03 1.6130E‐03 ‐4.2532E‐03 ‐3.6480E‐03 1.6741E‐04 3.3465E‐04 ‐3.9421E‐03 ‐3.1219E‐03 ‐2.8110E‐03

a 51 ‐1.3498E‐03 ‐3.2279E‐03 1.4602E‐03 2.5857E‐03 ‐2.1938E‐03 ‐1.9039E‐03 ‐1.0971E‐03 1.1185E‐03 ‐1.0561E‐03 ‐1.3360E‐03 3.4390E‐04 5.1852E‐04 ‐5.7599E‐04

a 52 1.6007E‐03 5.6560E‐03 ‐5.3038E‐04 ‐3.7516E‐03 1.9245E‐03 6.7994E‐03 7.6791E‐05 ‐5.9120E‐03 8.2212E‐04 5.0106E‐03 ‐1.1957E‐03 ‐4.2936E‐03 3.7619E‐03

a 53 ‐3.7206E‐03 ‐7.7702E‐03 7.2868E‐03 8.4515E‐03 ‐6.0512E‐03 ‐6.2958E‐03 4.2811E‐03 7.3796E‐03 ‐3.5320E‐03 ‐5.2523E‐03 6.3537E‐03 6.5494E‐03 ‐2.8658E‐03

a 54 3.7393E‐03 6.1986E‐03 ‐1.0939E‐02 ‐3.3192E‐03 6.8986E‐03 4.2288E‐03 ‐3.8897E‐03 ‐2.0325E‐03 2.2289E‐03 3.1775E‐03 ‐6.6272E‐03 ‐8.6246E‐04 2.0657E‐03

Equation 9b
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Table A2-4 (cont.): Regression equation coefficients. 

  

Coefficient SUPSP lMT SUPSP REP SUPSP R EA SUPSP R IE SUBSC lMT SUBSC R EP SUBSC R EA SUBSC R IE INFSP lMT INFSP R EP INFSP R EA INFSP R IE TMIN R EA TMIN R IE

a 1 1.1213E‐01 3.9586E‐06 2.1413E‐02 ‐4.9148E‐03 1.0945E‐01 ‐3.4584E‐05 1.1920E‐02 1.6301E‐02 1.0562E‐01 1.1683E‐05 3.6610E‐03 ‐2.2436E‐02 ‐7.1711E‐03 ‐1.7754E‐02

a 2 ‐2.1224E‐02 2.6890E‐03 ‐2.3495E‐03 ‐9.4999E‐03 ‐1.1734E‐02 ‐6.1308E‐03 ‐3.6355E‐03 2.3450E‐03 ‐3.8956E‐03 3.6597E‐03 ‐5.7842E‐03 ‐5.7337E‐04 ‐8.5522E‐03 3.0694E‐03

a 3 1.0983E‐05 4.7699E‐04 2.0869E‐03 1.7418E‐04 4.1878E‐04 3.6260E‐05 ‐6.8555E‐03 2.4506E‐04 8.9119E‐05 4.9538E‐04 4.1164E‐03 6.4064E‐05 ‐7.6124E‐03 ‐2.7577E‐04

a 4 4.7400E‐03 4.6262E‐04 ‐1.0356E‐02 1.5333E‐02 ‐1.6498E‐02 8.6134E‐05 3.9808E‐03 ‐1.0201E‐02 2.2606E‐02 ‐1.4739E‐05 ‐1.1564E‐03 5.0153E‐03 1.9319E‐03 8.2997E‐03

a 5 7.6500E‐04 8.5675E‐03 ‐8.7173E‐03 ‐6.1273E‐04 1.5387E‐03 9.1254E‐05 7.4916E‐04 3.8497E‐03 3.7367E‐03 1.2209E‐02 6.1044E‐04 1.8959E‐03 6.6726E‐03 ‐1.3316E‐03

a 6 8.5287E‐05 1.1296E‐04 ‐1.3412E‐02 ‐9.3372E‐05 4.8032E‐05 1.2321E‐04 ‐6.9550E‐03 ‐1.2671E‐04 3.0307E‐06 ‐1.1195E‐04 ‐1.4188E‐03 1.0226E‐04 7.0284E‐03 ‐1.7097E‐04

a 7 ‐7.6542E‐03 ‐3.1611E‐04 ‐1.1980E‐02 4.6719E‐03 5.8077E‐03 2.5373E‐04 3.3527E‐03 ‐1.5299E‐03 ‐2.4550E‐03 2.1951E‐05 2.2244E‐03 ‐4.4248E‐03 3.9869E‐03 7.8073E‐03

a 8 2.9216E‐03 1.5048E‐03 1.3662E‐03 1.2936E‐03 ‐5.1805E‐05 4.0456E‐04 ‐1.7011E‐03 ‐2.5632E‐03 ‐1.1872E‐03 ‐3.4962E‐03 2.1089E‐03 ‐1.2633E‐03 ‐3.5518E‐03 ‐4.0714E‐04

a 9 ‐6.2825E‐05 ‐1.1006E‐03 1.5963E‐03 ‐4.3536E‐05 ‐7.2711E‐04 6.5535E‐05 1.4997E‐03 ‐3.1383E‐04 ‐3.9419E‐05 ‐1.2131E‐03 ‐6.9172E‐04 ‐4.4630E‐05 1.0854E‐03 ‐6.5801E‐04

a 10 ‐5.7457E‐04 ‐4.2263E‐04 4.8183E‐03 ‐4.9899E‐03 8.2128E‐04 ‐4.8875E‐04 ‐4.7229E‐03 ‐4.4812E‐03 5.8788E‐04 ‐5.7816E‐05 ‐1.3766E‐03 3.4900E‐03 ‐3.4346E‐03 ‐1.0199E‐02

a 11 ‐2.8574E‐03 ‐3.3912E‐02 1.9963E‐02 2.1940E‐02 1.7170E‐03 ‐1.5468E‐02 4.8800E‐03 5.3534E‐03 ‐4.5686E‐03 ‐8.5847E‐03 2.0423E‐02 ‐5.6540E‐04 1.9921E‐02 ‐9.1895E‐03

a 12 1.0135E‐02 2.1386E‐02 3.6081E‐03 ‐1.9033E‐02 ‐8.7335E‐04 6.1039E‐03 2.0411E‐03 9.0881E‐03 2.2253E‐04 5.9432E‐04 8.9794E‐03 1.8775E‐03 2.5024E‐03 7.9886E‐03

a 13 ‐9.6305E‐04 ‐2.0810E‐03 2.3290E‐02 1.1443E‐03 ‐6.6941E‐06 ‐8.5654E‐05 5.6095E‐03 ‐1.1036E‐03 1.4668E‐04 ‐3.6756E‐05 ‐6.9502E‐04 9.5323E‐04 ‐1.2541E‐02 ‐2.3315E‐03

a 14 ‐1.7418E‐02 1.7106E‐02 ‐1.1876E‐02 ‐7.8303E‐03 ‐2.6751E‐03 ‐5.4637E‐03 ‐1.0072E‐02 7.5657E‐03 1.0285E‐05 5.7434E‐03 1.3566E‐03 4.7112E‐03 3.5330E‐03 2.9364E‐03

a 15 ‐6.3137E‐03 4.8052E‐03 ‐1.2687E‐03 ‐2.3161E‐04 1.1822E‐02 1.7736E‐02 ‐9.2369E‐03 ‐5.5420E‐03 ‐1.0613E‐02 ‐2.0879E‐03 4.4804E‐03 3.1194E‐03 ‐1.8718E‐03 ‐1.2543E‐02

a 16 ‐4.0944E‐04 ‐4.0709E‐03 ‐6.5494E‐03 3.2768E‐03 ‐6.6189E‐03 ‐7.8147E‐03 8.6555E‐04 2.2304E‐03 ‐1.7749E‐03 ‐4.5288E‐03 ‐2.4959E‐02 ‐1.1906E‐02 1.6895E‐02 ‐7.8434E‐03

a 17 1.3206E‐02 ‐8.2569E‐03 ‐7.7610E‐03 4.3024E‐03 5.3809E‐03 ‐6.6892E‐04 1.2624E‐02 ‐9.6168E‐04 2.7086E‐03 1.8112E‐04 ‐1.1005E‐02 ‐2.1373E‐03 4.3444E‐03 3.3017E‐03

a 18 ‐1.1923E‐04 ‐2.2980E‐03 3.4236E‐03 1.7196E‐03 1.6632E‐04 1.8431E‐04 ‐3.9835E‐03 ‐1.3960E‐03 ‐1.4997E‐04 3.7358E‐04 1.3379E‐03 ‐1.0089E‐03 2.6153E‐03 ‐1.4122E‐03

a 19 9.0992E‐03 5.7743E‐04 8.2025E‐03 4.0323E‐04 ‐1.1255E‐02 ‐6.3260E‐04 1.0857E‐02 ‐1.0762E‐03 2.2690E‐04 ‐1.7789E‐07 ‐1.2237E‐02 ‐2.7710E‐03 ‐1.1868E‐02 ‐1.5317E‐02

a 20 9.9770E‐04 3.7864E‐03 ‐1.0823E‐03 ‐3.3349E‐03 8.4452E‐05 2.4340E‐04 2.0794E‐03 ‐8.7060E‐04 ‐8.0452E‐04 6.3792E‐04 9.4536E‐04 ‐3.0309E‐03 ‐6.6469E‐03 8.0908E‐03

a 21 ‐7.1266E‐03 ‐1.9927E‐03 2.8829E‐02 ‐1.5866E‐02 ‐1.0561E‐02 ‐9.5405E‐03 7.8183E‐03 ‐6.5054E‐06 7.3494E‐03 5.1920E‐02 ‐5.8232E‐02 ‐4.4709E‐02 ‐2.7946E‐02 5.5072E‐02

a 22 ‐3.0425E‐03 ‐7.3961E‐03 2.1541E‐02 9.3325E‐03 3.2192E‐03 3.4304E‐03 ‐4.7948E‐03 ‐5.5408E‐03 3.9170E‐03 3.0294E‐03 1.0865E‐01 5.4891E‐02 ‐1.8223E‐01 ‐2.0862E‐02

a 23 1.5278E‐04 1.2463E‐02 ‐2.0194E‐02 ‐2.2888E‐03 4.3821E‐03 9.3043E‐04 ‐7.3381E‐03 2.5352E‐03 1.0512E‐03 9.0586E‐03 ‐9.8413E‐03 3.4383E‐04 ‐8.6577E‐03 3.7912E‐03

a 24 1.1659E‐03 ‐1.3554E‐03 ‐2.0814E‐03 4.3221E‐04 ‐3.2738E‐04 5.5297E‐04 1.2041E‐03 ‐5.6108E‐04 ‐4.5086E‐04 ‐3.5677E‐04 1.5508E‐03 5.1655E‐05 2.3319E‐03 6.7823E‐04

a 25 ‐1.8981E‐03 ‐1.4136E‐03 ‐9.8620E‐03 5.0954E‐03 6.2265E‐03 7.2516E‐03 ‐8.1344E‐03 ‐1.7592E‐02 7.8490E‐04 ‐1.0197E‐03 6.9374E‐03 9.6154E‐04 6.9631E‐03 9.0614E‐03

a 26 ‐5.0450E‐04 ‐2.8867E‐03 ‐4.8397E‐03 5.1027E‐03 ‐9.8670E‐04 ‐4.3529E‐03 4.1856E‐03 1.0978E‐02 9.4428E‐04 ‐5.0797E‐04 ‐2.1096E‐03 ‐5.7227E‐03 1.5193E‐02 2.7691E‐03

a 27 6.8180E‐03 ‐2.5731E‐03 4.6892E‐03 ‐1.8211E‐03 ‐3.8627E‐03 1.4181E‐03 ‐1.1615E‐03 ‐8.8509E‐03 2.2846E‐03 ‐2.0787E‐02 1.0086E‐02 1.1685E‐02 ‐2.1988E‐02 9.8860E‐04

a 28 1.0955E‐04 ‐3.8057E‐03 1.6851E‐03 ‐8.0494E‐04 8.3974E‐03 4.8450E‐03 ‐1.7355E‐02 ‐9.0235E‐03 2.9361E‐04 3.9292E‐03 1.6323E‐02 ‐2.6566E‐04 2.2492E‐02 1.4733E‐02

a 29 ‐1.0291E‐03 2.4726E‐03 6.1444E‐03 ‐2.7824E‐03 ‐1.3611E‐03 ‐3.8689E‐04 1.8202E‐04 2.5426E‐03 2.4191E‐04 8.7569E‐04 ‐5.6548E‐03 ‐7.6758E‐04 ‐2.4968E‐03 2.8369E‐03

a 30 ‐2.8720E‐03 3.8578E‐03 ‐5.0585E‐03 4.4717E‐03 ‐8.3821E‐03 ‐7.8938E‐03 6.3708E‐03 2.8208E‐02 ‐4.2021E‐04 ‐1.3384E‐03 ‐2.4009E‐02 ‐2.2131E‐02 3.0994E‐02 4.1232E‐02

a 31 1.0514E‐02 ‐3.2288E‐02 ‐1.2540E‐01 7.1698E‐02 1.9034E‐03 3.1923E‐03 1.9328E‐03 6.5353E‐05 ‐2.3941E‐02 ‐2.4945E‐01 2.1635E‐01 2.1650E‐01 8.2814E‐03 ‐1.9276E‐01

a 32 1.3624E‐02 5.2949E‐02 ‐7.7335E‐02 ‐6.0764E‐02 1.2348E‐03 ‐1.6145E‐03 ‐4.5732E‐03 1.5643E‐03 ‐1.0163E‐02 ‐2.8236E‐03 ‐4.0952E‐01 ‐1.8811E‐01 5.4200E‐01 9.1896E‐02

a 33 ‐2.3236E‐03 1.1463E‐02 1.8873E‐03 ‐6.3871E‐03 1.5224E‐03 2.8401E‐03 ‐3.9163E‐03 ‐4.3975E‐04 ‐1.6057E‐03 ‐7.6829E‐04 2.7672E‐03 7.7178E‐04 ‐3.6239E‐03 5.7506E‐05

a 34 1.0781E‐03 ‐1.4841E‐03 ‐4.1059E‐03 1.7496E‐03 3.4825E‐04 ‐8.5858E‐04 ‐7.4562E‐04 7.1866E‐04 ‐3.8207E‐04 ‐3.1140E‐03 2.5426E‐03 2.1456E‐03 ‐2.7218E‐03 1.8698E‐03

a 35 9.4045E‐04 3.1517E‐03 ‐5.1864E‐03 1.8660E‐03 5.0882E‐03 1.8314E‐03 ‐2.9030E‐03 ‐1.5610E‐02 ‐1.9288E‐03 5.7286E‐03 ‐7.1847E‐03 1.3402E‐02 7.1392E‐03 ‐1.1424E‐02

a 36 ‐2.3405E‐04 ‐2.7015E‐03 7.9256E‐03 ‐5.7462E‐03 ‐1.9394E‐03 7.1568E‐03 4.2642E‐03 ‐1.3672E‐02 ‐6.0182E‐04 ‐5.0724E‐03 7.0701E‐03 2.6074E‐02 9.1556E‐03 ‐2.2858E‐02

a 37 ‐4.1586E‐03 ‐1.3244E‐02 1.3713E‐03 9.6173E‐03 ‐3.6305E‐04 ‐5.2852E‐03 ‐2.1476E‐04 8.5306E‐03 ‐1.3441E‐04 9.7448E‐03 ‐5.1771E‐03 ‐7.1076E‐03 1.2559E‐02 ‐1.8952E‐03

a 38 ‐1.6963E‐03 ‐2.2233E‐03 8.6365E‐04 ‐9.5005E‐04 ‐2.0092E‐03 ‐1.6114E‐03 5.6068E‐03 4.6018E‐03 ‐4.2036E‐04 ‐2.7811E‐03 ‐3.9947E‐03 9.7581E‐04 ‐1.1932E‐02 ‐6.1636E‐03

a 39 6.9751E‐03 3.2539E‐03 5.7580E‐03 ‐1.0284E‐02 ‐8.3942E‐03 ‐4.2767E‐03 9.1191E‐03 ‐2.8264E‐03 4.2484E‐03 ‐8.7707E‐03 4.9803E‐03 ‐9.5645E‐04 ‐1.9150E‐03 8.5526E‐04

a 40 ‐1.1954E‐03 5.3253E‐04 ‐1.5436E‐03 9.3133E‐04 9.7543E‐04 ‐9.7303E‐04 ‐2.3627E‐03 1.2496E‐03 5.1456E‐04 1.7769E‐03 ‐4.7824E‐04 9.2319E‐04 9.5506E‐04 ‐3.2719E‐04

a 41 1.2633E‐03 3.2614E‐03 2.9622E‐03 ‐1.2063E‐03 ‐3.0749E‐03 ‐8.4021E‐04 9.2868E‐03 3.8388E‐03 ‐1.4601E‐04 3.1494E‐04 ‐5.4434E‐03 ‐3.6408E‐04 ‐3.6037E‐03 ‐2.6796E‐03

a 42 5.1304E‐04 ‐1.9261E‐04 ‐2.0424E‐03 7.3657E‐04 8.9295E‐04 3.5232E‐04 1.3689E‐03 ‐1.2797E‐03 ‐7.8428E‐06 ‐2.2351E‐04 2.5306E‐03 1.0598E‐03 1.4102E‐04 ‐1.7528E‐03

a 43 ‐2.2632E‐04 2.8309E‐05 4.8279E‐04 ‐7.2674E‐04 3.6798E‐04 3.8085E‐04 ‐3.6599E‐04 ‐5.2654E‐04 ‐4.1003E‐05 ‐1.6467E‐04 ‐1.9719E‐04 3.8159E‐04 1.0894E‐03 2.2436E‐04

a 44 9.6938E‐05 6.9379E‐04 ‐1.7872E‐03 ‐1.8519E‐04 2.8617E‐04 ‐3.4914E‐05 ‐6.4964E‐04 1.0586E‐04 ‐5.0904E‐06 5.9407E‐04 9.9663E‐06 ‐2.2991E‐05 5.3743E‐04 6.5421E‐04

Equation 10
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Table A2-4 (cont.): Regression equation coefficients. 

Coefficient SUPSP lMT SUPSP R EP SUPSP R EA SUPSP R IE SUBSC lMT SUBSC R EP SUBSC R EA SUBSC R IE INFSP lMT INFSP R EP INFSP R EA INFSP R IE TMIN R EA TMIN R IE

a 45 3.7614E‐04 1.9707E‐04 3.0274E‐05 3.1803E‐04 1.8188E‐04 1.3959E‐04 1.9982E‐04 1.1773E‐03 ‐1.0211E‐04 2.7610E‐06 2.1104E‐04 ‐6.0094E‐04 6.5058E‐04 2.0723E‐03

a 46 3.2915E‐04 ‐3.8381E‐03 ‐7.6808E‐03 9.8674E‐03 5.9469E‐03 ‐2.6080E‐03 ‐8.4884E‐03 4.6426E‐03 ‐7.3147E‐04 8.4350E‐03 2.5188E‐03 ‐1.5585E‐03 1.3527E‐02 1.2429E‐03

a 47 1.7244E‐02 3.9052E‐02 ‐2.6135E‐02 ‐5.6725E‐03 1.7019E‐02 2.8283E‐02 ‐1.1169E‐02 ‐1.7847E‐02 2.1580E‐04 1.5175E‐02 1.1416E‐02 1.9374E‐02 ‐5.3798E‐02 ‐2.4406E‐02

a 48 ‐8.0517E‐03 ‐3.7757E‐02 5.2772E‐04 1.9489E‐02 ‐8.8126E‐03 ‐8.2350E‐03 8.3419E‐03 ‐5.1226E‐04 7.1274E‐03 ‐1.7237E‐03 ‐2.7093E‐02 3.7992E‐03 8.7354E‐03 1.6555E‐03

a 49 3.2529E‐03 1.7331E‐03 8.1074E‐03 ‐4.4087E‐03 4.3698E‐03 4.4452E‐03 ‐1.1490E‐03 ‐8.9291E‐03 ‐1.7497E‐03 ‐6.9975E‐05 ‐1.5321E‐03 3.9330E‐03 ‐1.5075E‐02 ‐1.0875E‐02

a 50 1.2971E‐02 2.3912E‐02 ‐1.6237E‐04 ‐1.7513E‐02 5.3830E‐03 2.5214E‐02 ‐1.9116E‐03 ‐3.2410E‐02 ‐1.7804E‐03 1.3700E‐02 7.9949E‐03 2.2993E‐02 ‐4.6717E‐02 ‐2.1672E‐02

a 51 ‐4.5784E‐03 ‐1.0145E‐02 1.4614E‐02 1.1932E‐04 ‐1.2181E‐02 ‐4.9224E‐03 1.0134E‐02 1.1845E‐02 8.1693E‐04 3.9620E‐03 ‐1.7098E‐02 ‐2.2913E‐02 3.0744E‐02 2.0069E‐02

a 52 ‐8.3484E‐03 ‐1.2945E‐02 2.0544E‐02 2.6411E‐03 4.7014E‐03 8.1986E‐03 4.8637E‐03 ‐8.2422E‐03 ‐3.9697E‐03 ‐2.1938E‐03 3.6169E‐03 8.8143E‐04 ‐6.5245E‐03 ‐1.4173E‐02

a 53 ‐1.3829E‐02 ‐2.8156E‐02 8.5430E‐03 8.5465E‐03 ‐1.8830E‐02 ‐3.4167E‐02 1.2358E‐02 3.9262E‐02 ‐5.4857E‐04 ‐1.3516E‐02 ‐7.0327E‐03 ‐2.6468E‐02 6.6068E‐02 3.3069E‐02

a 54 2.0327E‐03 5.4177E‐03 ‐1.4596E‐02 8.0367E‐03 1.7721E‐02 3.2821E‐03 ‐1.8670E‐02 ‐1.0878E‐02 ‐5.7051E‐04 ‐5.3033E‐03 3.6312E‐02 2.1607E‐02 ‐2.6631E‐02 ‐2.5904E‐02

a 55 1.1140E‐02 2.8026E‐02 ‐1.4173E‐04 ‐7.9345E‐03 1.1700E‐02 6.8050E‐03 ‐3.8943E‐03 2.7735E‐03 ‐5.9472E‐03 5.3471E‐03 3.0080E‐02 ‐6.4832E‐03 ‐2.1746E‐03 ‐9.8610E‐03

a 56 ‐1.1490E‐02 ‐2.8525E‐02 1.0346E‐02 1.2726E‐02 ‐6.2096E‐03 ‐1.9872E‐02 1.8480E‐03 1.5426E‐02 4.7049E‐04 ‐1.2296E‐02 ‐1.0118E‐02 ‐1.6314E‐02 4.0800E‐02 1.5445E‐02

a 57 9.3131E‐04 ‐2.3441E‐03 4.7166E‐03 ‐3.0738E‐03 ‐6.6212E‐03 ‐2.9365E‐04 5.7682E‐03 3.4512E‐03 9.4246E‐04 ‐4.0204E‐03 ‐3.6076E‐04 ‐9.9611E‐03 7.3910E‐03 9.8142E‐03

a 58 ‐1.9688E‐02 9.3002E‐02 3.0025E‐01 ‐1.8335E‐01 1.1468E‐04 3.1689E‐03 ‐3.5486E‐03 ‐2.5791E‐04 5.3727E‐02 5.7340E‐01 ‐5.0802E‐01 ‐5.1307E‐01 3.8877E‐01 4.0909E‐01

a 59 ‐3.2485E‐02 ‐1.4075E‐01 1.7567E‐01 1.5928E‐01 ‐2.3185E‐04 6.2079E‐04 6.3223E‐03 8.4059E‐04 1.8929E‐02 2.6123E‐02 8.9672E‐01 4.0377E‐01 ‐7.2408E‐01 ‐2.0620E‐01

a 60 ‐1.6968E‐03 ‐7.1161E‐04 9.4476E‐03 ‐1.2801E‐03 ‐6.4369E‐04 1.8840E‐03 1.9884E‐03 ‐7.3519E‐04 ‐2.5888E‐04 ‐2.1791E‐03 ‐2.1875E‐03 ‐1.3363E‐03 ‐2.0635E‐03 ‐4.6447E‐03

a 61 8.2145E‐04 2.1926E‐03 ‐3.6831E‐03 ‐1.0046E‐03 1.8969E‐04 2.7545E‐04 ‐8.5731E‐04 ‐1.9416E‐04 1.1012E‐04 ‐1.5377E‐03 ‐3.1377E‐03 ‐1.8821E‐03 ‐6.9631E‐03 6.7225E‐04

a 62 ‐1.9524E‐03 ‐7.0479E‐03 7.0885E‐03 1.4573E‐03 ‐1.8141E‐03 ‐6.5205E‐03 2.5466E‐03 2.8142E‐02 1.5500E‐03 ‐7.2377E‐03 8.1644E‐03 ‐1.8572E‐02 ‐1.6314E‐02 1.4804E‐02

a 63 1.1094E‐03 6.0690E‐03 ‐9.3187E‐03 1.6767E‐03 3.1129E‐03 ‐3.1840E‐03 ‐8.5141E‐03 3.6356E‐03 3.8188E‐04 6.2751E‐03 ‐7.5770E‐03 ‐2.7932E‐02 ‐2.4150E‐02 1.9519E‐02

a 64 2.4328E‐02 ‐1.2378E‐01 ‐3.9038E‐01 2.4213E‐01 ‐2.1580E‐04 ‐1.7436E‐03 5.6861E‐03 6.5882E‐05 ‐6.5684E‐02 ‐7.2256E‐01 6.6161E‐01 6.6678E‐01 ‐1.0417E+00 ‐4.6784E‐01

a 65 ‐2.8622E‐05 ‐3.4603E‐03 1.9069E‐03 1.7819E‐03 ‐3.0258E‐04 ‐3.8998E‐04 8.7453E‐04 2.7444E‐04 2.7925E‐04 1.8310E‐03 ‐2.2678E‐04 ‐1.3349E‐03 5.6128E‐03 ‐1.8796E‐03

a 66 ‐1.5681E‐02 8.3673E‐02 2.6316E‐01 ‐1.6376E‐01 3.6108E‐05 ‐1.9073E‐04 ‐3.8891E‐03 ‐6.3806E‐05 4.1819E‐02 4.6979E‐01 ‐4.4483E‐01 ‐4.5217E‐01 1.0226E+00 2.7397E‐01

a 67 2.0625E‐04 ‐1.0323E‐03 ‐2.1077E‐03 1.5319E‐03 5.7734E‐05 ‐3.7417E‐04 ‐2.3055E‐04 1.1647E‐04 ‐1.1251E‐04 8.7561E‐04 2.3052E‐03 1.1441E‐03 3.5393E‐03 2.9170E‐03

a 68 4.1355E‐03 ‐2.2179E‐02 ‐7.1732E‐02 4.4031E‐02 5.3586E‐06 2.4791E‐04 9.8450E‐04 1.3727E‐05 ‐1.0778E‐02 ‐1.2324E‐01 1.2076E‐01 1.2450E‐01 ‐3.5361E‐01 ‐6.5193E‐02

a 69 ‐2.1981E‐05 1.0625E‐04 ‐9.1836E‐04 4.8660E‐04 4.3105E‐05 ‐2.1991E‐05 ‐1.2320E‐04 ‐1.0466E‐05 ‐5.4113E‐05 2.9785E‐05 1.1009E‐03 8.9671E‐04 ‐4.4583E‐04 2.2390E‐03

a 70 4.2233E‐02 1.9373E‐01 ‐2.3055E‐01 ‐2.1443E‐01 ‐8.0387E‐05 ‐5.4867E‐04 ‐6.9819E‐03 ‐1.5033E‐04 ‐2.1005E‐02 ‐5.9125E‐02 ‐1.0954E+00 ‐4.8825E‐01 3.6171E‐01 2.8450E‐01

a 71 ‐1.9688E‐04 2.6816E‐03 5.1364E‐04 ‐2.1694E‐03 ‐2.9080E‐05 5.2504E‐04 2.6747E‐04 ‐2.7908E‐04 3.7182E‐04 2.8791E‐03 ‐2.6567E‐03 ‐2.8387E‐03 2.1266E‐03 ‐1.0155E‐03

a 72 ‐2.7994E‐02 ‐1.3766E‐01 1.5602E‐01 1.4954E‐01 9.8617E‐05 ‐9.6307E‐05 4.1144E‐03 2.4193E‐04 1.2526E‐02 5.4819E‐02 6.9777E‐01 3.0431E‐01 7.1869E‐02 ‐2.0614E‐01

a 73 ‐6.1687E‐04 ‐1.0025E‐03 2.7756E‐03 4.4487E‐04 ‐6.9340E‐05 ‐8.2207E‐05 2.3427E‐04 4.7484E‐05 ‐1.8162E‐04 6.5410E‐04 3.3735E‐03 2.2413E‐03 8.7046E‐03 ‐1.2380E‐03

a 74 7.4013E‐03 3.9185E‐02 ‐4.2359E‐02 ‐4.1796E‐02 ‐6.3253E‐05 1.1407E‐04 ‐8.2017E‐04 ‐1.2853E‐04 ‐3.0231E‐03 ‐1.7941E‐02 ‐1.8068E‐01 ‐7.6675E‐02 ‐8.8643E‐02 5.9488E‐02

a 75 ‐2.8101E‐04 ‐1.2199E‐03 1.1586E‐03 9.3203E‐04 ‐4.0959E‐06 ‐8.4323E‐05 ‐1.9089E‐05 4.5804E‐05 ‐1.6603E‐04 ‐8.2420E‐04 2.3576E‐03 2.2304E‐03 3.6218E‐03 ‐4.1099E‐04

a 76 5.5285E‐04 2.6580E‐03 ‐2.0789E‐03 ‐1.5282E‐03 ‐5.1382E‐04 2.0127E‐03 ‐2.3758E‐04 ‐8.6832E‐03 ‐4.3817E‐04 2.8965E‐03 ‐2.8150E‐03 6.9934E‐03 6.6752E‐03 ‐5.7517E‐03

a 77 ‐5.1649E‐04 ‐2.5677E‐03 3.2397E‐03 4.3783E‐04 ‐1.0177E‐03 2.1828E‐04 2.8185E‐03 6.8148E‐04 ‐1.8044E‐04 ‐2.0368E‐03 2.7665E‐03 9.3579E‐03 9.6236E‐03 ‐4.8975E‐03

a 78 ‐3.7011E‐03 2.0492E‐02 1.1476E‐02 ‐2.6516E‐02 ‐2.1974E‐03 1.4582E‐02 7.8056E‐03 ‐2.5573E‐02 1.5740E‐03 ‐1.0780E‐03 ‐1.3569E‐02 1.5791E‐02 ‐2.6152E‐02 ‐3.7535E‐03

a 79 ‐6.2092E‐03 ‐1.8546E‐02 5.7936E‐03 8.2996E‐03 ‐9.6361E‐03 ‐8.4158E‐03 5.4780E‐03 ‐4.6099E‐03 3.9852E‐04 ‐3.4436E‐03 ‐9.6718E‐03 1.5291E‐02 ‐2.5675E‐02 ‐3.2809E‐03

a 80 6.7733E‐03 ‐3.6205E‐03 ‐1.1632E‐02 1.0316E‐02 ‐9.7725E‐04 ‐1.0508E‐02 ‐8.9398E‐04 1.8859E‐02 ‐4.2676E‐04 ‐7.6774E‐03 1.7558E‐02 8.6326E‐04 ‐5.9115E‐03 ‐6.4416E‐03

a 81 ‐9.9534E‐03 ‐4.7443E‐02 3.1305E‐02 6.8780E‐03 ‐1.4704E‐02 ‐1.0197E‐02 7.8438E‐03 ‐1.2931E‐02 1.7984E‐03 1.4679E‐02 ‐5.2630E‐02 ‐9.2831E‐03 ‐8.7048E‐03 ‐4.9960E‐04

a 82 5.0256E‐03 2.3552E‐02 ‐1.4921E‐02 ‐3.4171E‐03 5.6276E‐03 6.5969E‐03 ‐3.3300E‐05 4.9850E‐03 2.1012E‐03 ‐3.8456E‐03 1.5586E‐02 ‐2.2761E‐03 8.6139E‐03 1.6102E‐04

a 83 1.5021E‐02 3.0324E‐02 ‐3.4183E‐02 ‐2.8812E‐03 1.0616E‐02 ‐1.2394E‐03 ‐8.3571E‐03 1.2549E‐02 ‐4.0173E‐03 ‐1.2510E‐02 5.6853E‐02 1.1579E‐02 6.0997E‐03 ‐7.6358E‐03

a 84 3.4960E‐03 9.1479E‐03 ‐2.9117E‐03 ‐8.7728E‐03 3.4851E‐03 3.5101E‐03 8.5395E‐05 ‐1.1196E‐02 ‐3.8494E‐03 ‐1.0442E‐02 1.9693E‐02 3.9845E‐02 ‐4.9209E‐02 ‐2.3114E‐02

a 85 ‐4.7298E‐04 3.2452E‐04 ‐1.2869E‐02 1.2507E‐02 5.3065E‐03 ‐2.7808E‐03 ‐3.5785E‐03 1.4851E‐03 ‐7.2653E‐04 ‐9.3246E‐04 ‐2.5879E‐03 1.2815E‐02 ‐3.2649E‐03 ‐6.7268E‐03

a 86 ‐3.1455E‐03 ‐7.6065E‐03 ‐2.3858E‐03 8.0422E‐03 1.1565E‐03 1.5209E‐03 ‐5.8324E‐03 ‐2.0839E‐03 2.5869E‐03 9.2610E‐03 ‐1.9547E‐02 ‐2.9291E‐02 4.9091E‐02 1.1633E‐02

a 87 ‐4.2094E‐04 1.3847E‐02 1.0447E‐02 ‐2.3253E‐02 4.5658E‐04 8.1419E‐03 ‐2.2908E‐03 1.9342E‐03 3.6186E‐03 8.6605E‐03 4.5987E‐03 ‐2.5515E‐02 1.7369E‐02 1.3452E‐02

a 88 ‐7.3628E‐03 ‐1.4004E‐02 1.7494E‐02 3.6924E‐03 ‐2.2051E‐03 ‐4.6322E‐04 6.0355E‐04 ‐3.3678E‐03 ‐6.3474E‐04 7.7189E‐03 ‐9.1711E‐03 8.1667E‐04 ‐1.1403E‐02 4.4368E‐03

Equation 10 (cont)
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Table A2-4 (cont.): Regression equation coefficients. 

 
  
Coefficient TRIlong lMT

a 1 2.7794E‐01

a 2 3.3808E‐03

a 3 1.0962E‐03

a 4 4.9169E‐03

a 5 2.3793E‐02

a 6 2.9954E‐03

a 7 ‐1.1756E‐03

a 8 4.6471E‐03

a 9 2.3999E‐04

a 10 2.4915E‐03

a 11 ‐1.7236E‐03

a 12 ‐1.4364E‐03

a 13 ‐7.9490E‐04

a 14 3.4677E‐02

a 15 1.6749E‐03

a 16 8.8087E‐10

a 17 ‐1.4919E‐03

a 18 2.1466E‐04

a 19 ‐7.4428E‐10

a 20 ‐6.6717E‐04

a 21 ‐1.4063E‐02

a 22 ‐7.4722E‐04

a 23 ‐2.6521E‐09

a 24 ‐5.2003E‐03

a 25 ‐4.3625E‐04

a 26 ‐4.0906E‐11

a 27 ‐1.1511E‐03

a 28 7.7436E‐04

a 29 6.5610E‐10

a 30 1.6801E‐09

a 31 5.0078E‐10

a 32 2.2183E‐10

Equation 11
Coefficient TRIlong R EP TRIlong R EA TRIlong R IE

a 1 3.2940E‐05 ‐6.9305E‐03 ‐4.9951E‐03

a 2 ‐3.4085E‐02 1.6773E‐03 6.6834E‐04

a 3 6.6924E‐04 ‐3.4477E‐02 ‐1.1402E‐04

a 4 ‐1.1596E‐04 1.9004E‐04 ‐8.7807E‐03

a 5 5.9614E‐04 ‐9.9981E‐03 ‐2.4305E‐03

a 6 ‐2.9259E‐06 1.1941E‐02 1.8155E‐04

a 7 3.5859E‐05 ‐3.1125E‐04 3.1546E‐03

a 8 1.3142E‐02 ‐1.7342E‐03 1.0841E‐03

a 9 ‐1.0329E‐03 5.6202E‐03 1.6592E‐04

a 10 ‐2.3397E‐04 2.1557E‐04 1.5227E‐03

a 11 2.3477E‐02 3.0874E‐03 3.2150E‐03

a 12 3.9837E‐03 ‐4.2702E‐03 ‐1.3088E‐03

a 13 9.5889E‐05 3.3179E‐03 2.1747E‐04

a 14 ‐6.6339E‐03 3.6981E‐02 2.2747E‐03

a 15 1.6001E‐02 ‐6.9272E‐03 ‐1.6386E‐03

a 16 1.4619E‐04 ‐5.4810E‐04 ‐2.0677E‐04

a 17 1.1673E‐03 3.4490E‐03 3.6009E‐03

a 18 ‐5.1968E‐04 3.5764E‐03 7.6502E‐04

a 19 ‐3.4023E‐05 ‐2.7764E‐04 ‐7.1340E‐04

a 20 2.8844E‐03 ‐2.5030E‐03 ‐2.0932E‐03

a 21 ‐4.6979E‐03 1.2138E‐03 2.3123E‐03

a 22 1.7412E‐03 ‐1.9766E‐03 ‐5.5521E‐04

a 23 ‐2.5765E‐03 4.2848E‐03 ‐4.8227E‐04

a 24 ‐3.1236E‐03 3.9032E‐03 ‐5.6615E‐05

a 25 ‐1.6081E‐04 8.5637E‐05 1.1275E‐04

a 26 8.0717E‐05 ‐8.3063E‐05 ‐4.4937E‐04

a 27 ‐5.6614E‐03 ‐9.0575E‐03 1.3629E‐03

a 28 ‐8.4423E‐04 ‐1.8239E‐03 ‐5.2381E‐04

a 29 4.3399E‐04 4.7585E‐04 ‐2.5857E‐04

a 30 ‐3.9327E‐04 1.1416E‐03 ‐1.4588E‐04

a 31 ‐6.1229E‐03 ‐1.2096E‐02 ‐8.5232E‐04

a 32 ‐5.8451E‐04 ‐3.4075E‐04 ‐8.7936E‐04

a 33 3.4928E‐04 ‐3.9490E‐03 ‐1.7195E‐03

a 34 4.0739E‐04 ‐1.7570E‐03 1.3357E‐04

a 35 ‐2.8875E‐05 ‐3.8362E‐04 ‐3.7123E‐04

a 36 ‐2.2000E‐04 ‐1.7183E‐04 3.6757E‐04

Equation 12
Coefficient TRIlong R FE

a 1 ‐2.0219E‐02

a 2 ‐2.1046E‐02

a 3 3.0904E‐02

a 4 ‐8.3955E‐03

a 5 ‐4.4078E‐03

a 6 1.7713E‐03

Equation 13
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Table A2-4 (cont.): Regression equation coefficients. 

  

Coefficient BICshort lMT BIClong lMT

a 1 3.4819E‐01 4.3004E‐01

a 2 2.7685E‐02 ‐4.8888E‐03

a 3 ‐2.6294E‐04 5.6262E‐04

a 4 ‐4.1639E‐03 ‐5.4769E‐03

a 5 ‐1.0937E‐02 ‐1.0937E‐02

a 6 4.5631E‐03 4.5631E‐03

a 7 1.3628E‐02 8.8285E‐03

a 8 ‐1.0623E‐03 3.1115E‐03

a 9 3.8869E‐03 ‐6.1052E‐03

a 10 ‐1.2841E‐02 ‐1.2841E‐02

a 11 ‐6.8901E‐04 ‐6.8899E‐04

a 12 ‐6.5517E‐03 ‐3.8677E‐03

a 13 1.1600E‐03 1.5079E‐03

a 14 3.5223E‐05 1.9957E‐04

a 15 6.0943E‐04 6.0942E‐04

a 16 ‐1.2999E‐03 ‐1.2999E‐03

a 17 ‐1.7106E‐02 ‐2.5607E‐02

a 18 1.4290E‐04 1.4711E‐02

a 19 ‐3.7908E‐08 ‐3.7750E‐09

a 20 ‐1.0692E‐08 ‐3.0021E‐09

a 21 ‐7.2898E‐04 ‐4.6854E‐03

a 22 4.2306E‐09 ‐5.2011E‐09

a 23 ‐1.0060E‐09 1.2261E‐09

a 24 ‐5.3925E‐10 ‐1.7646E‐08

a 25 ‐1.1893E‐08 ‐6.3271E‐10

a 26 5.7587E‐03 5.7588E‐03

a 27 ‐3.4020E‐09 1.8650E‐09

a 28 ‐2.9852E‐03 5.2072E‐03

Equation 14
Coefficient BICshort lMT BIClong lMT

a 29 ‐5.4620E‐09 1.3721E‐08

a 30 ‐7.3347E‐09 ‐2.7567E‐09

a 31 7.1471E‐10 ‐1.0244E‐08

a 32 4.6374E‐09 2.2490E‐09

a 33 6.7259E‐09 ‐1.6223E‐09

a 34 7.8554E‐09 ‐1.2452E‐08

a 35 1.1223E‐08 8.2991E‐10

a 36 6.5436E‐09 2.6346E‐09

a 37 3.5415E‐03 3.6900E‐03

a 38 2.0482E‐04 ‐2.9224E‐03

a 39 3.0337E‐08 1.0508E‐08

a 40 1.1617E‐09 3.0570E‐09

a 41 ‐5.8913E‐03 ‐2.3414E‐03

a 42 ‐3.8301E‐04 ‐3.1091E‐03

a 43 1.8316E‐09 ‐1.6338E‐09

a 44 2.1558E‐09 ‐4.6423E‐09

a 45 ‐6.5732E‐04 ‐4.3889E‐04

a 46 6.1808E‐05 2.7006E‐03

a 47 ‐9.8258E‐10 4.7765E‐09

a 48 5.5411E‐09 ‐6.8219E‐10

a 49 ‐4.9295E‐09 ‐1.4578E‐09

a 50 ‐1.5422E‐09 1.2074E‐09

a 51 ‐8.4629E‐10 1.2136E‐08

a 52 ‐4.3965E‐04 ‐4.3965E‐04

a 53 1.3234E‐08 ‐2.6872E‐08

a 54 1.7068E‐09 ‐4.5946E‐09

a 55 7.5826E‐09 1.1218E‐08

a 56 2.9484E‐03 2.9484E‐03

Equation 14 (cont)
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Table A2-4 (cont.): Regression equation coefficients.  

  

Coefficient BICshort R EP BICshort R EA BICshort R IE

a 1 ‐2.4843E‐04 ‐2.9741E‐02 4.4888E‐03

a 2 1.3353E‐02 ‐3.0652E‐02 1.0122E‐03

a 3 1.6400E‐04 1.2022E‐02 2.2474E‐04

a 4 4.0103E‐05 7.4783E‐04 ‐6.6975E‐03

a 5 6.6090E‐03 3.8251E‐02 ‐2.2494E‐03

a 6 4.0752E‐04 1.3266E‐02 ‐6.2576E‐04

a 7 4.0488E‐04 ‐3.5428E‐04 ‐3.1777E‐03

a 8 2.7849E‐02 2.1801E‐02 6.7591E‐03

a 9 6.8503E‐03 3.0678E‐04 ‐1.9299E‐03

a 10 ‐1.0686E‐03 6.6849E‐03 1.6320E‐03

a 11 2.3991E‐03 ‐6.2760E‐03 ‐6.2371E‐04

a 12 ‐1.7122E‐02 ‐3.3784E‐02 ‐4.2856E‐03

a 13 ‐4.1425E‐03 ‐3.9611E‐03 4.4888E‐03

a 14 ‐6.6502E‐03 ‐1.3763E‐02 1.0312E‐03

a 15 ‐5.4805E‐04 2.2647E‐04 4.9866E‐04

a 16 7.5219E‐04 1.1594E‐03 5.5581E‐04

a 17 1.0243E‐03 9.0102E‐04 ‐1.6276E‐03

a 18 ‐5.0926E‐03 ‐1.0370E‐02 5.3866E‐04

a 19 3.1360E‐04 ‐2.0160E‐03 ‐4.2355E‐04

a 20 ‐1.6745E‐04 ‐1.4319E‐04 1.9217E‐03

a 21 2.8193E‐03 1.1776E‐02 8.6926E‐04

a 22 5.5198E‐04 1.1241E‐03 ‐1.5458E‐03

a 23 ‐2.4993E‐03 ‐3.3145E‐04 1.9953E‐04

a 24 ‐8.5329E‐04 7.2864E‐05 4.9250E‐04

a 25 ‐6.3126E‐04 1.0431E‐04 ‐5.9599E‐04

a 26 ‐1.4106E‐04 ‐6.8203E‐04 4.3390E‐05

a 27 6.7788E‐04 1.8284E‐03 3.4414E‐04

Equation 15
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Table A2-4 (cont.): Regression equation coefficients. 

 
 
 

  

Coefficient BIClong R EP BIClong R EA BIClong R IE

a 1 8.0083E‐06 5.3566E‐03 5.8473E‐03

a 2 2.0185E‐02 ‐9.8849E‐03 ‐1.4359E‐02

a 3 ‐6.5664E‐06 1.9571E‐02 5.1368E‐05

a 4 4.0541E‐04 ‐1.4601E‐02 1.3400E‐02

a 5 3.3157E‐03 4.0209E‐03 ‐1.2011E‐03

a 6 ‐2.5228E‐04 ‐8.1990E‐03 2.7545E‐04

a 7 ‐1.8798E‐04 ‐1.2295E‐03 ‐1.6681E‐03

a 8 ‐1.8223E‐02 1.6793E‐02 9.0271E‐03

a 9 6.2006E‐03 1.2500E‐03 ‐6.0207E‐04

a 10 6.0854E‐04 9.8024E‐03 ‐1.5572E‐04

a 11 1.9065E‐02 ‐1.3808E‐02 ‐1.5611E‐02

a 12 1.5059E‐02 ‐2.0652E‐02 ‐1.3688E‐02

a 13 6.1865E‐03 ‐3.4779E‐03 ‐3.9873E‐03

a 14 ‐1.2220E‐02 9.5906E‐03 6.7894E‐03

a 15 ‐2.6277E‐04 6.1696E‐03 1.1233E‐03

a 16 ‐1.6153E‐03 ‐3.6128E‐03 1.1525E‐02

a 17 ‐2.1579E‐04 ‐8.6340E‐03 1.8298E‐03

a 18 3.3888E‐03 ‐1.0330E‐02 6.8731E‐03

a 19 ‐7.1527E‐05 ‐2.5277E‐03 ‐4.1472E‐04

a 20 ‐8.0615E‐04 6.3076E‐03 ‐8.1899E‐03

a 21 1.8632E‐03 9.3270E‐03 1.2949E‐02

a 22 ‐3.1512E‐02 2.5684E‐02 ‐5.7859E‐03

a 23 5.9231E‐03 ‐1.4724E‐02 5.3612E‐04

a 24 ‐2.4405E‐03 ‐1.6282E‐03 2.1127E‐03

a 25 ‐1.5241E‐02 9.3943E‐05 ‐5.0325E‐03

a 26 ‐1.7936E‐03 ‐3.8179E‐03 ‐3.7812E‐03

a 27 ‐4.4354E‐03 4.0404E‐03 ‐1.8040E‐03

a 28 ‐3.4336E‐03 ‐1.7390E‐02 1.7895E‐02

a 29 1.7991E‐03 9.5643E‐03 ‐3.8701E‐03

a 30 ‐5.9946E‐03 2.6648E‐02 ‐2.4175E‐03

a 31 1.1587E‐03 1.1694E‐02 ‐1.3001E‐02

a 32 ‐7.5791E‐03 1.9316E‐02 ‐1.4041E‐03

a 33 3.6246E‐03 ‐2.6611E‐02 5.3163E‐03

a 34 ‐1.2217E‐02 1.6596E‐02 2.8442E‐03

a 35 ‐1.3986E‐02 4.2266E‐02 ‐5.5407E‐02

a 36 ‐1.9204E‐02 1.6952E‐02 3.8181E‐03

Equation 16

Coefficient BIClong R EP BIClong R EA BIClong R IE

a 37 3.9968E‐03 ‐1.5702E‐03 ‐1.9125E‐03

a 38 3.8491E‐02 ‐4.2353E‐02 5.3113E‐02

a 39 2.2176E‐03 8.1079E‐04 ‐5.3063E‐03

a 40 2.9585E‐02 ‐3.4799E‐02 3.2355E‐03

a 41 8.4734E‐03 ‐2.8893E‐02 ‐1.8982E‐02

a 42 7.5718E‐03 ‐7.9285E‐03 ‐6.6742E‐04

a 43 3.1306E‐03 ‐7.0874E‐03 5.3188E‐04

a 44 ‐1.0094E‐03 3.4881E‐02 ‐1.4852E‐03

a 45 ‐6.9693E‐03 ‐2.4484E‐03 1.1297E‐02

a 46 ‐3.7460E‐03 7.7220E‐03 ‐4.5510E‐03

a 47 3.5597E‐04 8.7481E‐04 ‐6.5329E‐04

a 48 5.0822E‐04 ‐3.1144E‐03 4.5932E‐03

a 49 ‐2.4840E‐03 ‐1.8191E‐03 ‐8.3456E‐03

a 50 1.8990E‐03 ‐5.2097E‐03 2.4010E‐04

a 51 9.5525E‐03 2.4906E‐03 ‐1.2542E‐03

a 52 1.8816E‐02 ‐1.9998E‐02 9.5935E‐03

a 53 ‐2.0628E‐03 ‐4.4441E‐04 1.0414E‐03

a 54 1.2974E‐03 3.3210E‐03 1.8405E‐03

a 55 9.2513E‐03 ‐1.3128E‐02 ‐1.6584E‐03

a 56 ‐8.4459E‐03 ‐1.0815E‐03 2.4718E‐03

a 57 ‐3.6358E‐02 3.5135E‐02 ‐3.8991E‐02

a 58 1.2004E‐02 ‐4.2012E‐02 5.1915E‐02

a 59 2.6587E‐03 ‐2.5890E‐03 8.2911E‐04

a 60 ‐1.1834E‐03 ‐5.5372E‐05 3.3946E‐03

a 61 6.4237E‐03 ‐3.9650E‐03 ‐5.6902E‐04

a 62 4.9251E‐03 3.1730E‐03 ‐1.7996E‐03

a 63 2.7432E‐02 ‐3.8696E‐02 3.9496E‐02

a 64 ‐2.5014E‐02 4.6652E‐02 ‐4.9772E‐02

a 65 ‐1.5620E‐03 2.0979E‐03 ‐7.0293E‐04

a 66 ‐1.4264E‐03 1.8183E‐03 4.5795E‐04

a 67 ‐1.6536E‐02 2.2378E‐02 ‐2.6340E‐03

a 68 ‐4.6560E‐03 8.8788E‐03 1.0409E‐03

a 69 ‐2.2756E‐03 ‐4.7742E‐03 ‐1.3253E‐03

a 70 ‐4.5373E‐03 4.3080E‐03 1.9654E‐02

a 71 4.4100E‐03 ‐3.5528E‐03 ‐1.6126E‐03

a 72 4.7519E‐03 ‐7.0692E‐04 ‐7.2144E‐03

Equation 16 (cont)
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Table A2-4 (cont.): Regression equation coefficients.  

  

Coefficient BICshort R FE BICshort RPS BIClong R FE BIClongRPS

a 1 1.3199E‐02 ‐4.5249E‐03 1.3199E‐02 ‐4.5249E‐03

a 2 1.5564E‐02 ‐4.2639E‐03 1.5564E‐02 ‐4.2639E‐03

a 3 ‐4.3569E‐03 5.6411E‐04 ‐4.3569E‐03 5.6411E‐04

a 4 1.0780E‐02 ‐2.2656E‐03 1.0780E‐02 ‐2.2656E‐03

a 5 ‐5.0557E‐03 2.4505E‐03 ‐5.0557E‐03 2.4505E‐03

a 6 ‐4.6984E‐03 1.0273E‐03 ‐4.6984E‐03 1.0273E‐03

a 7 1.2264E‐03 3.2992E‐03 1.2264E‐03 3.2992E‐03

a 8 ‐4.9758E‐03 ‐9.2745E‐03 ‐4.9758E‐03 ‐9.2745E‐03

a 9 3.3647E‐03 2.3388E‐03 3.3647E‐03 2.3388E‐03

a 10 2.5733E‐03 2.3601E‐03 2.5733E‐03 2.3601E‐03

Equation 17
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Appendix 3 

Sample Regression Equation Errors 

To verify that minimal errors were present for a typical wheelchair propulsion 

stroke, comparisons between moment arms and musculotendon lengths were made 

between the original model (using wrapping surfaces) and regression model (using 

regression fit equations) during a forward dynamics simulation of subject 482’s self-

selected stroke biomechanics. This was accomplished by prescribing the generalized 

coordinates of both simulations to match the experimental data. After verifying that the 

kinematics of the two simulations were identical (Fig. A3-1), comparisons were made 

between the different quantities at each time step during the stroke (Figs. A3-2 to A3-14). 

 

 

 

 

 

 

 

Figure A3-1: Comparison of joint kinematics between the original model (using 
wrapping surfaces) and regression model (using regression fit equations) 
simulations. 
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Figure A3-2: Comparison between the original and regression model values for muscle moment arms and musculotendon 
lengths during a typical wheelchair propulsion stroke (Subject 482, self-selected propulsion technique and 
speed). Data shown are for actuators representing the clavicular pectoralis major (PECM1) and sternal 
pectoralis major (PECM2). 



 94 

Figure A3-3: Comparison between the original and regression model values for muscle moment arms and musculotendon 
lengths during a typical wheelchair propulsion stroke (Subject 482, self-selected propulsion technique and 
speed). Data shown are for actuators representing the sternal pectoralis major (PECM2) and corachiobrachialis 
(CORB). 
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Figure A3-4: Comparison between the original and regression model values for muscle moment arms and musculotendon 
lengths during a typical wheelchair propulsion stroke (Subject 482, self-selected propulsion technique and 
speed). Data shown are for actuators representing the short head and long heads of the biceps brachii (BICshort 
and BIClong, respectively).  
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Figure A3-5: Comparison between the original and regression model values for muscle moment arms and musculotendon 
lengths during a typical wheelchair propulsion stroke (Subject 482, self-selected propulsion technique and 
speed). Data shown are for actuators representing the brachioradialis (BRD) and brachialis (BRA) muscles. 



 97 

Figure A3-6: Comparison between the original and regression model values for muscle moment arms and musculotendon 
lengths during a typical wheelchair propulsion stroke (Subject 482, self-selected propulsion technique and 
speed). Data shown are for actuators representing the anconeous (ANC) and lateral triceps brachii (TRIlat) 
muscles. 
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Figure A3-7: Comparison between the original and regression model values for muscle moment arms and musculotendon 
lengths during a typical wheelchair propulsion stroke (Subject 482, self-selected propulsion technique and 
speed). Data shown are for actuators representing the medial and long heads of the triceps brachii (TRImed and 
TRIlong, respectively). 
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Figure A3-8: Comparison between the original and regression model values for muscle moment arms and musculotendon 
lengths during a typical wheelchair propulsion stroke (Subject 482, self-selected propulsion technique and 
speed). Data shown are for two of the three actuators representing the latissimus dorsii. 
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Figure A3-9: Comparison between the original and regression model values for muscle moment arms and musculotendon 
lengths during a typical wheelchair propulsion stroke (Subject 482, self-selected propulsion technique and 
speed). Data shown are for actuators representing the latissimus dorsii (LAT3) and teres major (TMAJ) 
muscles. 
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Figure A3-10: Comparison between the original and regression model values for muscle moment arms and musculotendon 
lengths during a typical wheelchair propulsion stroke (Subject 482, self-selected propulsion technique and 
speed). Data shown are for actuators representing the supraspinatus (SUPSP) and subscapularis (SUBSC) 
muscles. 
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Figure A3-11: Comparison between the original and regression model values for muscle moment arms and musculotendon 
lengths during a typical wheelchair propulsion stroke (Subject 482, self-selected propulsion technique and 
speed). Data shown are for actuators representing the infsrapinatus (INFSP) and teres minor (TMIN) muscles. 
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Figure A3-12: Comparison between the original and regression model values for muscle moment arms and musculotendon 
lengths during a typical wheelchair propulsion stroke (Subject 482, self-selected propulsion technique and 
speed). Data shown are for actuators representing the anterior deltoid (ADELT) and middle deltoid (MDELT) 
muscles. 
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Figure A3-13: Comparison between the original and regression model values for muscle moment arms and musculotendon 
lengths during a typical wheelchair propulsion stroke (Subject 482, self-selected propulsion technique and 
speed). Data shown are for actuators representing the pronator teres (PT), pronator quadrates (PQ) and supinator 
(SUP) muscles.  Moment arms for the shoulder generalized coordinates were 0. 
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Figure A3-14: Comparison between the original and regression model values for muscle 
moment arms and musculotendon lengths during a typical wheelchair 
propulsion stroke (Subject 482, self-selected propulsion technique and 
speed). Data shown are for actuators representing the posterior deltoid 
(PDELT) muscle. 
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Appendix 4 

Simulation Tracking Plots  

 

Figure A4-1: Tracking data from the simulation used to determine individual muscle 
function during wheelchair propulsion.  Grey lines indicate average 
experimental values and the bars represent ±2SD. Handrim force values 
are only shown for the push phase (0-46%) of the propulsion stroke. 
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Figure A4-2: Nominal tracking data from the simulation used to determine the influence 
of different biofeedback variables on upper extremity demand.  Grey lines 
indicate average experimental values and the bars represent ±2SD.  
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Figure A4-3: Maximize push angle tracking data from the simulation used to determine 
the influence of different biofeedback variables on upper extremity 
demand.  Grey lines indicate average experimental values and the bars 
represent ±2SD.  
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Figure A4-4: Minimize peak handrim force tracking data from the simulation used to 
determine the influence of different biofeedback variables on upper 
extremity demand.  Grey lines indicate average experimental values and 
the bars represent ±2SD.  
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Figure A4-5: Minimize cadence tracking data from the simulation used to determine the 
influence of different biofeedback variables on upper extremity demand.  
Grey lines indicate average experimental values and the bars represent 
±2SD.  
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