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Abstract 

The reliability and validity of a novel isometric strength measurement device 

was found to be comparable to accepted commercial devices for elbow flexion and 

extension.  Developed at UNB to test isometric elbow strength, the Limb Strength 

Measurement Device (LSMD), is a compact, accurate alternative to hand-held 

dynamometry (HHD) and isokinetic dynamometry (IKD).  Simulated loading 

environments confirmed the reliability of the device’s measurement hardware and 

software in isolation, while indicating that the LSMD’s ability to self-stabilize was due 

in part to postural adjustments of the user.  In situ analysis was based on a split-session, 

multiple-factors statistical design performed with 20 healthy adults.  The resulting inter-

session, intra- and inter-rater reliability data showed that the LSMD was comparable to 

HHD and fixed-IKD.  Modified Limits of Agreement plots and regression analysis 

provided validation of the LSMD compared to the fixed-IKD, yielding calibration 

formula that were capable of correcting for fixed and proportional measurement bias.               
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1 Introduction 

This thesis describes three experiments designed to assess the in simulacrum and 

in situ performance of a novel strength testing device developed by the Institute of 

Biomedical Engineering (IBME) at the University of New Brunswick (UNB) [1–3].  

Known as the Limb Strength Measurement Device (LSMD), this device is a low-profile 

strength measurement device that measures maximum isometric strength at the elbow or 

knee.  Despite having been used to collect data with hundreds of participants [4–6], the 

reliability and validity of the LSMD had not yet been established.  The goal of this 

thesis is to establish the reliability and validity of the LSMD.  

1.1 Rationale 

Strength measurements are key outcome measures in surgical, clinical and 

academic disciplines [7–10].  It is essential these test outcomes be valid and reliable [11, 

12] because they are often used to inform clinical decision making [13].  Despite the 

widespread acceptance of existing commercial devices, the need for new instruments 

that can achieve high inter-rater reliability and accuracy, and be fully portable and easily 

accessible, has been established across a broad spectrum of applications, including: 

athletics [14, 15], physical therapy [16–18], planning and tracking medical interventions 

[19, 20], and academic research [21].  These calls for compact, reliable strength 

measurement devices inspired the creation of the LSMD.   

Currently there are two primary approaches to human strength measurement: 

1) Isokinetic dynamometers (IKDs) use a motorized lever to sense torque from a 

user’s limb and control the movement of the lever. These devices are typically 
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large and expensive, requiring specialized training to operate and maintain.  

While not portable or easily affordable, IKDs are considered the ‘gold standard’ 

for limb strength measurements [8, 22–27];  

2) Hand-held dynamometers (HHDs) are a hand-held device containing a load cell 

that senses force from a person being tested by the human operator.  While 

inexpensive, highly portable, and precise [9, 28, 29], HHD devices are limited in 

their accuracy and reliability by the strength [30–33], stability [34, 35], and 

expertise [14, 20] of the operator.   

These technologies represent the upper and lower bounds of competition for the 

LSMD in terms of price point and quality of measurements.  Similar to HHD devices, 

the LSMD is completely portable and requires less training to use than IKDs, but like 

IKDs, it removes the operator from the measurement acquisition, eliminating the 

operator’s physicality as a source of variability. If proven to be reliable and valid 

strength measurement system, the LSMD could be an alternative to the less accurate 

HHD and the more expensive IKD. 

Establishing a basis for user confidence that a new device can be substituted for 

an established option requires a detailed analysis of its measurement quality [36].  This 

involves evaluating both the load cell and load transmission (from user to device) 

characteristics in isolation from the influence of biological variation [37] (i.e., in-

simulacra), and evaluation of the device for its validity ad reliability relative to existing 

devices, in a study involving human subjects (i.e., in-situ).   

The reliability of all three devices will be tested using Intraclass Correlation 

Coefficients (ICCs), with Limits of Agreement (LoA) plots providing qualitative 
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assessments of the LSMD’s validity compared to the ‘gold standard’ IKD.  Linear 

regression will be used to quantitatively evaluate validity as well as provide calibration 

formulas to minimize measurement bias.   

1.2 Objective and Aims 

This thesis describes the outcomes of a series of experiments designed to test 

fundamental assumptions about the function of a novel strength measurement tool, the 

LSMD, as well as the statistical evaluation of the device’s validity and reliability.  To 

establish the relative value of the LSMD in comparison to other established devices, a 

series of experiments were required to test some of the key assumptions under which the 

LSMD operates as well as provide comparative strength data under different conditions. 

Testing and validating the LSMD was broken into three discrete experiments: baseline 

testing of the unit’s load cell in isolation; mechanical evaluation of slip on an arm 

analogue; and examination of the LSMD’s performance relative to two benchmark 

measurement devices with human subjects. 

The goal of these experiments was to obtain practical confirmation of the 

LSMD’s operating principles and provide a comparative assessment of the accuracy and 

repeatability of the measurements taken using the LSMD relative to a hand-held 

dynamometer and a fixed isokinetic dynamometer.  Based on the results of the 

comparative testing, calibration curves were proposed to improve the LSMD arm 

model’s performance in flexion and extension.  These objectives were achieved as 

follows: 
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• Experiment I: Baseline testing of the load cell 

A sample of three load cells of the same model used in the LSMD were 

examined in isolation from the device.  Each was incrementally loaded between 

22 and 220 N, establishing an expectation of the baseline loading responses for a 

given load cell. 

• Experiment II: Conceptual testing of slip assumptions 

A mechanical testing apparatus was used to test the assumption that the LSMD 

stabilizes on arms of poor muscle definition by the actions of the device alone.  

By design, the apparatus did not prevent the LSMD from falling off of the 

simulated arm surfaces.  A variety of arm sizes and shapes were tested.  Inability 

to stabilize under a load of 220 N was considered a critical failure. 

• Experiment III: Comparative assessment of LSMD, HHD and fixed-IKD 

A split-session, multiple-factors statistical design comparing the LSMD to an 

HHD and a fixed-IKD was performed using 20 healthy adults and a pair of 

testers.  These data provide a measure of the inter-rater, intra-rater and inter-

session reliability characteristics of the LSMD.  Validity assessment and 

calibration curves were also constructed from the results of the experiment. 

 If the LSMD is to become a usable tool in applications ranging from clinical 

assessment of neurological patients, to assessment of athletes with sport-related injuries, 

it is imperative that the technology be valid and reliable across the range of intended 

use. As such, this study represents a critical milestone in the continuing development of 

LSMD technology.  
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2 Background and Literature Review 

Before delving deeper into the experimental designs that will be used to validate 

the LSMD design and assess its reliability, it is necessary to lay down a strong scientific 

rationale for the research.  In the literature review that follows a selection of key papers 

concerning isokinetic dynamometry and hand-held dynamometry are summarized.  A 

series of journal articles presenting previous work focused on addressing the key 

deficiencies of traditional hand-held dynamometers are reviewed in detail along with a 

brief discussion of the previous work done to develop the LSMD.    However, before 

reviewing the strength measurement literature, it is important to first discuss the 

background anatomy and physiology relevant to the field of application. 

2.1 Human Anatomy and Physiology 

The quantitative and qualitative comparison of strength measurement devices 

requires a solid anatomical and physiological understanding of the limb of interest.  In 

the case of this study, the human arm is both the source of the measurand and the 

substrate upon which the testing is performed.  Accordingly, both the functional and the 

structural study of the upper arm are of interest.  Respectively known as physiology and 

anatomy, these subjects are discussed below to provide the biomechanical context for 

the experiments used to compare the LSMD to the Cybex IKD and HHD. 

2.1.1 Overview of Anatomical Terminology 

Figure 2.1, shown below, provides a simple illustration of the relevant 

nomenclature.  Referring to the figure, the sagittal plane vertically bisects the body into 

left and right segments (also known as ‘longitudinal segments’).  The coronal plane 
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splits the body into front and back (anterior and posterior) portions.  Lastly, the 

transverse plane divides a body along the (relative) horizontal.   

 

Figure 2.1: Anatomical descriptions of the body (Inset: planes relative to limb). 

The relative location of anatomical structures can be described according to the 

following labeling dichotomies: 

• Anterior/Posterior describes a direction pointed forward/backward from the 

mid-body coronal plane (or respective point of reference).  

• Superior/Inferior describes a direction pointed above/below the point of 

reference. 

• Medial/Lateral indicates a direction pointed towards the middle/outside of the 

body (typically relative to the mid-body sagittal plane). 

• Proximal/Distal indicates a direction closer/more distant from the trunk or the 

limb’s point of attachment to the body. 

• Deep/Superficial describes a structure farther/closer to the surface of the body. 
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Figure 2.2: Descriptions of upper limb motion. 

Movements of the upper limb are described in different terms, a selection of 

which are highlighted in Figure 2.2 (adapted from [38, Fig. 9.11]).  Each of these 

descriptions provide a means of labeling motion about the shoulder, elbow and wrist 

joints based on the anatomical plane the motion occurs in [39]:      

• Flexion/Extension describes sagittal plane motion of the arm in the 

anterior/posterior direction.  At the elbow and wrist these motions 

decrease/increase the angle between the bones connected by the joint, 

closing/straightening the limb. 

• Adduction/Abduction describes coronal plane motion of the limb, finger or 

thumb that moves the limb medial/lateral relative to the centreline of the body. 

• Internal/External Rotation describes motion that brings the anterior surface of 

the limb towards/away-from the midline of the body. 

• Pronation/Supination describes forearm rotation in the transverse plane that 

moves the palm from supinate to pronate or from pronate to the supinate 

position, respectively. 

• Circumduction describes movement of the limb in which one end is stationary 

and the other rotates in a circular motion; requires a combination of joint 

rotations. 
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2.1.2 Human Upper Limb Anatomy and Physiology 

From a hierarchical perspective, describing the structure of the upper limb starts 

with the skeletal system, composed of bones, ligaments and cartilage, which is 

interconnected by joints that provide stability and points of articulation.  Articulation is 

achieved via the motive units of the body—the muscular system, controlled by the 

nervous system, and encapsulated by the integumentary system (the skin and its 

accessory structures).  Describing the in situ and in simulacra interaction of the upper 

limb with the LSMD and other strength testing devices requires an understanding of 

both the anatomy and the physiology of the upper limb. 

 

Figure 2.3: Anatomy of the upper arm 1. 

The muscles relevant to the current study are flexors and extensors of the elbow 

(shown in Figure 2.3). Flexor muscles bend the joint and consist of the biceps brachii 

(biarticular muscle that flexes elbow and shoulder), brachialis (flexes the elbow only), 

 
1 Figure created based on [195], images 8.02 and 11.01 from [38]. 
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and brachioradialis (assists with elbow flexion and contributes to forearm motion). 

Elbow extensors straighten the arm and consist of a single muscle with three heads 

(origins), two on the humerus (upper arm bone) and one on the scapula (shoulder blade).  

Hereon we refer to these muscles simply as flexors and extensors. 

2.2 Strength Testing 

Muscle strength assessments are one of the key tests upon which many physical 

and clinical evaluation, interventions, and surgical outcomes are gauged.  The role and 

measurement of strength has been discussed at length for various pathologies, including 

(but not limited to): age-related muscle weakness [18, 23, 40], weakness related to 

advanced stages of cancer [31], post-surgical outcome assessments [20], chronic lower-

back pain and ankle instability [41], abnormal gait [42], progressive motor neuron 

syndrome [43], hereditary motor and sensory neuropathy [44], cerebral palsy [16, 45–

49], and brain-damage [50].   

Broadly, muscle strength measurement can be broken down into two main types: 

isokinetic (dynamic) and isometric (static). 

2.2.1 Isokinetic Dynamometry 

Isokinetic testing requires the target muscle group be evaluated at a constant 

velocity through a specified range of motion.  The muscular contractions associated with 

these constant velocity rotations about the joint are known as isokinetic contractions.  

Test protocols required to measure isokinetic muscle strength are comparatively time 

consuming and involve the use of isokinetic dynamometers (IKDs)— expensive, 

stationary machines that require a high degree of training for optimal use.  IKDs are 
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computer-controlled devices designed to provide resistance to a moving limb segment 

such that the limb moves through a set range of motion at a fixed rotational speed.  The 

use of IKDs to measure muscle strength has grown considerably since the introduction 

of the first isokinetic dynamometer, the Cybex I, in the late 1960s.  This device was the 

first commercially available isokinetic dynamometer capable of measuring muscle 

performance throughout the movement of a limb rather than being limited to purely 

isometric measurements.  The bulk of the clinical literature addresses the Cybex II and 

its successors. 

Despite the practical drawbacks to IKDs, they are desired for their highly 

accurate measures of muscle strength with an excellent degree of intra-device reliability 

(the repeatability of measurements taken with the same model) and moderate inter-

device reliability (the consistency between measurements taken on different devices) 

[22, 51].  UNB’s Human Performance Lab is equipped with a high quality isokinetic 

dynamometric system called the Cybex Humac Norm2 (shown below in Figure 2.4), a 

system that has been generally shown to have high reliability [7, 8, 24, 25, 52–55]. 

 

Figure 2.4: The Cybex Humac Norm model 770 testing system [56].  

 
2 Manufactured by Computer Sports Medicine Inc., Stoughton, MA USA. 



  

11 
 

Most isokinetic testing systems, including the Cybex Humac Norm, are designed 

to perform isometric testing as well.  Rather than measure dynamic strength through a 

range of motion, isometric testing is used to measure the strength of a muscle at a fixed 

joint angle, and is generally called a maximal voluntary isometric contraction (MVIC). 

An IKD arranged to measure MVIC will be referred to as a ‘fixed-IKD’ (or by 

the system name, Cybex).  The fixed arrangement maintains the high reliability of the 

standard isokinetic measurements [57, 58] while allowing the device to be used for 

isometric measurements.  This is particularly advantageous given the prevalence of 

devices that measure isometric strength, as it allows the fixed-IKD to be used as a 

standard measure against which other devices are compared [26, 28, 40, 44, 59]. 

The high quality of isokinetic measurement devices does not mean they are 

universally superior across applications and measurement domains.  In practice, operator 

expertise and errors in alignment between patient and dynamometer can limit the quality 

of IKD measurements, as detailed below. 

An examination of the literature reveals that isokinetic dynamometers represent 

the ‘gold standard’ in strength measurement for elbow and knee flexion/extension [8, 

22–27].  The use of isokinetic dynamometer measurements as a reference for 

comparison with other muscle strength testing instruments is well established [27, 40, 

59–61].  Furthermore, the use of isokinetic dynamometers in a fixed position to measure 

isometric strength for the purposes of comparing the results with hand-held 

dynamometers is an established procedure that is known to produce dependable results 

[27, 43, 62].  The status of IKDs as the ‘gold standard’ extends to both modes of 
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operation [26–28, 51, 63].  For example, Reinking et al. [27] compared concentric 

isokinetic dynamometer and fixed-dynamometer measurements made using the same 

device to HHD measurements of quadriceps muscle performance on subjects with 

unilateral knee dysfunction.  Despite having found a significant difference between the 

HHD and IKD measurements, the authors found no significant difference between the 

IKD’s isometric and isokinetic testing modes for flexion and extension [27]. 

Isokinetic dynamometers measure torque, which can be directly converted to the 

applied force if the rotational axis of the limb in question is correctly aligned with the 

mechanical axis of the testing unit.  Misalignment of these axes is a significant potential 

source of error in isokinetic measurements as well as isometric results collected with a 

fixed-IKD [24, 57, 64].   In the case of elbow extension/flexion, the Humac Norm’s 

standard testing protocol, shown in Figure 2.5 (adapted from the user manual [65, Fig. 

5-19]), requires careful set-up and monitoring of the subject’s shoulder and arm 

throughout the MVIC. 

 

Figure 2.5: Isometric elbow extension on the Cybex in fixed-IKD arrangement.  When used correctly, the 

dynamometer and elbow axes of rotation, Axiscybex and Axiselbow, are colinear. In that case, the resistive 

torque provided by the Cybex, τcybex, is equal and opposite to extension torque about the τelbow.  
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 Assuming static equilibrium, the torque generated at the user’s elbow by the 

action of their triceps (the principle elbow extensor muscle), τelbow, will create a torque 

equal and opposite to that of the Cybex, τcybex.  If the elbow joint axis (labelled Axiselbow) 

is collinear with that of the isokinetic dynamometer (labelled Axiscybex), the Cybex will 

work as designed.  Correct initial set-up and careful monitoring are required to ensure 

that the participant maintains this axial alignment throughout the MVIC for both flexion 

and extension.  Failure to do so will result in erroneous readings [65].   

Several authors have investigated the relative change in axial alignment between 

rest and full MVIC on a fixed-IKD [66–69].  Although these studies are limited to the 

knee, the literature makes it clear that the relative axial alignment changes between the 

rest and the loaded joint, and can result in torque error between 1.9–4.3% [67].  The 

compliance in soft tissue and dynamometer padding creates a non-rigid interface 

between user and device, leading to axial misalignment as the user contracts their 

muscles and pushes their limb against the dynamometer arm [67–69].  To minimize 

error in axial alignment, Tsaopoulos et al. recommended aligning the joint and 

dynamometer axes at the joint angle and that produces the highest muscle contraction 

(i.e., the highest mechanical advantage, generally 90°) [67], which of course is most 

relevant to the quantification of a muscle’s voluntary force generating capacity. 

Another important factor in obtaining correct flexion and extension torques is 

ensuring the participant’s shoulder does not contribute to the torque imparted on the 

dynamometer.  Throughout the maximum flexion and extension movements, the 

muscles of the shoulder provide stability to the limb.  If the participant’s back, shoulder 

and arm remain flat against the backrest of the Cybex, the shoulder muscles will not 
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significantly contribute to the measured torque [65].  Shoulder position is also known to 

affect the isometric elbow flexion [70] and extension strength [70, 71], necessitating that 

care is taken to insure a consistent shoulder positioning throughout testing.  In addition 

to the relatively high complexity of Cybex measurement procedures, these factors help 

explain the apparent disagreement between authors who report poor reliabilities for 

elbow flexion and extension [72] and those who report excellent reliability for the 

Cybex and similar fixed-IKDs for the same conditions [57, 58, 73].   

Subject position and alignment of the mechanical and biological axes are not the 

only notable potential sources of error when using isokinetic dynamometers.  As with all 

scientific instruments, individual calibration requirements should be observed.  To 

further reduce measurement errors, Rothstein et al. [24] recommends that isokinetic 

machines be calibrated on the day of each trial, although it should be noted that the 

machines used by Rothstein et al. such as the Cybex II are less sophisticated than 

modern isokinetic dynamometers.   

Gleeson and Mercer [25] found that poor and inconsistent measurement 

protocols impeded the meaningful interpretation of the results of isokinetic 

measurements.  They suggested standardizing test instrumentation, calibration, 

positioning of subjects, restraint of specific body segments, axial alignment of limb with 

testing device, and content and delivery of test instructions to the subject [25].  The 

author also indicates that correct choice of number of repetitions, time between 

repetitions, rest period between sets of repetition and the length of time between test-

retest trials is essential to maximizing the quality of measurements taken.  They further 

concluded that intra-day (same day) estimates of measurement error were prone to 
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underestimating true variability and accordingly recommended that researchers employ 

inter-day testing protocols to allow for the correct estimation of measurement error [25]. 

Despite their status as gold standard measurement tools, the complexity, cost, 

and immobility of IKDs has largely limited them to laboratory and hospital settings [21, 

45], with clinicians looking to isometric testing methods with the flexibility to test 

patients in any setting. 

2.2.2 Hand-Held Dynamometry 

Manual isometric testing is the most common method used to evaluate muscle 

strength in a clinical setting [11, 45].  The two most ubiquitous methods of evaluating 

isometric strength among therapists are manual muscle testing (MMT) and hand-held 

dynamometry (HHD).  In both cases the tester provides the resistance to the subject’s 

muscle contraction.  MMT is based on the tester’s subjective rating of the force required 

to equal that of the subject. This is entirely based on the tester’s haptic force perception, 

while in the case of HHD the force is measured mechanically by a device positioned 

between the tester’s hand and the subject (as in Figure 2.6). 

 

Figure 2.6: MicroFET 2 hand-held dynamometer [74]. 

MMT requires a trained clinician to assign a subjective assessment on a 5-point 

scale of the subject’s muscle strength when manually opposed. In addition to the 
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subjective nature of this testing method (leading to poor inter-observer reliability), 

MMT is not well suited to detecting subtle changes in strength [17].  Indeed, Beasley 

reported that manual muscle tests can miss strength differences of 25 to 50% depending 

on the muscle group being tested [75].  

Hand-held dynamometers provide clinicians with a more accurate measure of 

isometric strength compared to MMT while retaining the latter’s situational flexibility.  

Although HHD measurements have been shown to strongly correlate with those of a 

fixed-IKD in specific cases, they show a higher variability compared to measurements 

taken with fixed-IKD [23].  Significant differences between data recorded with different 

brands and models of HHD have been found, with Fenter et al. noting significant inter-

device differences in recorded force [76].  Careful selection of the HHD used was 

further emphasized by Kelln et al., who noted that popular HHDs such as the MicroFET 

2 can have limited capacities compared to the forces generated by some muscle groups 

[33].  For example, a 670 N maximum HHD like the MicroFET 2 would be a poor 

choice for knee extensor tests with healthy adults given that Stackhouse et al. measured 

maximum isometric knee extension forces in excess of 1,100 N for healthy young adult 

subjects (ages 20-35) [77].  This is not a concern with the elbow. 

One approach to HHD testing is the ‘make test’.  A ‘make test’ refers to a test in 

which the subject attempts their MVIC and the examiner provides equal and opposite 

resistance such that static equilibrium is maintained3.  As outlined in Figure 2.7 (adapted 

from [78, Fig. 1]), correct reading of the HHD requires that the line of action of the 

 
3 This method was developed as an alternative to the ‘break test’, in which the subject attempts to break 

the hold of the examiner, exceeding the resistance provided by the examiner.  
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HHD being held by the examiner (labelled LAHHD) is collinear with the line of action of 

the flexion force produced by the contraction of the biceps brachii (labelled LAflex).  In 

this scenario, the MVIC is measured with the elbow at 90º, that is to say a right angle 

between the subject’s humerus and forearm.  This results in a reading of the HHD’s 

force transducer, FHHD, that is equal and opposite to Fflex, the flexion force generated by 

the biceps as experienced at the point of contact between the HHD and the forearm.  As 

a result of the fact that the line of action of the HHD is parallel and coplanar with the 

humerus, the torque generated at the elbow, τelbow, can be expressed as the product of the 

distance between these lines (labelled dfjc) and the flexion force. 

 

Figure 2.7: Isometric elbow flexion measurement with the MicroFET 2 HHD.  The resistance provided 

by the tester, FHHD, acts along a perpendicular line to the surface of the forearm, LAHHD, that is colinear 

with LAflex, the line of action of the subject’s flexion force as seen by the HHD, Fflex. Elbow torque, 

τelbow, is the cross-product of Fflex with dfjc, the perpendicular line from LAflex to elbow joint axis, 

Axiselbow. 
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A significant drawback to hand-held dynamometry is that the therapist must 

stabilize the dynamometer by holding it in position with their hands, using their own 

body weight and posture to provide a stable oppositional force to counter the subject’s 

muscle contraction.  The degree of experience required of the therapist to accurately 

perform this test is not trivial.  Moreover, because the therapist must use their own body 

to generate an equal and opposite force to the force exerted by the limb on the 

dynamometer, a comparatively small or weak therapist may struggle to accurately 

complete the test with particularly strong subjects. This is readily apparent when one 

notes that FHHD in Figure 2.7 must be provided by the examiner, else the static 

equilibrium be broken. 

The effects of tester- and subject-specific attributes on dynamometer stability 

were investigated in detail by Wadsworth et al., who examined the HHD strength 

measurements of a healthy adult male and female using a cohort of 10 male and 10 

female raters [79].  Each tester measured three MVICs for shoulder abduction, elbow 

flexion, wrist extension, knee extension, and ankle dorsiflexion of the male and female 

subject using an HHD.  The authors found that tester grip strength, body weight and sex 

were all significantly correlated with the magnitude of the torque measured for strong 

muscle groups of the male subject.  Specifically, they reported statistically significant 

interactions between rater body weight and the measured strengths for the male subjects 

when the rater was female.  In addition to these relationships between subject and rater 

characteristics, the elbow flexion and knee extension torques measured by female raters 

were significantly smaller than those measured by the male raters.  Female raters also 
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collected more variable data, with 61% greater standard deviations in the elbow flexion 

and 50% in the knee extension measurements [79].  

Potentially inadequate tester strength/body mass is not the only issue with HHD 

measurements.  Other factors that influence the accuracy of HHD measurements 

include: choice and calibration of the dynamometer, type of test performed and whether 

gravity is correctly accounted for [29].  With these limitations in mind and noting the 

high cost and immobility of IKDs, the reader should find it no surprise that many 

different alternatives to the HHD have been devised that attempt to bridge the 

measurement quality gap between fixed-IKDs and HHDs while keeping as many of the 

HHDs advantages as possible.   

2.2.3 Previous Efforts to Develop Alternatives to HHD 

The well-documented deficiencies of hand-held dynamometry have led to 

attempts by multiple groups to develop alternatives.  While authors such as Lu et al. 

have addressed the issue by building completely new devices [21], many authors have 

responded by building apparatuses that modify traditional HHDs to address specific 

concerns, often by mounting the device to a stationary frame [15, 17, 41] or otherwise 

stabilizing the subject and the HHD [20]. 

Ford-Smith et al. [18] studied the reliability of an HHD anchored to a frame for 

testing muscle strength in community-dwelling elderly individuals.  A sample of 25 

adults (between 70 and 87 years of age) without significant health problems were tested 

twice (with 1 week between tests).  The flexor and extensor muscle groups of the hip, 

knee and ankle joints were tested for each individual using a modified HHD.  While the 
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authors found that the frame-mounted HHD was successful over the course of testing 

more than 300 subjects they noted that “a limitation of the frame is that it is portable 

within the clinical environment but would not be easily transported to other settings 

(e.g., private home, fitness centre) in the community because of its weight” [18, p. 

1131].  As such, this type of solution lacks the portability needed to be truly accessible 

for multiple applications. 

2.2.4 The Limb Strength Measurement Device 

 Developed between 2010 and 2012 at the Institute of Biomedical Engineering, 

the LSMD provides an alternative means of testing maximal voluntary isometric muscle 

strength at the knee and elbow [1–3].  The LSMD is designed to combine the portability 

and convenience of hand-held dynamometers with the accuracy and repeatability of 

computerized stationary testing machines like the Cybex. 

 

Figure 2.8: LSMD designs for strength testing at the knee and elbow, shown in extension and flexion 

configurations, respectively. 

The LSMD is designed to test flexion and extension about the elbow or knee 

joint at a fixed joint angle of approximately 90° (where the limb is perpendicular to the 

lever arm, producing the greatest torque).  As shown in Figure 2.8, the LSMD has a 
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separate model for the arm and leg, each with the ability to accommodate the left and 

right limb as well as providing three different size settings.  The arm model is smaller 

than the leg model and single sided to allow for easier positioning on the subject’s arm.   

Each version of the LSMD can be configured in three distinct modes: storage, 

extension and flexion.  A spring-loaded selection knob with two location pins is fixed at 

the intersection of the superior and middle bars, as shown in the inset portion of Figure 

2.9.  The distance between the two padded surfaces on the superior bar can be adjusted 

to accommodate a range of limb sizes.  A third padded surface is rigidly connected to 

the inferior bar via a load cell.  To ensure the correct alignment of the load cell, the 

inferior bar is pined to the middle bar such that it can rotate freely.  The arrangement of 

the three pads is designed to allow the LSMD to self-stabilize about the user’s limb, 

with the pads providing conforming contact surfaces on both segments of the limb 

(superior and inferior to the joint of interest).   

 

Figure 2.9: Configurations of the arm LSMD (Inset: cross-section of selection knob). 
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The LSMD is designed as part of the BioTone Clinic system, a neuromuscular 

assessment toolkit developed by the IBME.  The LSMD’s load cell4 is directly 

connected to a hand-held analogue to digital converter5, the BioSI, which samples the 

load cell outputs, digitizes these signals and sends the data directly to a Windows-based 

laptop or tablet running the proprietary BioTone software package.  The combined 

system represents a mobile, computer-controlled isometric strength measurement system 

for use with adult populations.  One concern with the current design is how well it will 

stay stabilized when used on arms with little muscle definition.  In addition to the 

potential slipping issue, an investigation of the LSMD’s measurements was required to 

establish its validity and reliability as an isometric strength measurement device. 

 
Figure 2.10: Basic components of the LSMD. 

 
4 Selected specifications are given in Appendix A. 
5 Selected specifications are given in Appendix A. 
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Once locked into position on the limb of the user, the LSMD constrains their 

appendage to approximately 90° in a fashion similar to a three-point orthotic brace.   In 

each case the device is arranged with two pads contacting the anterior and posterior 

surfaces of the proximal segment of the limb (upper arm or thigh) and the third pad 

contacting the distal segment (forearm or shank).  The most proximal pad may be 

adjusted by locating it on one of three limb size selection holes to accommodate limbs 

of various sizes (per Figure 2.10.ii).  The most distal hole is sized such that the device 

will hold the arm or leg of a 95th percentile male at 90° with the most proximal hole 

sized for a 5th percentile female, noting that a third option is given in the form of a hole 

located half way between the other two.  Each of the size selection holes were designed6 

based on data taken from the NASA Man-Systems Integration Standards [80].  Located 

at the midpoint of the bars that connect these two pads on either side are a locking plate, 

spring-loaded pin and a pivot point about which a longer swing arm can rotate (refer to 

Figure 2.10.i).  This arm ends with another pivot point about which a third pad can 

rotate (shown in Figure 2.10.iii). 

Once the correct hole is chosen on the locking plates and the pin is engaged this 

third pad can be arranged such that it is in direct opposition of the limb’s applied force 

during flexion or extension.  The design of the LSMD is such that the three pads provide 

contact surfaces aligned to allow the device to stabilize on the user’s arm in a similar 

fashion to an orthotic brace.  The general fitting process of the LSMD on a user’s arm is 

outlined in Figure 2.11, progressing from storage arrangement to the flexion orientation. 

 
6 The impact of the assumptions made using this data is examined in detail in Section 3.1.2. 
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Figure 2.11: LSMD placement procedure. 

With the limb is locked in isometric flexion or extension, the applied force at the 

wrist pad can be measured by an Omegadyne LC703-300 load cell [81] located inside 

the third pad as shown in Figure 2.12.  During testing the load cell is connected directly 

to a BioSI hand-held data acquisition device [82]7, with sampled data sent directly to a 

laptop and analysed using the BioTone software package8.  The BioSI hand-held and 

BioTone software package, when combined with the LSMD, provide a complete toolkit 

 
7 Additional details on the LC703-300 load cell [81] and BioSI [82] are given in Appendix I. 
8 The BioSI and BioTone were developed at the UNB Institute of Biomedical Engineering. 
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for measuring isometric strength. 

 

Figure 2.12: Function of LSMD in flexion. 

For reference, the manufacturer stated range and accuracy characteristics of the 

LSMD, Cybex Humac Norm and MicroFET 2 HHD are given below in Table 2.1.  

Obtaining the ‘true’ accuracy characteristics of the LSMD Arm and Leg units, rather 

than simply assuming the best-case scenario of the device taking on the characteristics 

of the isolated load cell, is an important consideration going forward if the device is to 

be sold commercially. 

Table 2.1: Selected manufacturer given characteristics of Cybex, HHD and LSMD load cell. 

Device Range† Accuracy† 

LSMD Load Cell‡ [81] 5 – 136 kg ± 0.05 % 

Cybex Humac Norm 

[65] 

Torque ± 678 Nm 0.5 %FS 

Position ± 3,600° ± 0.25° 

MicroFET 2 HHD [83] 0.4 – 136 kg 1 %FS 

* %FS refers to percentage of full-scale reading (the % of the max. readable value). 
† Stated units based on manufacturer’s documentation. 
‡ Values represent those of the LC703-300 load cell in isolation. 
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2.3 Experimental Designs 

To best frame the experimental design used to compare the LSMD with its peers, 

key papers used to design the protocol used for Experiment III are detailed below.  In 

particular, an article by Bohannon [84] was used as the reference for HHD measurement 

techniques as well as positioning and stabilizing the limb during testing.  Protocols by 

Lu et al. [21] and Kilmer et al. [44] provide examples of capable inter-device strength 

comparisons of the HHD against a novel dynamometer and a fixed-IKD, respectively.  

Finally, the salient analysis by Atkinson and Nevill [37] offered a review of study 

design considerations specific to testing human physiological variables, a few of which 

proved to be prescient. 

The standard protocol for performing HHD strength tests is given by Bohannon 

[84].  The relative positions of the HHD and patient for measurements about the elbow 

are summarized below in Table 2.2, which is repeated directly from selected portions of 

a table originally presented in Bohannon’s report [84, p. 207]. 

Table 2.2: Bohannon muscle group test positions. 

Muscle 

Group 

Patient 

Position 

Limb 

Positions 

Manually 

Stabilized 

Dynamometer 

Placement 

Elbow 

flexors 
Supine9 

Arm beside trunk, elbow 

flexed 90°, forearm in neutral 

supination, wrist in neutral 

flexion 

Arm 

Just proximal to wrist 

joint on radial surface 

of forearm 

Elbow 

extensors 
Supine As elbow flexors Arm 

Just proximal to wrist 

joint on ulnar surface 

of forearm 

A weakness of Bohannon’s paper is that the reliability analysis used Pearson 

product-moment correlation, which was widely used at the time for reliability analysis, 

 
9 Supine: laying in horizontal position with the face and torso pointing upward 
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but is now deemed inappropriate [85].  High r values were reported; however, the 

Pearson correlation only measures the strength of the relationship between the two 

measurements.  Paired sets of strength measurements should be well correlated since 

they are both measuring the same measurand (strength), but this does not mean they are 

in agreement or consistent.  Despite the statistical pitfalls, Bohannon’s procedure for 

HHD measurements was adopted for Experiment III since it is widely used in the field 

(>450 citations for the paper in question).   

A number of other studies have examined reliability and validity of strength 

measuring devices.  Lu et al. [21] performed a multi-session study comparing flexion 

and extension MVIC measurements about the knees of two cohorts of participants.  In 

the first session a pair of examiners each recorded three 5-second MVICs (2-minute 

breaks between trials) in flexion and extension (5-minute break between condition) 

using an HHD and a specialized, resistance-enhanced dynamometer (RED)10.  The first 

session used a group of 25 male participants (mean age 22.5 years), while the second 

session used a single, new examiner to examine new participants.  Consisting of a cohort 

of 27 healthy participants (mean age of 22.1 years) examined twice with a 5 day break 

between the 2A and 2B sessions, the second session was focused solely on testing 

whether the resistance-enhanced dynamometer, like the standard HHD, had limited 

inter-rater reliability due to limitations in tester-strength [30, 32, 86].  The results of Lu 

et al.’s analysis are summarized below in Table 2.3. 

 

 
10 Similar in function and genesis as the LSMD, despite differences in the design. 
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Table 2.3: Reliability results for Lu et al. MVIC measurements about the knee  [21]. 

Reliability 
HHD RED 

Ext. Flex. Ext. Flex. 

Inter-examiner S1 ICC(2,k) 0.28 0.11 0.96 0.98 

Intra-examiner S1 ICC(3,1) 0.79 0.93 0.93 0.93 

Intra-examiner S2 ICC(3,1) 0.91 0.88 0.94 0.91 

Intra-session S2A† ICC(3,1) - - 0.99 0.94 

Intra-session S2B† ICC(3,1) - - 0.96 0.97 

Inter-session (AB) † ICC(3,k) - - 0.95 0.96 

† Session 2A and 2B split by 5 days, only RED was tested. 

Note that Lu et al. used inconsistent methods for testing their MVICs: make tests 

were used for the HHD and break tests for the RED, which, as Stratford and Balsor 

reported, inevitably would cause the HHD results to be smaller [87].  Furthermore, 

rather than using the best of the three trials as the MVIC for calculating reliability, the 

authors chose to use a repeated measures model.  Applying the best practice of selecting 

the largest from a small cluster of strength measurements would likely have improved 

the resultant reliability [57].  It should be noted that the literature supports Lu et al.’s 

poor inter-rater reliability for strong muscle groups [31, 34, 88].  Lastly, it would have 

been beneficial as a means of detecting possible methodological flaws for the authors to 

have tested the HHD during season 2A and 2B. 

Stratford and Balsor [87] studied whether intra-session reliability differed 

between HHD measurements collected using make tests and those collected with break 

tests.  They reported that the break tests were less reliable than make tests but recorded 

higher forces [87], a finding supported by other studies [34, 88].  Kolber and Cleland 

[89] described the same relationship between make and break tests.  In addition to 

highlighting the superior reliability of make tests, Kolber and Cleland cautioned that the 
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break test has an increased potential for injury.  The break test, wherein the tester 

exceeds the resistance provided by the subject’s muscles, can cause a sudden disruption 

to the subject’s muscle contraction [89], increasing the risk of injury compared to the 

static equilibrium of a make test.  

Kilmer et al. [44] examined the test-retest reliability of HHD in measuring 

isometric strength for persons with neuropathic weakness and a control group.  The 

testing protocol involved examining intra- and inter-rater reliability for HHD 

measurements over three sessions, each separated by 7 to 10 days in healthy controls 

and participants with neuropathy.  Three trials were performed for 10 different muscle 

groups (including knee and elbow flexion and extension) using a MicroFET HHD for all 

muscle groups and a LIDO fixed-IKD for knee and shoulder measurements.  Intra-rater 

reliability was assessed by having an experienced tester collect data from each subject in 

the first two sessions.  Inter-rater reliability was assessed by having one of four 

inexperienced testers collect data from each subject in a third test session that took place 

immediately after the second session.  Test data were compared using ICCs, with the 

authors finding significant differences between fixed-IKD and HHD values for knee 

extension.  Kilmer et al.’s reported ICC test results are discussed in Chapter 5. 

Finally, Atkinson and Nevill provided an excellent overview of the practical 

considerations for reliability studies involving human physiological variables.  They 

described the sources of variation between repeated measurements in terms of random 

and systematic and offered suggestions to address each potential error [37]:  

I. Random error: Differences in measurements due wholly to existing mechanical 

and biological variation in a system.  
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• Protocol consistency: Strict adherence to protocols can address certain levels of 

random error, but complete elimination of its effects is impossible. 

II. Systematic error: Tendency for some results to trend in one particular direction.  

In muscle testing, this type of error can be seen in the following three effects: 

• Recovery: Insufficient recovery times can impact results. 

• Training: a subject’s capacity to learn the task and perform it more effectively 

impacts the results. This is most prevalent in test-retest results. 

• Motivation: the gain or loss of psychological motivation may lead to a 

difference in measurements between tests. 

Atkinson and Nevill noted that recovery effects could be largely eliminated by proper 

testing protocols that specify adequate rest periods between measurements.  Noting that 

training and fatigue effects could lead to the detection of large systematic biases, the 

authors recommended including familiarization trials or increasing the rest period 

between trials to mitigate these effects [37].  

 In summary, the prior literature provides a strong scientific premise for the research, 

and a solid justification for the experimental methods that follow in Chapter 3. Evidence 

for the measurement quality, relative performance in situ, and confirmation of the means 

of stabilization of the LSMD will provide the necessary data for potential users of the 

device to decide whether the LSMD is suitable for their needs.   
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3 Methods 

A combination of in simulacra and in situ testing was used to examine 

fundamental assumptions upon which the LSMD’s design was based and to provide an 

assessment of the LSMD’s reliability and validity in comparison to a pair of widely used 

isometric strength measurement devices.  The in situ experiment represents a robust 

design allowing for a multifaceted investigation of the reliability of the LSMD and 

competing benchmark devices, as well as comparative assessment of the LSMD as a 

means of demonstrating its validity.  Owing to the fact that they were performed without 

the influence of biological variability, the two in simulacra experiments offered a means 

of investigating the assumption that the LSMD self-stabilizes on an arm due the device’s 

geometry alone as well as examine the isolated performance of the LSMD’s load cell. 

3.1 Experiment I: Baseline Testing of the Load Cell 

Experiment I entailed a simple set of incremental loading tests using a 

mechanically isolated LC703-300 load cell and pre-measured metal plates.  The BioSI 

handheld device and BioTone software were connected directly to the load cell, 

maintaining the identical electronic and software architecture as is used in the LSMD, 

but eliminating the structural (frame) and biological (human) sources of variability. 

3.1.1 Testing Goals and Criteria for Experiment I 

The behaviour of the load cells across the range of applied mechanical loads can 

establish expectations of the sensor’s behaviour in later experiments.  The overall 

system consists of the BioSI, attached computer, and the BioTone software.  These 

additional elements could introduce error in terms of information lost during analogue to 

digital conversion (related to the number of bits the full-scale range is broken down into) 
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and noise from the additional electronics.  These factors are expected to introduce a 

measure of error greater than those attributable purely to the effect of the LC703-300 

load cell alone.   

 
Figure 3.1: Schematic diagram of Experiment I apparatus  

(Signal conversion: 10-bit A/D conversion, programable gain 1-212, Low-pass filter at 20 Hz).  

As shown in Figure 3.1, for each of the three sample LC703-300 load cells, 

baseline force values were collected across a range of applied forces with the load cell 

isolated from the LSMD device. The static load was applied using a set of metal plates 

with known weights, stacked in 22 N increments from unloaded state up to a maximum 

load of 220 N.  By plotting the measured forces against the known loads, a baseline 

expectation of the individual load cell’s performance can be established.  After accounting 

for error attributable to the added elements to the system, each of the sampled load cells 

were expected to display linearity and accuracy that conformed reasonably well to the 

values specified by the manufacturer [81].  

3.1.2 Protocol for Experiment I 

Outlined in Figure 3.2, the Experiment I apparatus was used to test a sample of 

three load cells taken from a larger pool of components used to construct the LSMDs.  

Each sample load cell was tested three times, with each test separated by an unloaded 



  

33 
 

state for approximately five minutes.  All testing was performed at the Institute of 

Biomedical Engineering at UNB in Fredericton, New Brunswick 

 

Figure 3.2: Load cell testing apparatus (Inset: schematic diagram). 

Experiment I Procedure: 

1. Using the digital scale, the weight (in pounds) was measured for each of the 5 

and 10 lbs (nominal) plates11.  The resulting measurements were recorded as 

each plate’s true weight. Note that each 5 lbs is approximately equal to 22 N. 

2. A randomly selected Omegadyne LC730-300 load cell was fixed to the base 

unit, then a laptop-connected BioSI handheld was plugged into the load cell. 

3. Starting from an unloaded state (refer to Figure 3.2), a 10 second, 1 kHz sample 

was collected in BioTone and saved. 

4. Starting with the 22 N (nominal) plate, the load cell was loaded up to 220 N in 

22 N increments. A sample was collected for each load, with the true weight of 

the plates used recorded in the name of the file exported from BioTone. 

5. After sampling the 220 N configuration, the apparatus was unloaded and given 5 

minutes to settle while the results were exported to a .csv file. 

6. Steps 3-5 were repeated twice. 

 
11 The LC703-300 is designed to be read in units of pounds and as such the BioTone software uses pounds 

as well.  These choices predate the author’s involvement in the LSMD project. 
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7. The load cell was swapped out of the apparatus and steps 2-5 repeated for each 

of the remaining load cells. 

Once each of the sample load cells had been tested three times, the results were 

compiled and used to complete ICC and linear regression calculations.  The method of 

analysing Experiment I was chosen to closely follow that of Experiment III as a means 

of providing baseline performance expectations for the LSMD.  Furthermore, it should 

be noted that Experiment III was limited to testing only a single LSMD, and as such, the 

relative behaviour of the three load cells sampled can be extrapolated as being indicative 

of the inter-LSMD reliability. The mathematical models described in Appendix B.3.1 

and B.3.2 were used to calculate ICCs according to the details in Table 3.1.  

Table 3.1: ICC testing models for Experiment I. 

 Inter-Device Reliability† Inter-Rater Reliability Intra-Rater Reliability† 

ANOVA Two-way rand. effects Two-way rand. effects Two-way mixed effects 

Judges Load Cell, Scale Load Cell 1, 2 and 3 Trial 1, 2, and 3‡ 

Targets n weights sampled n weights sampled n weights sampled 

Means Fm, Ft Fm01, Fm02, Fm03 FmT1, FmT2, FmT3 

ICC ICCaa(2, 1) ICCaa(2, 1) ICCcon(3, 1) 

† Were tested separately for each load cell (and for each trial in the case of inter-device). 
‡ Treated as fixed effects. 

 

It should be noted that the ‘scale’ listed above refers to the digital scale used to 

measure each of the metal plates used to load the apparatus in Experiment I.  In each 

case, the mean measured load over the 10 second data capture was used to represent the 

measured force, Fm, and the net weight of the plate load used was taken as the true force, 

Ft.  For the purposes of calculating inter-rater reliability, each load cell’s mean measured 

force was averaged across the three trials to obtain the average mean measured force 

(denoted as Fm01, Fm02 and Fm03). 
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Typically, the non-linearity is measured at 75% of the full measurement range 

(for LC730-300 that would be 225 lbs—far outside the range for which the LSMD arm 

was designed).  A white paper written by VPG Transducers provided a solution for 

Experiment I in this situation: plot the output versus load and calculate the difference 

between the measured output curve and “the best straight line fitted to output values by 

the least squares method, through zero load output” [90].  With this in mind, the 

methodology of Appendix B.3.3 was then used to determine the linear regression fit 

(refer to Equation (B.25)) for each trial and each load cell.  As outlined in Figure B.12, 

due to the fact that each of the measured loads were chosen by the experimenter and 

unchanged throughout the data collection, a Model I linear regression fit was chosen to 

relate the measured forces and known loads.  The resultant regression curve should 

match the expected linearity characteristics specified by the manufacturer [81].  For a 

perfect device in ideal conditions, one would expect to see a linear relationship with a 

slope of 1 and intercept of 0.  The minimum reasonable expectation of error, however, 

would be to find a linear relationship matching that of the manufacturer with a slight 

deviation to account for the added effect of the BioSI, computer and BioTone software.   

With modern manufacturing techniques and quality assurance standards12, one 

would expect minimal variation between the same measurements taken with different 

examples of the same sensor, especially if the factory-supplied calibration sheets have 

been applied to the individual load cells, as was done for the LSMD cells used in 

Experiments I-III.  In addition to using the ICCcon(3, 1), the relative repeatability of the 

measurements taken with the Omegadyne LC730-300 can be examined by combining 

 
12 Specifically, Omegadyne has ISO 9001:2015 certification for their quality management system. 
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the three calibration curves onto a single plot.  The quality of the match between each 

curve gives a useful visual indication of how representative the measurements can be 

considered relative to any other example of the same load cell.  Deviations from the 

expected behaviour of the load cells that remain consistent between all three samples are 

representative (in part) of the added effect attributable to the BioSI, computer and 

BioTone software.  As each of these elements are required for the function of the 

LSMD, separating them from this analysis would give a misleading estimate of the 

isolated load cell characteristics. 

3.2 Experiment II: Conceptual Testing of Slip Assumptions 

3.2.1 Testing Goals and Criteria for Experiment II  

While the LSMD is anecdotally reported to self-stabilize on arms with well-

defined musculature, the device’s ability to stabilize on arms with poor muscle 

definition during flexion is less clear.  The concern is that the device could slip on the 

arm, preventing accurate measurements.  It may also cause discomfort which could lead 

to the user not applying their maximum force, resulting in sub-maximal strength 

measurements.  It was hypothesized that these effects are related to fundamental 

assumptions made during the initial design of the LSMD. 

Testing on average sized, healthy adult arms has shown the LSMD capable of 

maintaining a stable position throughout isometric contractions in flexion and extension 

(based on observations made during Experiment III).  Shown in Figure 3.3 is an 

example of how the LSMD located and stabilized well on a typical adult male’s arm (in 

this case, a participant from Experiment III).  Observations of individuals lacking well-

defined musculature indicated that, in rare cases, during flexion the LSMD could move 
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until the shoulder pad rolled or slipped over the anterior deltoid and off the arm 

entirely13.  It would be concerning in terms of both the ability to obtain quality 

measurements and subject comfort if this situation represented a typical behaviour for 

the device on persons with poor muscular definition or who fall too far outside the 

discrete size values upon which the device was designed.   

 

Figure 3.3: LSMD in flexion arrangement on participant (ideal arm).  

To explore this possibility, the design approximations that were used for limb 

dimensions were reviewed.  Illustrated below in Figure 3.4, the NASA anthropometric 

data set [80] gave limited values from which the necessary design parameters had to be 

estimated. 

 

 
13 This situation occurred for one participant in Experiment III. They had a long, narrow arm, requiring 

the experimenter to stabilize the device by lightly placing their finger on the flat of the proximal bar.  

Based on the matched Cybex and HHD data, the LSMD’s measurements were not affected. 
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Figure 3.4: NASA limb anthropometrics figures14 (d and C denote distance and circumference; the 

subscripts are labels for the measurement, e.g., C369 is the circumference at point 369). 

For reference, the each of the anthropometric values used to design the LSMD 

are repeated in Table 3.2. 

Table 3.2: NASA anthropometric data used in original LSMD design. 

  Female (cm) Male (cm) 

Dimension Ref. 5th% 50th% 95th% 5th% 50th% 95th% 

Biceps, flexed (C111)  [80]† - - - 29.4 31.2 36.9 

Biceps, relax. (C113) [80] 21.8 25.5 29.3 27.3 31.2 35.1 

Forearm, relax. (C369) [80] 19.9 22.0 24.1 27.4 30.1 32.7 

Wrist (C967) [80] 13.7 15.0 16.2 16.2 17.7 19.3 

Forearm-finger (d381)  [80], [91]‡ 37.3 41.7 44.6 43.9 48.0 54.4 

Wrist-finger (d420) [80] 15.8 17.2 18.7 17.9 19.3 20.6 

Shoulder-elbow (d751) [80] 27.2 29.8 32.4 33.7 36.6 39.4 

† Female data not given, possible to extrapolate using C113 data and known relationship 

between C111 and C113 data for males. 
‡ Male data obtained from: [91]. 

Assumptions made in the design process of the LSMD are summarized below:  

(i) The circumference at point 113, C113, is representative of that of the entire arm 

between the elbow and shoulder; 

 
14 Created using images from [80, Figs. 3.3.1.3–1]. 
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(ii) The circumference at any point along the forearm can be found by linear 

interpolation between the circumferential value just after the elbow joint centre 

(taken to be that of point 369, C369) and the value at the wrist joint centre located 

at point 967, C967, located a distance of lfore0 away; 

(iii) The distance between the shoulder joint centre and elbow joint centre can be 

approximated as lhum0, as defined in Equation (3.2); 

(iv) The distance between the elbow and wrist joint centres can be approximated as 

lfore0, as defined in Equation (3.3); 

(v) At a given contact point with the LSMD, the radius in the sagittal plane, rsag, can 

be estimated assuming the arm is a perfect circle.   

The perfect circle assumption of Equation (3.1) allows the radius to be calculated 

simply from the circumference values listed in Table 3.2. 

𝑟sag ≈  
𝐶p

2 𝜋
 ( 3.1 ) 

where Cp is the circumference of the arm at point p corresponding to Figure 3.4. 

In this arm model, the upper and lower arm segment lengths are simple 

cylindrical and conical segments of lengths lhum0 and lfore0, respectively, as defined by 

Equations (3.2) and (3.3).  Figure 3.5 shows the 95th percentile male and 5th percentile 

female arm models that result from these approximations. 

𝑙hum0 ≈  𝑑751 − 𝑟369  ( 3.2 ) 

𝑙fore0 ≈  𝑑381 − 𝑑420 − 𝑟369  ( 3.3 ) 

where these equations assume the axial distance from olecranon to elbow joint centre is 

given by the radius of the forearm at point 369 in Figure 3.4. 

Note that the NASA data specified d751 to be from acromion to tip of the olecranon.  

Thus, Equation (3.2), does not account for the distance between the acromion and 
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shoulder joint centre.  An alternative segmental distance analysis is provided in 

Appendix C. 

 

Figure 3.5: Human arm approximations used in original LSMD design. 

While a redesign of the LSMD to correct for any dimensional concerns is outside 

the author’s mandate, it is important that the real-world impact of the theoretical 

foundation described above be examined.  As a result, slip potential of the LSMD was 

determined by testing whether or not the device slipped for a select set of scenarios 

representing the original design intentions but incorporating a mechanical apparatus for 

the purposes of standardizing the test according to the desired arm dimensions.   

Poorly defined musculature was approximated by a cylindrical pad at the 

proximal humeral contact.  To approximate a well-muscled shoulder and bicep surface, 

the cylindrical pad at the proximal LSMD contact point could be swapped for a pad with 

a flared, larger-diameter top surface.  Shown below in Figure 3.6, the Experiment II 

apparatus allowed the author to examine the nature of the slipping behaviour in 

laboratory conditions.  The interchangeable foam pads shown in Figure 3.7 were used to 

mimic the range of arm sizes for which the LSMD was originally designed. 
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Figure 3.6: Testing apparatus for examination of LSMD slip conditions. 

Note that the subject of tissue stiffness, another variable that, like arm shape, may 

explain slip failure, is discussed along with potential solutions to modeling its effect in 

Appendix C. 

 

Figure 3.7: Adjustable foam components of human arm analogue. 
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3.2.2 Protocol for Experiment II 

The interchangeable foam pads were configurable to provide analogues for 

human arm dimensions ranging from 5th percentile females to 95th percentile males as 

well as to simulate cylindrical and anatomical contact areas (see Table 3.3 for foam 

dimensions).   

Table 3.3: Dimensions of foam pads used on human arm analogue. 

 Foam Dimensions (cm) 

 5% Female 95% Male Tapered 

 Wrist 
Upper 

Arm 
Wrist 

Upper 

Arm 
Top Bottom 

Diameter 4.6 7.1 6.1 11.7 9.8 8 

Height 6.4 8.9 6.4 8.9 8.9 

As shown in Figure 3.8, the adjustable foam components were added to the 

structural bars of the arm analogue, with the shape, size and position of the foam 

components varied to achieve the desired arm arrangements. 

 

Figure 3.8: Functional overview of Experiment II apparatus. 
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As shown in Figure 3.9, the net result of the apparatus design was to create a 

plate-loaded, simulacrum of the idealized human arm for which the LSMD was 

designed (refer to Figure 3.5).  Derived from Equations 3.2 and 3.3 using the data of 

Table 3.2, the distances lhum0 and lfore0 provide the remaining keys to simulating the 

extrema of arm dimensions for which the LSMD was designed.  The humeral distance, 

lhum0, was adjusted by changing the height of the foam components of the upper arm 

portion of the testing rig.  Each of the foam units were adjustable using a single set 

screw, allowing them to be swapped and repositioned for different arm types, and to 

achieve a 90° angle of the analogue elbow for each configuration. 

 

Figure 3.9: Details of Experiment II apparatus (Inset: key parts for forearm adjustment— replaceable top 

horizontal member and forearm bar, highlighted in yellow, and moveable pillow blocks, in blue).  

To change the testing rig between the two extremes of arm size, the top 

horizontal member and the forearm bar (both highlighted in yellow) could be replaced 
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with alternate versions for each arm size.  Regardless of the arm size chosen, the eyebolt 

at the end of the forearm bar would have to remain stationary, directly below the 

proximal pulley wheel, to maintain the 90° relationship between loading cable and the 

bar.  This required the pillow blocks (highlighted in blue) at either side of the forearm 

segment’s rotational axis to be translated along the side rails using adjustable bolt 

fixtures built into each pillow block unit.  Using the adjustable simulated arm 

dimensions, variable pad styles/locations, and adjustable plate loading, the experimental 

apparatus was able to simulate the arms of 5th percentile female and 95th percentile male 

arms of well- and poorly defined muscular definition across a range of loading 

conditions. 

Based on the work of Hogrel et al., the expected range for elbow flexion from 5th 

percentile female to 95th percentile male is 24.3 to 102.1 Nm [92].  Under the LSMD’s 

original design assumptions, the moment arm for these loads would range from 18.3 to 

28.6 cm, yielding an expected loading range of 133 to 357 N.  While the testing 

apparatus was designed to be capable of working under loads in excess of 400 N, the 

primary cases where slip failures were observed involved clinical populations with limb 

strengths far below the expected output of a healthy, 95th percentile male.  As a result, a 

more reasonable range of input forces were examined15, with tests performed using 

applied forces between 22 and 220 N, increasing in 22 N increments.  The LSMD was 

considered to have failed the slip test for a given arm configuration if it did not self-

stabilize and maintain position on the test apparatus for the applied load.  A photograph 

 
15 The original intention for Experiment II was to extend the loading range past 220 N if slip failure hadn’t 

occurred by that point, however, as Chapter 4 will show, loads of that magnitude were not necessary. 
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of the experimental apparatus arranged in the 5th percentile female configuration under a 

22 N plate load is shown in Figure 3.10. 

 

Figure 3.10: LSMD testing rig (Inset: sagittal plane view of pad contact).  

Experiment II Procedure: 

1. The testing rig was arranged with the 95th percentile male geometry and foam 

components.  The cylindrical pad was used at the proximal contact point for the 

first test. 
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2. Before loading the apparatus or adding the LSMD, the user checked that the 

cable between the wrist and the loading surface passed through the pulleys (this 

configuration was used to simulate flexion). 

3. The LSMD was configured for flexion using the largest arm size selection hole 

for the proximal pad. 

4. The LSMD was placed onto the loading surfaces as shown in Figure 3.10. 

5. A 22 N (nominal) plate was added to the top of the loading surface and securely 

connected the end of the cable using the included hardware. 

6. If at any point the LSMD slipped from its original starting position the test was 

immediately deemed a failure for that pad/arm arrangement, at which point the 

failure weight was marked down and the system configured for the next 

arrangement being tested. 

7. Steps 5 and 6 were repeated, increasing the load in 22 N increments, until either 

the LSMD slipped or the 220 N load was reached without failure. 

8. Steps 5-7 were completed two additional times (reversing the loading sequence 

for the first set of repetitions for the sake of efficiency). 

9. Steps 4-8 were repeated for each of the following configurations: 

a. 95% male with concave padding on the proximal contact point 

b. 5% female with cylindrical padding on the proximal contact point 

c. 5% female with concave padding on the proximal contact point 

For each arm size and pad configuration, the LSMD was deemed to either pass or fail 

the experiment depending on whether it slipped or was otherwise unstable. 

3.3 Experiment III: Comparative Assessment of LSMD, HHD, and IKD 

Testing culminated in Experiment III—a multi-stage investigation performed 

with 20 healthy adults over a total of 40 testing sessions lasting 90-120 mins each, 

spanning a two-week period16.   Isometric flexion and extension data were collected 

 
16 See Appendix E for a full break-down of the testing schedule. 
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using an HHD, fixed-IKD and LSMD for each participant in two sessions separated by 

approximately a week. 

3.3.1 Testing Goals and Criteria for Experiment III 

The validity and reliability of measurements taken with the LSMD was 

investigated using a study comparing isometric arm strength measurements taken with 

the LSMD, a MicroFET 2 hand-held dynamometer17 (HHD) and a Cybex Humac 

Norm18 isokinetic dynamometer (IKD).  Subjects consisted of a convenience sample of 

20 healthy adults selected from within the UNB student and staff population.   

 

Figure 3.11: Overview of Experiment III. 

 
17 Selected specifications are given in Appendix I. 
18 Selected specifications are given in Appendix I. 
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Informed by a selection of comparable literature sources, a power analysis was 

performed19 to determine the minimum number of participants required for Experiment 

III.  Allowing for the possible loss of two participants to between-session attrition or 

post hoc statistical elimination, a cohort size of 20 was chosen to ensure the study had 

better than an 80% chance to detect a statistically significant change in peak elbow 

extension or flexion strength at the 95% confidence level. 

Outlined above in Figure 3.11, the experiment was split into two sessions spaced 

one week apart.  Individual participant testing sessions were performed under controlled 

conditions at the UNB Human Performance Lab with a single participant and two 

observers in attendance.  A week-long interval (with a maximum of two weeks) was 

chosen to maximize long-term recovery while balancing that against needing to 

minimize the risk of exposure to changes in strength, endurance and motivation that can 

naturally occur with human participants [9, 37].  Furthermore, scheduling the tests 

exactly a week apart ensured that participants enter Session II on the same day of the 

week and hour of the day as they did in Session I.  The choice of one week between 

sessions was made based on the work of Lund et al. [54], Ford-Smith et al. [18], and the 

assessment of inter-session interval within the Schrama et al. meta-analysis [9].  Based 

on the recommendation of Marx et al. [12], which was corroborated by Schrama et al., a 

maximum inter-session rest period of two weeks was established.    

Denoted ‘R1’ in Figure 3.11, the 30 second rest interval between repetitions was 

chosen based on the established methods of Bohannon [84].  The 5 minute rest interval 

between muscle groups, ‘R2’, was chosen to minimize training and fatigue effects per 

 
19 Refer to Appendix F for the full analysis. 
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Atkinson and Nevill [37], which was balanced against the need to maintain a reasonable 

overall protocol time to ensure participant retention for the second session and with the 

knowledge that the change in muscle group being tested means that each muscle group 

will have a minimum of 25 minutes of rest between trials (R2 + R3, referring to Figure 

3.11).  ‘R3’, a 20 minute rest period, was taken between each device with the purpose of 

minimizing short-term intra-subject biological variation and help minimize learning/ 

recollection effects [28, 37, 43, 54].  The 5 second MVIC duration was chosen based on 

the protocols of Bohannon [84], Gagnon et al. [20], Lu et al. [21], Sullivan et al. [62], 

and Stackhouse et al. [77].  Note that the participants were given the 5 seconds to start 

contraction and ramp up through to their MVIC value, and as such the true maximal 

contraction would occur for less than the allotted time.  This is an important distinction 

because a given participant may have performed 9-13 MVIC trials per muscle group in a 

given session (depending on the number of failed trials).  

‘Failed trials’ were defined as any trials where the observer indicated that the 

experimental conditions were not met or the protocol was not followed (e.g., participant 

stops midway, arm slips, device does not record/display the results for some reason, 

observer makes an error in the order of operations, etc.). 

In each session, three MVIC repetitions (‘reps’) were recorded with each device 

in both motions of interest (flexion and extension).  In Session I the experiments were 

performed by Observer α, though they were kept blind to the numerical values, with 

Observer β reading the instruments and recording the results.  In Session II the cohort of 

participants were randomly split into two smaller groups of 10 each.  The first group 

was examined by Observer α in Session II, with the second examined by Observer β.  
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Maintaining the blindness of each observer to the data collected in their session was 

done to ensure repeated measures were independent of each other.   

The data collected were used to provide a measure of the LSMD’s inter-rater, 

intra-rater and inter-session reliability compared to that of HHD and the Cybex.  Using 

the Cybex fixed-IKD as a standard method to which the LSMD and HHD measurements 

are compared, the expectation was that the LSMD would prove to be more accurate than 

the HHD but not dissimilar from the IKD. 

ICC calculations were used to determine the reproducibility and repeatability 

characteristics of each device, limits of agreement and linear regression methods were 

used to compare the measurements of the LSMD to the corresponding ones from the 

Cybex, and similarly, the HHD measurements with those of the Cybex. 

3.3.2 Protocol for Experiment III 

A group of 20 health adults were recruited from within the UNB student and 

staff population based on voluntary replies to a poster advertising the experiment20 that 

was presented at key locations on campus and an accompanying email sent to IBME 

students and staff.  The pool of participants is summarized both as a full cohort and by 

subgroup in Table 3.4.  Among standard exclusion criteria designed ensure candidates 

were healthy adults, the following inclusion and exclusion criterion were applied: 

• Inclusion: 

o Between 19 and 60 years of age 

• Exclusion: 

o Upper limb fracture or elbow injury in the last 2 years 

 
20 Experiment approved by the UNB Research Ethics Board (REB file number 2013-087). 
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o Stroke affecting the upper limbs in the last 2 years 

o Shoulder or elbow surgery in the last year 

Table 3.4: General characteristics of Experiment III participants (average across sessions). 

 Group A Group B Full Cohort 

Sex n (%)    

     Female 3 (30) 5 (50) 8 (40) 

     Male 7 (70) 5 (50) 12 (60) 

Hand dominance n (%)    

     Left 2 (20) 2 (20) 4 (20) 

     Right 8 (80) 8 (80) 16 (80) 

Age mean years (s; min-max) 24 (3; 21-32) 28 (10; 21-53) 26 (8; 21-53) 

Height mean cm (s; min-max) 171 (11; 152-188) 172 (11; 154-192) 172 (11; 152-192) 

Mass mean kg (s; min-max) 73 (18; 48-101) 71 (16; 55-108) 72 (17; 48-108) 

BMI mean BMI (s; min-max) 25 (4; 19-33) 24 (4; 19-33) 24 (4; 19-33) 

In addition to the pool of healthy adult participants, a pair of observers21 were 

present for all tests, alternating between performing the tests and assisting the other 

observer, in accordance with the experimental design outlined below.  Prior to the first 

round of testing, both observers received the identical training in the use of the HHD, 

LSMD and Cybex from qualified individuals. 

Shown in Figure 3.12, the design of Experiment III was loosely based on a 

portion of an experiment by Visser et al. that examined muscle strength of patients with 

progressive lower motor neuron syndrome using fixed-dynamometer system and hand-

held dynamometry [43].   

 
21 Denoted Observers α and β, they were healthy males 30 and 31 years old with no previous experience 

using the LSMD, Cybex or HHD.  The author performed the role of Observer α, with a fellow graduate 

student from the IBME taking the role of Observer β. 
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Figure 3.12: Methodology used for Experiment III. 

The inter-session and inter-rater calculations indicated in Figure 3.12 are derived 

in Appendix B.2.2 and summarized in first two columns of Table 3.5. 

Table 3.5: Reliability testing models for Experiment III. 

 Reproducibility Repeatability 

 
Inter-Session 

Reliability 

Inter-Rater  

Reliability 

Intra-Rater  

Reliability 

ANOVA 
Two-way random 

effects 

Two-way random 

effects 
Two-way mixed effects 

Judges Session I, Session II Observer α, Observer ß 
Rep 1, Rep 2, Rep 3 

(treated as fixed effects) 

Targets n subjects n subjects n subjects 

Means 
MVICSessionI, 

MVICSessionII 

MVICSessionI, 

MVICSessionII 

MVICrep 1, MVICrep 2, 

MVICrep 3 

ICC Type ICCaa(2, 1) ICCaa(2, 1) ICCcon(3, 1) 

Purpose 
Are Session I and II 

interchangeable? 

Are Observer α and ß 

interchangeable? 

Are Reps 1, 2, & 3 

consistent? 

Variability 

of interest 

Systematic differences 

between session 

Systematic differences 

between observers 

All variability other 

than systematic 



  

53 
 

Summarized in the third column, the intra-rater calculations indicated Figure 

3.12 are derived in Appendix B.2.3.  The type of ICC model used is a key difference 

between the three reliability measures above.  This arises from the distinct purposes of 

the reliability measurements—reproducibility is concerned with whether two 

measurements are interchangeable (do strength measurements in Session I and II agree, 

does Observer α’s measurements agree with Observer ß’s?). On the other hand, 

repeatability asks whether measurements under identical circumstances are consistent 

with each other.  As explained in Appendix B.2.1, this distinction leads to differing 

assumptions in the associated models (namely: whether the effect of variance between 

judges is significant). 

Table 3.6: Trial randomization for Experiment III. 

P Trial Code RNDT1 OrdT1 RNDT2 OrdT2 OrdT3 OrdF 

1 P01_CYB_FLX 1RNDT1(C) Eq. 3.4 1RNDT2(FLXC) Eq. 3.7 Eq. 3.6 Eq. 3.7 

1 P01_CYB_EXT  Eq. 3.4 1RNDT2(EXTC) Eq. 3.7 Eq. 3.6 Eq. 3.7 

1 P01_LSM_FLX 1RNDT1(L) Eq. 3.4 1RNDT2(FLXL) Eq. 3.7 Eq. 3.6 Eq. 3.7 

1 P01_LSM_EXT  Eq. 3.4 1RNDT2(EXTL) Eq. 3.7 Eq. 3.6 Eq. 3.7 

1 P01_HHD_FLX 1RNDT1(H) Eq. 3.4 1RNDT2(FLXH) Eq. 3.7 Eq. 3.6 Eq. 3.7 

1 P01_HHD_EXT  Eq. 3.4 1RNDT2(EXTH) Eq. 3.7 Eq. 3.6 Eq. 3.7 

2 P02_CYB_FLX 2RNDT1(C) Eq. 3.4 2RNDT2(FLXC) Eq. 3.7 Eq. 3.6 Eq. 3.7 

…
 

  …
 

   …
 

20 P20_HHD_FLX 20RNDT1(H) Eq. 3.4 20RNDT2(FLXH) Eq. 3.7 Eq. 3.6 Eq. 3.7 

20 P20_HHD_EXT  Eq. 3.4 20RNDT2(EXTH) Eq. 3.7 Eq. 3.6 Eq. 3.7 

All trials conducted in Experiment III were randomized prior to participant 

recruitment.  Shown in Table 3.6, the randomization method was heavily reliant on the 

use random number generation.  Within the nomenclature of Table 3.6 and Equations 

(3.4) to (3.7), RND refers to a randomly generated number.  The Rand() function found 
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in Microsoft Excel was used to generate each of these ‘random’ numbers (based on [93, 

94])22.   

As shown above, the testing order for the three measurement devices was randomized 

first (OrdT1, given in Equation (3.4)), followed by the order of motion (flexion/ 

extension) tested for each device (OrdT2, given in Equation (3.5)).   

OrdT1 =  Rank(RNDT1, [ RNDT1(C), RNDT1(L)P ,P RNDT1(H)P ])  ( 3.4 ) 

OrdT2 =  Rank(RNDT2, [ RNDT2(FLXdev), RNDT2(EXTdev)PP ])  ( 3.5 ) 

where dev = Cybex, LSMD, or HHD. 

The final order of testing for that participant is given by Equation (3.6), and, relative to 

the full list of 20 participants, by Equation (3.7). 

OrdT3 =  2(OrdT1 − 1) + OrdT2  ( 3.6 ) 

OrdF =  6(P − 1) + OrdT3 ( 3.7 ) 

where P refers to the respective number in first column of Table 3.6. 

Independent of randomized testing order, each generic participant ID number 

was assigned to either Group A or Group B based on their ranking after assigning a 

random number to each, with the 10 highest ranked individuals assigned to Group A and 

the remaining to Group B.  All of these factors were used to automatically generate 

participant-specific testing sheets for Session I and II, samples of which are given in 

Appendix G.  Note that each volunteer was assigned a participant ID in order of 

recruitment.  A reminder email detailing the time and location of the experiment was 

 
22 According to Microsoft’s official documentation [93], the Rand() function is calculated according to 

Wichman and Hill’s algorithm from their 1982 submission to Applied Statistics [94], and while still 

pseudo-random, is sufficiently random to pass modern NIST-approved tests of randomness. 
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sent to each participant 24 hours before their scheduled testing time. 

Before any of Experiment III’s testing began, a standardized testing arrangement 

was created within the Cybex software for each of the two possible permutations of that 

device’s testing order (flexion followed by extension and vice versa).  Within the 

software, the generic testing arrangements were set following the procedure outlined in 

Pages 3-10 through 3-12 of the HUMAC NORM System User’s Guide [65].  

Specifically, the settings shown in Table 3.7 were used in each case (note that the only 

difference between Protocol #1 and #2 was the order of flexion and extension): 

Table 3.7: Cybex settings used in Experiment III. 

  Protocol #1 Protocol #2 

S
et

 1
 Set Mode/Action†/Angle/Time‡ Isometric Ecc/Con 90/5 Isometric Con/Ecc 90/5 

Reps 3 3 

Rep Rest 30 sec 30 sec 

 Set Rest 5 min 5 min 

S
et

 2
 Set Mode/Action†/Angle/Time‡ Isometric Con/Ecc 90/5 Isometric Ecc/Con 90/5 

Reps 3 3 

Rep Rest 30 sec 30 sec 

† The ‘Action’ setting works differently for isometric testing—full flexion trials are  

  denoted Ecc/Con, and full extension trials Con/Ecc.  
‡ Time in isometric mode refers to the time (in seconds) for the isometric contraction. 

 Testing was split into two testing sessions separated by 7-14 days23.  Before any data 

was collected in Session I, each participant read, signed and dated a document stating 

their consent to participate in the study.  At the start of each session, Observer α located 

the approximate joint centre of the participant’s elbow on their dominant side.  As 

shown below in Figure 3.13, the observer’s thumb was placed on the medial epicondyle 

 
23 16 participants had exactly 7 days between sessions, with 4 participants requiring 9-13 days between 

sessions to accommodate their personal schedules. Mean separation between sessions was 7.5 days. 
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and the middle finger on the lateral epicondyle of the humerus.  With the pointer finger 

placed on the apex of the olecranon, the forearm was gently manipulated until the thumb 

and middle finger locations formed a triangle with the pointer finger location in flexion 

and straight line in full extension [95].  Once the correct finger alignment was achieved, 

the observer carefully marked the location on the lateral epicondyle with an ‘x’ using a 

washable marker. 

 

Figure 3.13: Palpation technique for locating elbow joint centre24. 

Concurrently with the palpation, Observer β collected and recorded the following 

information from the participant: age, sex, hand dominance, height and mass.  

Additionally, each participant was asked the following questions: 

• Have you participated in a strength training program in the past? 

• Have you recently strength trained? 

• Have you used coffee, tea or caffeine today? 

 
24 Image created using portions based on [95, Fig. 9 and 10]. 
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The responses to each of the questions above were used in a covariate analysis designed 

to investigate possible confounding effects on the Experiment III data set (see Appendix 

I). 

 

Figure 3.14: Skin markings used to indicate load cell line of action on participant. 

To minimize the impact of varied subject motivation and inter-subject variability 

in related psychological traits, a consistent, positive set of high demand instructions 

were used to motivate the users throughout their contractions [96].  The individual 

protocols and set-up required for each device vary slightly by device, with the general 

test session for a device completed as follows: 

Experiment III General Procedure: 

1. The participant’s approximate elbow joint centre was located (refer to Figure 

3.13), with an ‘x’ drawn over the point using a washable marker.  

2. The LSMD was fit on the participant’s dominant arm for the flexion 

configuration such that the user’s limb sat at approximately 90° (interior angle) 

while in use.  Using a purple washable marker, the line of action of the load cell 

was marked on the participant’s wrist (as shown in Figure 3.14). 
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3. Step 2 was repeated for the LSMD’s extension configuration with the load cell 

line of action marked in red washable marker.  

4. The distance between the elbow joint centre and the load cell line of action was 

measured and recorded for the flexion and extension markings, as were the 

LSMD’s limb size selections for each configuration. 

5. Using the pre-determined trial order as a reference, the participant was given a 

demonstration and instructions for operation of the first device (HHD, LSMD, or 

Cybex) as well as a brief practice trial (in which they were instructed not to 

provide their maximum effort). 

6. The participant was positioned supine on the Cybex table with their dominant 

arm held at 90°, fist pointing at the ceiling.  Note that, for all devices and 

orientations, only the dominant arm was tested. 

7. Starting with the first orientation specified (flexion or extension), a MVIC trial 

lasting 5 seconds was recorded. A set of MVIC trials were performed as follows: 

a. The participant was given the following instructions: “When I say start, 

build your effort up to maximum, then push as hard as you can without 

lifting your shoulder from the table” 

b. The observer then started the data collection, using the following verbal 

encouragement: “Start.  Push, push, push.  That’s perfect, take a nice, 

relaxing break.”  A positive, consistent tone and script was maintained. 

c. Throughout, the assisting observer used a stopwatch to track the MVIC 

time as well as rest periods. 

d. The assisting observer would record the MVIC value on the data 

collection sheet. 

e. After 30 seconds of rest, steps a-through-d were repeated until 3 

satisfactory MVIC measurements were obtained.  Failed or questionable 

trials were recorded along with a note as to why the observer doubted 

their inclusion in the study. 

8. A 5-minute break would begin, wherein the observer would reorient the testing 

device and explain any changes in its use to the participant. 

9. Step 7 was repeated for the second orientation (extension or flexion). 
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10. After starting a 20-minute break timer, the observer would explain the operation 

of the second testing device to the participant. 

11. Steps 6 through 10 were completed for the second testing device. 

12. Using the final testing device, steps 6 through 9 were completed. 

 Depending on the session in question, there were modifications to the general 

procedure.  After Session I, the participant was asked to confirm and schedule their 

participation in the second session.  For Session II, the following steps were added after 

step 4 in the procedure above: 

SII-5. Using a washable marker matching the colour of the markers used for the 

previous flexion and extension markings, a marking was made on the lateral side 

of the arm pointing to the centre of each of the three pads. 

SII-6. For each of the 3 LSMD pads in both orientations, the limb circumference and 

sagittal plane width and distance to elbow joint axis were measured for the pad 

markings made in step SII-5.  An illustration of each of these dimensions is 

given below in Figure 3.15, where d, w and c denote sagittal distance to elbow 

joint axis, sagittal width and limb circumference, respectively.   

 

Figure 3.15: Anthropometric arm measurements taken in Session II of Experiment III. 
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These measurements were collected to allow future analysis of the assumptions 

discussed in Section 3.2.1 in comparison to the relative performance of the LSMD.  

Each of the three testing devices had slightly different measurement procedures, 

with the in-depth set-up, adjustment and computer-control associated with the Cybex 

requiring the most time and observer-attention.  The modifications required to the 

general procedure are outlined below for each of the three measurement devices used. 

Procedural modifications for HHD measurements: 

HHD1. Concurrently with step 5 or 10 in the general procedure, the assisting observer 

would ensure that once the testing observer donned the MicroFET2 

dynamometer on their hand, the display was positioned away from the view of 

the tester. After each MVIC test, the tester would rotate their hand to point the 

display-side at the assisting observer, who would record the measurement then 

zero the device.  Throughout, the tester would ensure they did not look at the 

display of the HHD before it was zeroed. 

HHD2. All HHD measurements were ‘make tests’, wherein the participant was 

instructed to reach and match the resistance of the tester, pushing as hard as they 

could. 

HHD3. Dynamometer positioning followed Table 2.2, with the HHD aligned with the 

corresponding mark on the participant’s arm for LSMD flexion/extension.  Refer 

to Figure 3.16 for an example of how the HHD was used with a participant 

laying on the Cybex table. 

HHD4. Return to Step 6 or 11 of the general procedure. 
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Figure 3.16: Experiment III testing photo with HHD in flexion.  

Procedural modifications for Cybex measurements: 

Cyb1. Concurrently with step 5 or 10 in the general procedure, the assisting observer 

performed the patient selection, information entry and pattern selection 

procedures outlined in pages 3-5 through 3-7 of the HUMAC NORM System 

User’s Guide [65]. 

Cyb2. After the above step, the pattern selection section shown on page 3-8 of [65] was 

completed, selecting ‘Elbow Extension/Flexion’ from the menu. 

Cyb3. Next, one of the two pre-made protocols (either #1 or #2 from Table 3.7, 

depending on the participant-specific testing order), selected from the table of 

known protocols associated with the elbow, as shown on page 3-9 of [65]. 

Cyb4. Having selected the protocol, the specific elbow extension/flexion set-up 

guidelines (shown in pages 5-46 through 5-47 of [65]), were completed for the 

individual patient.  Note that correctly aligning the joint axis with the 

dynamometer axis required the correct adjustment of the length of the 

Elbow/Shoulder Adapter (the bar that connected the user’s hand to the Cybex, as 

shown in Figure 5-19 of [65]).  The observer’s chosen length setting for that 

adapter was recorded on the data collection sheet (see Appendix H). 

Cyb5. The anatomical zero, range of motion limits, and gravity correction protocols 

were followed next, as explained on pages 3-16 through 3-21 of [65]. 
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Cyb6. Return to Step 6 or 11 of the general procedure.  The display monitor of the 

Cybex PC was rotated to face away from the observer performing that session’s 

testing, with only the assisting observer able to see the results. 

Cyb7. After Step 12 of the general procedure, having debriefed and discharged the 

participant, the Cybex data for that individual was recorded on the individual 

data sheet and saved to the Cybex PC.  While the data sheet’s hand notes 

included only the peak torque (Nm) for each trial (refer to Appendix H), the full 

torque, angle and time data for each trial was downloaded as an Excel Workbook 

according to the procedure on page 6-20 of [65]. 

Procedural modifications for LSMD measurements: 

LSM1. Concurrently with step 5 or 10 in the general procedure, the assisting observer 

arranged the LSMD into the flexion or extension configuration with the settings 

recorded in step 4. 

LSM2. Measurements required pre-made flexion and extension protocols within 

BioTone (a simple recording of the incoming load cell data at 1 kHz using 

manual start and stop conditions within the graphical user interface (GUI) of the 

program).  The corresponding protocol for the motion being was selected, with 

the ‘zero’ button within the GUI used to zero the load cell reading just before 

step 7b, followed by the ‘start’ button just as the testing observer said “start”.   

LSM3. After step 7b, the assisting observer would press the “stop” button on the 

BioTone GUI.  Throughout testing, the assisting observer would operate the 

BioTone laptop, maintaining a screen position directed away from the testing 

observer to prevent them from viewing the results. Step 7c would be recorded 

from the ‘max force’ reported within the BioTone GUI. 

LSM4. If the LSMD was deemed by the testing observer to have slipped or moved 

relative to the arm at any point, the device was repositioned, with the new load 

cell line of action location marked in green.  After LSMD testing was complete, 

the arm measurements affected by the slip were all collected again, with the 

observer’s impressions of the cause and details of the slip recorded on the data 

sheet along with a note as to which trial the slip occurred on.   
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LSM5. Any skin abrasions, bruising or discomfort expressed by the participant was 

noted on the data collection sheet, with a full report immediately sent to the PI’s 

supervisor. 

Note that while all 20 participants were tested by Observer α in Session I, half of 

the participants (Group B) was tested by Observer β in Session II.  When Observer α 

was the tester (Session I and Group A’s Session II collections), the ‘assisting observer’ 

in the procedures above was Observer β, with those roles reversed for Group B in 

Session II.  

Following Experiment III, all of the hand-written data (see Appendix H) were 

digitized25 and formatted into structured arrays.  All HHD and LSMD data were 

recorded in the native units of the devices (lbs).  To facilitate comparison with the 

Cybex, each MVIC recorded with the HHD and LSMD was converted to an equivalent 

torque at the elbow in units of Nm.  Using the force measurements and the measured 

distances between each participant’s elbow joint centre and the line of action of the 

HHD and LSMD in flexion and extension (dfjc and dejc), the equivalent elbow torque 

(τelbow) was calculated as the product of the measured force and perpendicular distance.  

In addition to the manually collected peak torques from the Cybex software’s ‘Patient 

Summary’ page, the max torque recorded in the individual Excel file for each trial was 

extracted.  While some authors recommend post-processing torque data via low-pass 

filtering for older Cybex models [8, 97], to fairly compare each device as they would be 

used in practice, the outputs of each devices were not modified unless absolutely 

necessary (i.e., conversion into equivalent elbow torque).  A thorough review of the 

 
25 In accordance with REB requirements, all patient-identifying information was kept separate from the 

digitized participant data. 
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current literature revealed no references to post hoc filtering of Cybex data aside from 

Baltzopoulos and Murray’s papers from the 1980s [8, 97], indicating that, assuming no 

widespread failure in methodological reporting, the academic and clinical community 

does not filter or similarly modify the torque output of modern Cybex dynamometers. 

The torque data were used to determine two measures of reproducibility (inter-

session and inter-rater reliability) and one measure of repeatability (intra-rater 

reliability), as outlined by the ICC models of Table 3.5.  As explained in Appendix II, 

the ICC models are based on ANOVA tests, which require that the sample is 

representative of a normal, homoscedastic continuous population variable.  While 

human strength is known to be normal and homoscedastic at the population level [92, 

98], the means being compared were evaluated using appropriate tests to ensure the 

sample assumptions held.  George and Mallery [99] provided a simple method of 

assessing whether the sample came from a homoscedastic, normal population: using 

SPSS, select the option to output the skewness and kurtosis values for each variable 

(refer to Equations (D.3) and (D.3) of Appendix D for the respective definitions).  

George and Mallery indicated that the normality and homoscedasticity requirements 

would be satisfied if skewness and kurtosis did not exceed ±2.  The skewness and 

kurtosis conventions used by George and Mallery were consistent with other literature 

sources [100, 101].  The skewness and kurtosis were verified to be less than or equal to 

±2 for each set sample used to calculate reliability. 

By comparing the three closely spaced peak torque measurements collected 

under identical conditions, an estimate of the repeatability was calculated for each 

combination of orientation and device using full cohort’s Session I data.  As explained 
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in Appendix B.3.3, the trio of repeated measurements were treated as fixed effects in a 

two-way mixed effects ANOVA model to obtain the component of variance attributable 

to the targets (the cohort of 20 participants) and those associated with random error.  As 

shown in Equation (B.13), the ratio of the target variance to the total model variance 

gives the ICCcon(3,1), which was taken to be a measure of how well the same observer 

in identical conditions was able to reliably record the strength of a participant.  The 

nature of the Case 3 ICC model (insensitivity to systematic error) required a close 

examination of the between-judges effects to ensure each data set was appropriate for 

mixed-effects modeling. 

 Having used the three trials from each set to estimate the precision with which 

Observer α was able to record the same strength measurements under identical 

conditions, the remaining analysis included only the largest recorded torque of each set.  

Described in Appendix B.3.2, reproducibility was calculated for each device and 

orientation under known, specific conditions.  In particular, all conditions were held 

constant, with specific elements changed in a known manner.  In Experiment III, the two 

condition of interest were targeted in the dual-session methodology: the influence of 

time and the observer.  In both cases the peak torque values from Session I were 

compared to the corresponding values from Session II, with the group members treated 

as the targets.  While the repeatability (intra-rater reliability) calculations utilized the 

full cohort of participants, the two measures of reproducibility each had their own 

randomly selected subset of 10 participants from the full cohort—Group A (inter-

session reliability) and Group B (inter-rater reliability).  Each reliability was calculated 
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using a two-way random effects ANOVA model to obtain the components of variation 

used to calculate the ICCaa(2, 1) as shown in Equation (B.10).   

 All three types of reliability estimates were computed using SPSS statistical software.  

In each case, a 95% confidence interval was calculated using tools integrated within the 

software that utilize the CI95 formulas derived from Shrout and Fleiss [102].  Also, an 

effect size was computed using Cohen’s d, as defined by Equation (G.6) and explained 

in Appendix G.  These data provide key measures of reliability for each of the three 

devices tested.  These reliability measures provide the reproducibility and repeatability 

of each device in different situations, but, by the nature of ICCs, do not provide 

measures of performance of the LSMD relative to the other devices. 

Using the torque data from Session I, the validity of the LSMD was evaluated by 

directly comparing it to the corresponding Cybex data across all 20 participants.  This 

comparison treated the Cybex as the ‘gold standard’ for isometric strength measurement, 

with the relative performance of the LSMD determined both qualitatively (Limits of 

Agreement informed by linear regression, as shown in Appendix B.3.1 and B.3.3) and 

quantitatively (linear regression, discussed in B.3.2).  For comparison’s sake, the HHD 

data were compared to the Cybex in parallel with the LSMD.  Baring experiment-

specific influences, the conclusions reached about the HHD compared to the Cybex 

should follow the broad trends seen in the literature (that the HHD is less reliable and 

dependant on experimenter technique) if the methodology described below is valid. 

Scatter plots of the differences against averages (similar to Figure B.10) were 

constructed for the HHD and the LSMD compared to the Cybex for flexion and 
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extension.  Using ordinary least squares regression (refer to Model I (y on x) plot in 

Figure B.11), a line of best fit was computed for each scatter plot.  The 95% confidence 

interval for each variable (slope and intercept) was inspected to determine whether they 

contained zero.  Both the extension and flexion data for the LSMD-Cybex comparison 

had confidence ranges for their slope coefficient that did not include zero.  In each case 

the difference between zero and the slope was statistically significant at the 5% level.    

Accordingly, following the methodology of Figure B.12, the weighted least products 

regression coefficients were calculated using Statistica 13, a program that follows the 

methodology outlined in Equations (B.29) through (B.34) to determine the WLP model 

coefficients.  The detailed instructions provided in Ludbrook Supporting Information 

Item S4 and Item S5 [103] were used to execute the WLP analysis in Statistica26 

software.  Equation (B.53) and (B.54) were then used to test for the presence of 

proportional and fixed bias in the transformed data.  An OLS regression of the absolute 

residual27 on Cybex torque was computed for each of the four cases.  Lastly, v-shaped 

95% confidence limits were calculated using Equations (B.45) through (B.52).  Note 

that the t statistic, t0.5,19, in Equation (B.52) was taken to be 2.093 based on 

corresponding cell of the NIST t distribution table [104].  The resultant v-shaped upper 

and lower confidence limits were used to create limits of agreement plots based on the 

scatter plots of HHD and LSMD against Cybex torques for flexion and extension.  

These LoA plots provide a useful tool for determining whether the LSMD or HHD can 

be substituted for the Cybex in practice.   

 
26 To double-check the methodology used, the author used SYSTAT software to confirm the calculated 

WLP regression equation.  In addition, the OLP result calculated in SPSS was confirmed with Statistica. 
27 Residuals calculated as the difference between the predicted LSMD value based on the WLP regression 

equation and the measured LSMD torques (E[Y] – Y). 
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3.4 Development of Calibration Curves  

The proper calibration of a strength measurement device is critical to the 

accuracy of the data collected [37], whether the device in question is a simple hand-held 

dynamometer [29] or a state-of-the-art isokinetic device [24].  This is no less true for the 

LSMD.  Using the data collected with the LSMD and Cybex in Experiment III and the 

ordinary least products curve fitting methodology detailed by Ludbrook [103, 105] and  

in Appendix B.3, a calibration curve was defined for arm LSMD’s flexion and extension 

configurations.  In addition to providing a means of quantifying the device’s validity, 

this information can be integrated with the BioTone software to provide more accurate 

force measurements for end-users.  The effect of a systematic bias on the LSMD would 

be to uniformly shift its spread of measured strength values to the left or right of the 

corresponding Cybex measurements, as shown in Figure 3.17.i.  Calibrating the LSMD 

using a WLP-derived curve should reduce that systematic bias, producing the effect 

shown in Figure 3.17.ii. 

 

Figure 3.17: Desired effect of calibration on LSMD. 

To derive the calibration formulas for use in transforming future LSMD data, the 

Session I WLP formulas were restated as shown in Equations (3.8) and (3.9).  
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𝜏𝐿𝑆𝑀𝐷 = 𝑏′ ∗ 𝜏𝐶𝑦𝑏𝑒𝑥 + 𝑎′ ( 3.8 ) 

𝜏𝐶𝑦𝑏𝑒𝑥 =
1

𝑏′
 (𝜏𝐿𝑆𝑀𝐷 − 𝑎′)  ( 3.9 ) 

where 𝑎′ and 𝑏′ are the intercept and slope coefficients derived from the earlier WLP 

regression fit of the SI data. 

Next, Equation (3.10) was used to approximate the calibration equation under the 

assumption that the Cybex torque data better models the magnitude of the physiological 

elbow torque.   

𝜏𝐶𝑎𝑙 =
1

𝑏′
 (𝜏𝑚𝑒𝑠𝑢𝑟𝑒𝑑 − 𝑎′)  ( 3.10 ) 

where 𝜏𝑚𝑒𝑠𝑢𝑟𝑒𝑑 and 𝜏𝐶𝑎𝑙 are the uncalibrated and calibrated torque values for the 

LSMD.  Note that 𝑎′ and 𝑏′ are fixed coefficients based on the SI data. 

The transformations outlined above in Equations (3.8) through (3.10) were used in 

Appendix J, with the notable exception that the torques listed in each equation were 

switched for the corresponding measured or calculated force and the coefficients used 

were from the regressions of LSMD on Cybex force.  In the case of Cybex torques, no 

direct measurement of force was taken.  The simple relationship between force and 

torque for a 90° angle at the elbow (torque being equal to the product of force and 

perpendicular distance) was used to convert measured Cybex torques to approximate 

forces by assuming the moment arm measured for the LSMD and HHD was sufficient to 

express the equivalent force perpendicular to the radial/ulnar surface at that point in 

flexion/extension.  Further discussion of the implications of these assumptions is given 

in Appendix J. 

After obtaining the calibration formulas using SI data, the SII data were 

transformed and plotted against the Cybex data.  For the purposes of comparison, the 
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untransformed SII LSMD data were also plotted against the Cybex data.  Individual 

WLP lines of best fit were computed for the calibrated and uncalibrated data sets in 

flexion and extension.  To best visualize the effect of calibration on the LSMD data, a 

series of combined probability distribution function plots were created for the paired 

LSMD and Cybex data.  Each curve was calculated by plotting a histogram28 for the 

variable of interest and fitting a normalized curve to the resultant distribution using 

SPSS29.   As shown in Figure 3.17, the relative positions of the LSMD and 

corresponding Cybex probability distributions aptly demonstrate the apparent bias and 

difference in variance for each measurand. 

  

 
28 A graphical representation of data distribution using sequential, discrete ranges of values and counting 

how many times one of the samples falls into each of these intervals.  The frequency of data points falling 

into the intervals is counted on the vertical axis, with the sequential intervals on the horizontal.  
29 Achieved with fitting methodology similar to that used to compare a normal curve to an ECDF as 

described for the K-S test in B.3.1. 
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4 Results 

Testing and evaluation of the LSMD was split into two broad categories: in 

simulacra and in situ.  Experiments I and II consisted of a pair of in simulacra 

examinations of the LSMD designed to isolate the device from the natural variation 

present in the measurand it was designed for.  The theoretical concepts examined 

informed Experiment III, an in situ assessment of the LSMD, HHD and Cybex with 

healthy adult participants.    

4.1 In simulacra Testing of the LSMD 

4.1.1 Load Cell Assessment 

Experiment I was completed with three randomly selected samples of the 

nineteen LC730-300 load cells owned by the IBME.  Assuming the sample was 

representative, its performance gave insight into the expected behaviour of the LSMD 

absent the influence of the human experimenter and test subject.  Additionally, the 

methodology used to calculate device reliability for Experiment III was applied to the 

Experiment I data as a means of confirming the mathematical method’s efficacy using 

targets of known reliability. 

  

Figure 4.1: Mean test error for each load cell. 
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The mean test error for each load cell is given above in Figure 4.1.  Using a 

spreadsheet, the results of the three trials on each load cell were compiled to establish 

the mean of the measured load for each nominal load choice as well as the difference 

between the mean measured load (Fm) and nominal load (Ft), and the standard deviation 

of that mean.  These statistical results are summarized in Table 4.1. 

Table 4.1: Summary of load cell measurements for Experiment I. 

 Load Cell 1 (lbs) Load Cell 2 (lbs) Load Cell 3 (lbs) 

 Trial1 Trial2 Trial3 Trial1 Trial2 Trial3 Trial1 Trial2 Trial3 

(Ft – Fm)mean 0.66 0.42 0.55 1.08 1.00 2.32 0.29 0.31 0.26 

(sm)mean 0.22 0.22 0.21 0.22 0.22 0.22 0.22 0.22 0.22 

To investigate the differences between load cells apparent in Table 4.1 and to 

help visualize the linearity of the load cells, the data were used to create plots of the 

measured load verses the actual applied load, as shown in Figure 4.2.  The OLS lines of 

best fit were computed for each case (as summarized below).   

 

Table 4.2: Summary of OLS results for Experiment I. 

  r2 a CI95 for a b CI95 for b 

L
o
a
d

 

C
el

l 
1

 Trial1 1.000  0.045 [0.014, 0.077] 0.971 [0.969, 0.972] 

Trial2 1.000  0.060 [-0.007, 0.128] 0.981 [0.979, 0.983] 

Trial3 1.000  0.126 [0.090, 0.162] 0.973 [0.972, 0.974] 

L
o
a
d

 

C
el

l 
2

 Trial1 1.000 -0.114 [-0.404, 0.176] 0.961 [0.952, 0.971] 

Trial2 1.000  0.209 [-0.058, 0.477] 0.952 [0.943, 0.961] 

Trial3 1.000 -0.776 [-1.220, -0.332] 0.939 [0.924, 0.954] 

L
o
a
d

 

C
el

l 
3

 Trial1 1.000  0.215 [0.151, 0.278] 0.980 [0.977, 0.982] 

Trial2 1.000  0.149 [0.097, 0.201] 0.982 [0.980, 0.984] 

Trial3 1.000  0.211 [0.148, 0.274] 0.981 [0.979, 0.983] 
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Figure 4.2: Linear regression analysis of Experiment I sample load cells. 

Using the lines of best fit, the ‘non-linearity’ was computed as the residual of the 

measured load.  To compare the measured non-linearity of each trial with the 

manufacturer’s specifications, each residual was expressed as a percentage of the known 

load at each measurement between 10 and 50 lbs.  The unloaded and 5 lb samples were 

not included in these calculations because the manufacturer did not supply linearity data 

below 10 lbs [81].  The average non-linearity values are given below in Table 4.3. 
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Table 4.3: Non-linearity characteristics of Experiment I load cells. 

 Average Non-linearity 

Load Cell 1 Load Cell 2 Load Cell 3 

M
ea

su
re

d
 

Trial1  -0.07%   1.20%   -0.09% 

Trial2   0.07%   0.15%   -0.07% 

Trial3   0.04%   7.15%   -0.09% 

Specified ±0.15% ±0.15% ±0.15% 

Next, the reliability analysis used for Experiment III was applied to the Experiment I 

data to ensure the analysis of the former was not affected by an apparent unreliability of 

the LSMD’s sensor.  The general reliability of the sample of load cells was obtained by 

comparing them to the digital scale used to record the ‘true’ weights of the plates used in 

Experiment I.  Note that, since 11 unique loads were examined, n =11 in each ICC 

calculation below.  The resulting ICCaa(2, 1) data are presented in Table 4.4. 

Table 4.4: Experiment I inter-device reliability results. 

 Load Cell 1 Load Cell 2 Load Cell 3 

  CI95  CI95  CI95 
 ICCaa(2, 1) [LB , UB] ICCaa(2, 1) [LB , UB] ICCaa(2, 1) [LB , UB] 

Trial 1 0.999 [0.956 , 1.000] 0.997 [0.859 , 0.999] 1.000 [0.997 , 1.000] 

Trial 2 0.999 [0.987 , 1.000] 0.997 [0.939 , 0.999] 1.000 [0.996 , 1.000] 

Trial 3 0.999 [0.980 , 1.000] 0.988 [0.329 , 0.998] 1.000 [0.998 , 1.000] 

Note: all results significant at the 0.05 level 

The interchangeability of the three LC703-300 load cells was then assessed via 

inter-rater reliability testing wherein the mean measurements of each of the three load 

cells were compared to each other.     

Table 4.5: Experiment I inter-rater reliability results. 

 Inter-Load-Cell 

  CI95 
 ICCaa(2, 1) [LB , UB] 

Trial Mean 0.998 [0.973 , 1.000] 

Note: results significant at the 0.05 level 
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A two-way mixed effects model was used to calculate measures of 

reproducibility for the Experiment I data, yielding the ICCcon(3, 1) values below.  

Table 4.6: Experiment I intra-rater reliability results. 
 Load Cell 1 Load Cell 2 Load Cell 3 

  CI95  CI95  CI95 
 ICCcon(3, 1) [LB , UB] ICCcon(3, 1) [LB , UB] ICCcon(3, 1) [LB , UB] 

Inter-trial 1.000 [1.000 , 1.000] 1.000 [0.999 , 1.000] 1.000 [1.000 , 1.000] 

Note: all results significant at the 0.05 level 

 

4.1.2 Isolated Slip Assessment 

Experiment II utilized a custom testing apparatus to simulate the two extrema of 

human arm dimensions for which the LSMD was designed as well as allow the shape of 

the proximal contact point to be varied. A cylindrical pad provided a geometric baseline 

while the pad with a concave surface provided a more anatomically relevant shape 

designed to roughly approximate the point where the anterior deltoid meets the biceps 

brachii.  The LSMD’s flexion arrangement was incrementally tested using each 

combination of arm dimension and pad shape. 

Table 4.7: Loading results for Experiment II. 

 Loading Results for Arm Configuration 

External 95% Male 5% Female 

Load Cylindrical Concave Cylindrical Concave 

0 N Stable Stable Stable Stable 

22 N Stable Stable Stable Stable 

44 N Stable Stable Stable Stable 

67 N Failure* Stable Stable Stable 

89 N - Failure† Failure‡ Failure 
* Initially stable, but failure occurred after ~10 s. 
† Failure accompanied by marked rotation about ‘forearm’. 
‡ Rapid failure after loading 
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In each case, the process of slip failure was observed to centre on a slow yielding 

of the shape of the proximal contact pad with increasing load.  While subtle for 22 N 

loads, the deformation of the proximal pad due to the contact forces between it and the 

LSMD’s superior pad was dramatic as the cable-load approached the failure loads of 

Table 4.7.  When failure occurred, the LSMD slid up over the proximal pad allowing the 

‘elbow’ to form an acute angle. 

As a ‘pass or fail’ experiment, the results of the slip test were clear (assuming the 

experimental analogy holds and omitting the effect of foam compliance outlined in 

Appendix C): the LSMD does not maintain static equilibrium via shape and positioning 

alone.  With this in mind, the author progressed to in situ examination of the LSMD to 

investigate its behaviour in more nuanced conditions.    

4.2 Comparative Examination of LSMD Performance in situ 

Following the in simulacra examination of the LSMD’s slip behaviour and load 

cell characteristics, the author undertook an extensive study of the device’s individual 

and comparative characteristics in situ.  20 healthy adults were examined using the 

LSMD, an HHD and a Cybex fixed-IKD between the 10th and 28th of July 2014.  A total 

of approximately 80 hours of testing were required to collect the data over the 40 

individual sessions.  Once analysed, these data provided ample evidence of the LSMD’s 

suitability as a measurement device for use in settings where the portability of the HHD 

and the accuracy of the Cybex is desired.  
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4.2.1 Reliability Assessment 

Using the procedure outlined in Section 3.3.2, a pair of observers collected split-

session strength measurements from 20 healthy adults using the LSMD, a MicroFET2 

HHD and a Cybex Humac Norm in fixed-IKD configuration.  Each participant was 

asked three strength-related questions prior to each collection session.  Summarized 

below in Table 4.8, these questions were intended to provide insight into potential 

factors that could confound the correct interpretation of strength trends among the full 

cohort or subgroups.  Appendix I provides additional insight into the nature of these 

data. 

Table 4.8: Survey responses of Experiment III participants. 

 Group A Group B Full Cohort 

Survey responses† n (%)    

Have you done strength training in the past? 5 (50) 4 (40) 9 (45) 

Have you recently strength trained? 4 (40) 1 (10) 5 (25) 

Have you used coffee, tea or caffeine today? 6 (60) 4 (40) 10 (50) 

† Each participants’ responses averaged across both sessions. 

Prior to collecting data, each participant was fit with the LSMD for both 

extension and flexion configurations.  In each case an extensive set of anthropometric 

data pertinent to the fit of the LSMD were collected.  Key among these was the distance 

between their elbow joint centre and the line of action of the LSMD’s load cell.  

Denoted djc in Table 4.9, this distance represented the lever arm with which the load cell 

measurements of both the LSMD and HHD could be converted to equivalent torques 

about the elbow joint axis.  
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Table 4.9: Experiment III peak force and lever arm data (as measured, full cohort). 

  Extension Flexion 

  SI SII SI SII 

H
H

D
 

F
 (

lb
s)

 Group mean 39.5 46.1 50.0 51.9 

Std. deviation 14.7 16.4 17.6 20.8 

(min – max) (21.8 – 74.3) (21.9 – 79.6) (19.1 – 83.6) (25.4 – 101.3) 

L
S

M
D

 

F
 (

lb
s)

 Group mean 50.3 54.0 47.7 48.6 

Std. deviation 24.6 25.7 19.5 19.1 

(min – max) (22.9 – 102.0) (24.0 – 120.7) (24.0 – 83.2) (25.2 – 86.7) 

L
ev

er
 

d
jc
 (

cm
) Group mean 19.2 19.7 21.9 21.5 

Std. deviation 1.5 1.1 2.3 2.3 

(min – max) (16.0 – 22.5) (18.0 – 21.5) (18.4 – 26.5) (18.0 – 26.8) 

Requisite to comparing each device with the Cybex, was that the measured force 

and lever arm values given in Table 4.9 were used to calculate equivalent elbow torques 

for the LSMD and HHD.  The relative performance of each measurement device could 

be compared along the common property of elbow torque generated for flexion or 

extension at an interior elbow angle of 90°.  These calculated joint torques for the HHD 

and LSMD are listed along with the measured Cybex torques in Table 4.10. 

Table 4.10: Peak torque data for Experiment III (full cohort). 

 Extension Flexion 

 SI SII SI SII 

H
H

D
 

τ 
(N

m
) Group mean 39.2 45.0 42.5 45.7 

Std. deviation 17.0 19.7 14.9 18.4 

(min – max) (19.5 – 78.7) (20.6 – 94.9) (16.6 – 75.5) (21.0 – 85.2) 

L
S

M
D

 

τ 
(N

m
) Group mean 50.3 53.1 40.3 42.9 

Std. deviation 28.4 30.3 15.9 17.4 

(min – max) (19.7 – 120.2) (19.2 – 143.9) (19.8 – 68.8) (21.7 – 77.2) 

C
y
b

ex
 

τ 
(N

m
) Group mean 39.0 42.6 45.6 49.9 

Std. deviation 18.6 19.9 18.6 19.2 

(min – max) (16.5 – 76.6) (19.5 – 93.0) (23.4 – 91.6) (26.7 – 87.2) 
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The majority of the ICC calculations required the comparison of torques between 

the subgroups (A and B, both containing 10 participants from the full cohort).  In the 

interests of true randomization and independence, membership in Group A or B was 

randomly assigned to each ID code before participants were recruited.  As shown in the 

tables below, there were clear differences in the collective strengths of the members of 

Groups A and B.  

Table 4.11: Peak extension torque characteristics of each Experiment III participant group. 

  Peak Extension τ mean (s; max – min) 

  Group A Group B Full Cohort 

H
H

D
 

 S I 47.1 (20.3; 20.6 – 78.7)    31.2 (7.9; 19.5 – 41.8) 39.2 (17.0; 19.5 – 78.7)   

S II 50.0 (25.5; 20.6 – 94.9)  40.0 (10.7; 25.0 – 56.0) 45.0 (19.7; 20.6 – 94.9) 

L
S

M
D

 

 S I 59.0 (34.9; 19.7 – 120.2)  41.6 (17.7; 21.5 – 77.2) 50.3 (28.8; 19.7 – 120.2) 

S II 62.8 (39.0; 19.2 – 143.9)  43.4 (14.5; 23.7 – 65.1) 53.1 (30.3; 19.2 – 143.9) 

C
y
b

ex
 

 S I 46.1 (22.6; 16.5 – 76.6)  31.8 (10.3; 18.3 – 54.5) 39.0 (18.6; 16.5 – 76.6) 

S II 47.3 (26.1; 19.5 – 93.0)  38.0 (10.4; 21.5 – 51.3) 42.6 (19.9; 19.5 – 93.0) 

 

Table 4.12: Peak flexion torque characteristics of each Experiment III participant group. 

  Peak Flexion τ mean (s; max – min) 

  Group A Group B Full Cohort 

H
H

D
 

 S I 44.4 (18.8; 16.6 – 75.5)    40.6 (10.5; 26.8 – 59.8) 42.5 (14.9; 16.6 – 75.5) 

S II 52.6 (23.1; 21.0 – 85.2)  38.8 (8.7; 27.2 – 54.3) 45.7 (18.4; 21.0 – 85.2) 

L
S

M
D

 

 S I 45.0 (19.4; 20.8 – 68.8)  35.7 (10.3; 19.8 – 51.3) 40.3 (15.9; 19.8 – 68.8) 

S II 49.1 (21.1; 23.0 – 77.2)  36.6 (10.2; 21.7 – 52.9) 42.9 (17.4; 21.7 – 77.2) 

C
y

b
ex

 

 S I 50.9 (23.2; 23.4 – 91.6)  40.3 (11.3; 24.0 – 60.4) 45.6 (18.6; 23.4 – 91.6) 

S II 55.3 (23.3; 26.7 – 87.2)  44.5 (13.3; 28.1 – 72.6) 49.9 (19.2; 26.7 – 87.2) 

The relative variance and range of strength measurements for each group of 

participants is given in Table 4.11 and Table 4.12.  The overall trends of the strength 

values collected from Groups A and B can be illuminated further with a modified scatter 
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plot.  To create these plots, the author ranked each of the measurements in the data set of 

interest in order of increasing magnitude. The data were then plotted as rank versus 

measured torque. 

 

Figure 4.3: Experiment III HHD torque measurements ranked in order of magnitude  

(Mean torque of cohort and subgroups A and B shown as solid and dashed vertical lines). 

The demonstrable trends in the HHD data shown in Figure 4.3 were found for the 

LSMD and Cybex data, as shown below in Figure 4.4 and Figure 4.5.  

 

Figure 4.4: Experiment III LSMD torque measurements ranked in order of magnitude  

(Mean torque of cohort and subgroups A and B shown as solid and dashed vertical lines). 
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Figure 4.5: Experiment III Cybex torque measurements ranked in order of magnitude  

(Mean torque of cohort and subgroups A and B shown as solid and dashed vertical lines). 

With the apparent strength differences between Groups A and B taken into 

consideration, the possibility of significant covariance between participant group and 

peak torque of set was examined.  This was achieved via bivariate correlation analysis 

performed using SPPS wherein the magnitude and significance of the Pearson 

correlation coefficient was used to determine the strength of the linear relationship 

between the two variates. 

 Table 4.13: Covariate analysis of group versus peak torque of set. 

   Extension Flexion 

  Device r Sig. † r Sig. † 

Group 

vs. 

τmax 

S
es

si
o

n
 I

 HHD -0.478 0.033* -0.129 0.587 

LSMD -0.315 0.177 -0.302 0.195 

Cybex -0.393 0.086 -0.292 0.211 

S
es

si
o

n
 I

I HHD -0.259 0.270 -0.383 0.096 

LSMD -0.329 0.157 -0.371 0.107 

Cybex -0.239 0.309 -0.288 0.219 

† Two-tailed significance used at the 0.05 level. 
* Significant relationship found. 
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The relative variance, means, and distributions of each group’s torque 

measurements were investigated to ensure no fundamental violations were committed of 

the requisite assumptions for ICC calculations.  As explained in Section 3.3.2, the 

skewness and kurtosis of each subset of torque data were verified to be equal to or less 

than ±2, indicating that the data were normal and homoscedastic, and as such did not 

violate the fundamental assumptions of ANOVA-based ICC analysis. 

Each set of trials contained three repeated measurements spaced 30 seconds 

apart.  The repeatability (precision under identical conditions) of each device was 

estimated by comparing the full cohort’s repeated measurements to within each set.   

Table 4.14: Experiment III intra-rater reliability results. 

 Extension Flexion 

  CI95   CI95  
 ICCcon(3, 1) [LB , UB] dCohen ICCcon(3, 1) [LB , UB] dCohen 

HHD 0.975 [0.948 , 0.989] 15.0 0.969 [0.935 , 0.986] 12.9 

LSMD 0.996 [0.991 , 0.998] 34.6 0.965 [0.924 , 0.985] 12.5 

Cybex 0.975 [0.947 , 0.990] 15.0 0.915 [0.829 , 0.964]   7.9 

Note: all results significant at the 0.05 level.  No significant between-judges 

interactions were detected 

Note that only the first session was used to calculate this measure of reliability due to 

the fact that Observer α and β split data collection duties in Session II, adding rater as a 

potential cofounding variable should the full cohort’s Session II data be analysed 

together.  In light of this, the effect of the observer on measurements taken with a 

specific device was examined by comparing Group B’s Session I and II peak torque 

data.  This inter-rater reliability, a measure of reproducibility, is presented below in 

Table 4.15. 
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Table 4.15: Experiment III inter-rater reliability results. 

 Extension† Flexion† 

  CI95   CI95  
 ICCaa(2, 1) [LB , UB] dCohen ICCaa(2, 1) [LB , UB] dCohen 

HHD 0.575 [-0.107 , 0.891] 2.7 0.875 [0.597 , 0.967] 5.1 

LSMD 0.897 [0.653 , 0.973] 6.8 0.856 [0.526 , 0.962] 5.6 

Cybex 0.654 [0.040 , 0.904] 3.6 0.876 [0.397 , 0.971] 6.9 

Note: all results significant at the 0.05 level 

† Includes effect of session change (refer to Figure 3.12) 

The longer-term test-retest stability of each measurement device was examined 

using Group A’s peak torque data from each session.  This inter-session reliability is 

given below for all three measurement devices along with associated effect sizes. 

Table 4.16: Experiment III inter-session reliability results. 

 Extension Flexion 

  CI95   CI95  
 ICCaa(2, 1) [LB , UB] dCohen ICCaa(2, 1) [LB , UB] dCohen 

HHD 0.909 [0.695 , 0.976]   6.0 0.854 [0.297 , 0.966] 5.2 

LSMD 0.959 [0.852 , 0.989] 11.3 0.938 [0.725 , 0.985] 9.7 

Cybex 0.916 [0.700 , 0.978]   7.5 0.933 [0.738 , 0.983] 9.1 

Note: all results significant at the 0.05 level 

In the interests of visualizing the respective magnitude each device’s reliability 

coefficient, the individual reliability measures were plotted on shared axes, grouped by 

device, type of reliability and motion.  Shown below in Figure 4.6, each ICC value 

includes the respective 95% confidence interval. 
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Figure 4.6: Relative reliability of selected elbow strength measurement devices. 
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4.2.2 Validity Assessment 

Validation of the LSMD was completed for the Session I extension and flexion 

data using the full cohort’s paired peak torque values for each device.  Qualitative 

comparisons were completed using modified LoA methodology, while linear regression 

was used to quantify the respective validity for each motion.  Throughout the validity 

analysis, the HHD and Cybex data were compared in parallel with the purpose of 

checking that the methodology produced results that agree with published results. 

 

Figure 4.7: Difference vs. Average scatter plots with OLS fits (Session I). 
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Following Ludbrook’s methodology [106], scatter plots of the differences 

against averages were constructed for each case.  The OLS regression lines shown above 

in Figure 4.7 are given in Table 4.17 along with the respective 95% confidence intervals 

for each coefficient.      

Table 4.17: Differences on averages OLS results for Session I. 

  Scatter of Difference (M1-M2) vs. Average (½(M1+M2)) 

Comp. Motion r2 a CI95 for a b CI95 for b 

HHD 

vs. 

Cybex 

Ext. 0.038 3.787 [-5.901, 13.475] -0.092 [-0.320, 0.136] 

Flex. 0.178 7.199 [-4.382, 18.780] -0.233 [-0.480, 0.015] 

LSMD 

vs. 

Cybex 

Ext. 0.511 -8.186 [-18.759, 2.388] 0.438 [0.226, 0.649] 

Flex. 0.208 1.824 [-5.469, 9.118] -0.164 [-0.322, -0.005] 

Note the following relationships for OLS regression of plots of differences on averages: 

i. [a = 0] No fixed bias between measurement methods ( 4.1 ) 

ii. [b = 0] No proportional bias between methods ( 4.2 ) 

The confidence intervals, CI95, for each coefficient should contain zero for each 

hypothesis to be supported.  By Table 4.17, it is clear that in both LSMD flexion and 

extension the slope of the line of best fit did not include zero.  Indeed, this result was 

significant at the 5% level for b in both flexion and extension.  If the data were 

homoscedastic, the slope would be indistinguishable from zero, with an intercept of zero 

indicating no fixed bias.  In each case above, the CI95 for the intercept coefficient 

contained zero, although these results were not significant at the 5% level for any of the 

data. 

As outlined in Appendix B.3.3, when heteroscedasticity is detected in the 

‘classic’ scatter plots of differences on averages and transformation of the data is not 
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desirable, Ludbrook [107] recommends WLP regression of the values of one method on 

the other.  However, owing to the fact that WLP regression narrows the confidence 

intervals and ruins the symmetry about the line of unity, Ludbrook [103] cautioned that 

one ensure true heteroscedasticity exists before applying WLP.  To determine whether 

unweighted OLP analysis would account for any proportional bias detected, the Session 

I device versus Cybex data were plotted along with the corresponding ordinary least 

product lines of best fit. 

 

Figure 4.8: Device vs. Cybex scatter plots with OLP fits (Session I). 
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In addition to the OLP regression lines given in Table 4.18, the plots above 

include the line of unity representing the ideal case of no fixed or proportional bias (a 

line with a slope of 1 and intercept at 0).  

Table 4.18: Summary of OLP results for Session I. 

Comp. Motion r2 a' CI95 for a' b' CI95 for b' 

HHD 

vs. 

Cybex 

Ext. 0.809  3.456 [-5.070, 11.981] 0.916 [0.739, 1.136] 

Flex. 0.774  5.939 [-3.338, 15.215] 0.803 [0.636, 1.014] 

LSMD 

vs. 

Cybex 

Ext. 0.818 -9.217 [-23.083, 4.649] 1.528 [1.239, 1.885] 

Flex. 0.901  1.526 [-4.955, 8.007] 0.852 [0.730, 0.995] 

Reviewing the OLP hypotheses from Appendix B.3.3: 

i. [a’ = 0] No fixed bias between measurement methods ( 4.3 ) 

ii. [b’ = 1] No proportional bias between methods ( 4.4 ) 

As shown in Equation (B.53) and (B.54) from Appendix B.3.3, acceptance or rejection 

of these hypotheses was based on whether the respective CI95 contained the target 

number.  In all four cases above, the 95% confidence interval for the sample’s intercept 

parameter (a’) contained zero, indicating that hypothesis (i) of Equation (4.3) was not 

rejected.  Hypothesis (ii) of Equation (4.4) was rejected at the 95% confidence level in 

both LSMD cases, as none of the confidence intervals for the LSMD vs. Cybex sample’s 

slope parameter (b’) contained one. Note that a slope of 1 is expected when examining 

the line of best fit for plots of method 2 versus method 1, as that would indicate that the 

two methods have approximately the same variance at all levels. 
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Table 4.19: Hypothesis testing for OLP model of Session I data. 

Comparison Motion Hypothesis (i) Hypothesis (ii) 

HHD 

vs. 

Cybex 

Ext. Supported Supported 

Flex. Supported Supported 

LSMD 

vs. 

Cybex 

Ext. Supported Rejected 

Flex. Supported Rejected 

As explained in Appendix B.3.3, both hypotheses are required to be supported 

for the linear fitting model to be valid.  Evidently, based on the scatter plots of Figure 

4.8, the assumption of no proportional bias was violated for the LSMD but not the 

HHD.  Thus, the proportional error must be addressed with either log-log 

transformations or weighted regression.  Given that a transformation of the data would 

make interpretation less clear and that the final regression line could be used to calibrate 

the LSMD, weighted least products linear regression was used. 

Table 4.20: Summary of WLP results for Session I. 

Comp. Motion r2 a' CI95 for a' b' CI95 for b' 

HHD 

vs. 

Cybex 

Ext. 0.792 2.640 [-5.813, 11.092] 0.941 [0.667, 1.216] 

Flex. 0.696 0.617 [-9.890, 11.125] 0.928 [0.636, 1.22] 

LSMD 

vs. 

Cybex 

Ext. 0.810 -9.022 [-26.627, 8.583] 1.513 [0.870, 2.155] 

Flex. 0.884 -1.459 [-8.005, 5.087] 0.922 [0.736, 1.108] 

Using Equation (B.53) and (B.54) along with the WLP regression formulas described in 

Table 4.20, each data set was examined for the presence of proportional and fixed bias, 

yielding Table 4.21.  Clearly by the table below, both of the requirements for Model IIA 

were fulfilled, justifying the use of the WLP to correct for the heteroscedasticity and 

fixed bias detected earlier.    
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Table 4.21: Hypothesis testing for WLP model of Session I data. 

Comparison Motion Hypothesis (i) Hypothesis (ii) 

HHD  

vs. 

Cybex 

Ext. Supported Supported 

Flex. Supported Supported 

LSMD 

vs. 

Cybex 

Ext. Supported Supported 

Flex. Supported Supported 

Having satisfied these conditions, the WLP were used to construct the plots below using 

Ludbrook’s [107] modified v-shaped 95% LoA methodology (Equation (B.52) of 

Appendix B.3.3). 

 

Figure 4.9: Limits of Agreement for HHD and LSMD (Session I). 
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4.3 Calibration of the LSMD Using in situ Data 

Having established the WLP formulas for the LSMD on Cybex data, the 

coefficients of each of these regression formulas were substituted into Equation (3.10) to 

obtain calibration equations shown in Equations (4.5) and (4.6).  Each of these 

calibration equations were applied to the LSMD data collected in Session II as a means 

of testing the efficacy of the calibration process. 

𝜏𝑒𝐶𝑎𝑙 =
1

1.513
(𝜏𝑒 + 9.022 Nm) ( 4.5 ) 

𝜏𝑓𝐶𝑎𝑙 =
1

0.922
(𝜏𝑓 + 1.459 Nm) ( 4.6 ) 

where τeCal and τfCal refer to the calibrated torque for the LSMD based on the respective 

measured outputs τe and τf. 

Scatter plots of the untransformed data from Session II are shown below in the 

top half of Figure 4.10.  When applied to the Session II data, the transformations yield 

the scatter plots and lines of best fit shown on the bottom of Figure 4.10. 
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Figure 4.10: Session II LSMD torque data before (top) and after (bottom) calibration. 

The individual lines of best fit shown above were derived via WLP regression.  

The regression coefficients for each WLP fit are summarized in Table 4.22 along with 

the associated confidence intervals and an estimate of the proportion of variance 

explained by the linear fit (r2).  All slope parameters (b’) listed in Table 4.22 were 

significant at the 95% level. 
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Table 4.22: WLP regression equations for SII WLP data pre- and post-calibration. 

Comp. Motion r2 a' CI95 for a' b' CI95 for b' 

L
S

M
D

 v
s.

 C
yb

ex
 

M
e
a

su
re

d
 

Ext. 0.885 -9.220 [-21.973, 3.534] 1.451 [1.006, 1.895] 

Flex. 0.855 -2.666 [-10.856, 5.523] 0.912 [0.700, 1.124] 

C
a

li
b
ra

te
d
 

Ext. 0.885 -0.203 [-7.380, 6.974] 0.964 [0.732, 1.196] 

Flex. 0.855 -1.315 [-8.841, 6.212] 0.990 [0.806, 1.174] 

After applying the calibration formulas to the Session II data, each measurand 

was examined in terms of the difference between the Cybex and LSMD torques.  The 

effect of calibration on the LSMD data is clear from comparisons of these residuals. 

Table 4.23: Effect of calibration on SII LSMD torque data. 

  τ (Nm) ∆τ (Cybex – LSMD) (Nm) 

 Motion Cybex LSMD mean |min| |max| s 

As Measured 
Ext. 42.642 53.089 -10.447 1.495 50.938 13.397 

Flex. 49.888 42.852 7.036 0.652 24.215 7.176 

Calibrated 
Ext. 42.642 41.059 1.583 0.501 14.331 6.861 

Flex. 49.888 48.069 1.820 0.237 18.529 7.235 

Visualizing the respective distributions of Cybex and LSMD torques on the same 

axis provides a clear view of the impact that the use of SI data to calibrate SII data has. 

Figure 4.11 aligns the paired measurements for each device both ‘as measured’ and after 

calibration of the LSMD.  The effect of calibration on the mean difference between 

devices and spread of the residuals is readily apparent from these distributions.  
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Figure 4.11: Effect of calibration on SII LSMD data. 
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5 Discussion 

The LSMD was originally designed as a component of the BioTone™ system, 

intended for muscle tone assessment in persons with upper motor neuron syndrome 

resulting from brain or spinal cord injury.  Upper motor neuron syndrome can result in 

increased muscle tone (resting tightness of muscle) and spasticity (involuntary 

contraction when stretched) [108].  Strength assessment is a key parameter for managing 

muscle tone and limb function of patients with limb paresis. 

Indeed, muscle strength is reported to be the best predictor of long-term post-

stroke function of the upper limbs [109, 110].  Harris et al. found that isometric strength 

measurements of elbow flexion and extension at 90° was the best means of predicting 

upper-limb function in activities of daily living among persons with chronic stroke 

[110].  Meta-analysis of recent studies indicates that the use of strength training as an 

intervention strategy significantly improves upper-limb function for individuals with 

mild to moderate upper-limb motor impairment due to stroke [111].  Despite the 

debilitating effect of spasticity and apparent efficacy of interventions focused on 

weakness, authors have identified a lack of reliable (especially inter-rater) spasticity 

assessment tools [16, 112].  The BioTone system was created to fill this gap, leading to 

the development of the LSMD as an accurate means of assessing flexor and extensor 

strength at the elbow and knee [1, 113].  Establishing the validity and reliability of the 

LSMD relative to key competing devices was paramount not only to the successful 

adoption of the LSMD going forward, but to confidence in data already collected using 

the LSMD [4–6]. 
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5.1 Testing of the LSMD in simulacra 

Fundamental to the operation of any measurement system is the expectation that 

the individual components function as designed.  The LSMD is, at its heart, a 1-DoF 

load cell suspended in an adjustable aluminum frame that holds the load cell with a line 

of action perpendicular to the surface of the forearm.  Strength measurements therefore 

contain random and systematic error from biological, mechanical, and electrical sources, 

which are inseparable when evaluated in-situ [37].  As such, the primary elements of the 

LSMD— load cell and structural frame—were first examined in isolation of biological 

variability.  

Inspecting Table 4.1 reveals that, while all three sample load cells consistently 

underestimated the applied load (by an average of 0.54, 1.47 and 0.29 lbs for Sample 1, 

2 and 3 respectively), the second load cell displayed a higher mean difference compared 

to the other load cells examined despite having a comparable standard deviation (0.22 

lbs in all three cases).  The average non-linearity characteristics given in Table 4.3 

revealed that the third trial of the second load cell was particularly non-linear (7.15%), 

though all three of that load cell’s trials were found to be outside the manufacturer’s 

specified linearity of ±0.15% [81].  The first and third load cell tested were within the 

manufacturer’s linearity specifications, with respective mean non-linearity values of 

0.01% and 0.08%.  The results of testing on the second cell were provided to the 

engineer responsible for LSMD manufacturing, who dealt with the non-linearity using 

manufacturer-supplied calibration instructions.  

It should be noted that the non-linearity detected is attributable to the entire 

system of the load cell plus the BioSI, computer and BioTone software, and, as such, we 
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would expect the electronics to account for some additional non-linearity compared to 

an isolated load cell [114].  Even accounting for these effects, the non-linearity and 

mean error detected in the second load cell was deemed unacceptable.  As a result of 

Experiment I, the errant load cell was removed from circulation to be recalibrated30.  

Subsequent analysis revealed that the recalibrations were successful. 

The ICC-based investigation of the reliability of the isolated load cell and 

associated data acquisition software provided further proof that potential reliability 

deficits detected in Experiment III were not attributable to the load cell and its 

associated data acquisition components.  As shown in Table 4.4, even before 

recalibrating the second load cell, inter-device reliability comparing the load cells to a 

digital scale used to pre-measure the static loads revealed excellent reliability (average 

trial ICCaa(2, 1) values of 0.999, 0.994 and 1.000 for sample 1, 2 and 3, respectively).  

Similarly, Table 4.5 shows that the three load cells were found to have an exemplary 

inter-rater reliability of 0.998 (by ICCaa(2, 1) criteria).  Table 4.6 showed that comparing 

each load cell’s repeated measurements yielded an ICCcon(3, 1) value of 1.000 for each 

sample—indicating perfect reproducibility31.   

By the nature of the construction of ICCs (refer to Equations (B.10) and (B.13)), 

one would not expect to detect significant reliability deficits for the experiment design 

given in Section 3.1.2.  By design, the effect of the observer on the data was minimized, 

as was the effect of random error in the measurand.  What remained was any random 

 
30 After Experiment I, the full population of 15 LC703-300 load cells owned by the IBME were checked 

and, where necessary, recalibrated using the manufacturer-supplied 5-point calibration data. 
31 The ICCcon(3, 1) definition is inherently blind to systematic error and will always yield higher ICC 

values than a comparable Case 2 analysis would. 
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error not accounted for, the systematic error attributable to the ‘judges’ (each 

measurement device) and variance in the target (each of the 11 loads of interest from 0 

to 220 N).  This effect is magnified in the case of the reproducibility measure due to the 

blindness of Case 3 ICCs to systematic error.  A review of the small variances presented 

in Table 4.1 and mean errors shown in Figure 4.1 confirms that the software, sensors, 

and electrical components are likely to be the smallest contributors to error in LSMD 

measurements in situ.  

Notable flaws in the design of Experiment I were the choice of the following: 

• Number of samples: Too few samples were chosen (3) from the full population 

of load cells (15).  The entire population should have been tested. 

• Test range: The author limited the range of tested loads to 0 – 220 N based on 

clinical measurements taken in a previous study [4].  While this range is likely 

suitable for a clinical population, Table 4.9 shows that a larger maximum testing 

load (approximately 240% higher) would be required to cover the measurement 

range of the healthy adults sampled in Experiment III. 

• Loading conditions:  

o The effect hysteresis should have been investigated by measuring load-

unloading effects within the full scale and biologically expected ranges.  

o Temperature effects should have been investigated by completing the 

experiment under minimum and maximum room temperature for the 

expected operating conditions for medical devices (5 – 40 °C [115]). 

Verifying the reliability of the load cells in Experiment I was critical to correctly 

interpreting the biases detected in the Experiment III data collected with the LSMD in 
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situ.  The resultant extension and flexion force data collected from human participants is 

inseparable from natural biological variation present in the sample [105, 106].  In 

practice, while systematic error can be minimized, this natural biological variation 

affects the strength measurements taken by any device.  Accordingly, the verified 

reliability of the system formed by the load cell, BioSI and computer running BioTone 

software allows us to attribute any bias detected among the Experiment III data to 

sources external to those components.  Finally, the analysis of Experiment I data using 

ICC and regression techniques yielded consistent, plausible results based on 

manufacturer reliability data.  These results lend credence to the veracity of the author’s 

analytical design for interpreting the data collected in Experiment III.   

Experiment II examined the capabilities of the LSMD in flexion using an 

apparatus designed to simulate a human arm. The behaviour of the LSMD across the 

range of input forces, arm dimensions and surface variations examined helped to 

establish expectations of the device’s behaviour under load in Experiment III.  The 

LSMD’s frame was originally designed to self-stabilize at 90° in flexion and extension 

as outlined in Section 3.2.1 (Figure 3.5 and Table 3.2).  As shown in Table 4.7, 

Experiment II confirmed that sudden slip failure occurred at or just before the 

application of the 89 N load for both foam shapes in each arm configuration.  Figure 5.1 

gives an illustration of the general slip behaviour observed in Experiment II.   
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Figure 5.1: Illustration of slip failure mechanics in Experiment II with increasing load. 

In each of the four loading scenarios, the experimenter observed that the foam 

pad representing the arm analogue at the proximal contact point deformed to fit the 

contour of the LSMD’s padding.  A mutual conformation occurred between the LSMD 

pad and arm analogue (Figure 5.1.iii), with the harder anatomically shaped pads 

deforming less but causing increased deformation in the LSMD pad (refer to Figure 

C.1).  This deformation was subtle at 22 N load but became more obvious as the load 

was increased until friction and yielding of the foam pad could no longer maintain static 

equilibrium and critical failure occurred (Figure 5.1.iv) just before or soon after the 

application of the 89 N plate load. 
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The effect of the difference in consistency between the coated and uncoated 

portions of the pad was increasingly apparent as the load increased.  Initially, slight 

bulging (inset of Figure 5.1.ii) and deflection (inset of Figure 5.1.i) indicated that 

displacement of the foam was occurring, with mutual conformation between LSMD pad 

and arm analogue (inset of Figure 5.1.iii) becoming more pronounced as loading 

increased.  As Figure 5.1 shows progressing from (i) to (iv), the LSMD slipped upward 

and posteriorly as the retarding effect of friction and elastic deformation increasingly 

failed to resist the net imparted force on the device.  As the LSMD slipped, the interior 

‘elbow’ angle became more acute, further shifting the net imparted force from purely 

vertical (Figure 5.1.i), to an increasingly superior-posterior loading.  Ultimately, the 

shape and size of the arm analogues had little effect on the LSMD’s ability to stabilize, 

with the apparent prevailing factor remaining deformation of the analogue material 

itself.  

Lastly, it should be noted that the net motion in the superior-posterior direction 

seen during slip, if seen in Experiment III, would invalidate the previously measured 

lever arm, adding error to future torque calculations, even if the LSMD ultimately 

settled post-slip.  With that in mind, the author strictly observed the in situ positioning 

of the LSMD throughout all trials to ensure these effects were minimized. 

In summary, the in simulacra testing of the LSMD convincingly demonstrated 

that controlled experiments were required to validate the LSMD for applications related 

to rehabilitation and sport science.  While the isolated load cell examination indicated 

that two of the three Omegadyne LC730-300 load cells were within manufacturer stated 

specifications, the third required (and received) a recalibration.  The observed behaviour 
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of the LSMD in Experiment II indicated that the design of the LSMD was not solely 

responsible for the observed self-stabilizing behaviour of the device in situ, prompting 

the author to collect extensive anthropometric measurements for the arms of participants 

in Experiment III.  Ultimately, these measurements were not required to explain the slip 

mechanics, as detailed observations of how participants used the device revealed subtle 

micro-adjustments were made by participants to maintain device stability. 

5.2 The LSMD’s in situ Reliability and Validity 

The final experiment of this thesis was based on inter-device testing in human 

subjects.  The choice of the Cybex as the standard measure was based on overwhelming 

evidence [8, 22–27] that isokinetic dynamometry represents the ‘gold standard’ for limb 

strength measurements.  HHD, on the other hand, provided an effective lower bound for 

our comparisons by virtue of its sheer prevalence and acceptance in clinical settings [9, 

11, 26, 45].  Despite the broad acceptance of fixed-IKD devices, such as the Cybex, as 

an accurate strength measurement tool, it is still susceptible to methodological flaws and 

rater/subject variance [24, 64, 116].  To ensure all three devices were shown the same 

level of scrutiny, the full experimental and analytical procedure carried out with the 

LSMD was repeated with the Cybex and HHD despite both those instruments having 

been researched in depth across a variety of sources. 

5.2.1 Representativeness of the Sample 

A sample should be representative of the population it is taken from.  Among the 

healthy adult population, elbow strength data is known to be normal and homoscedastic 

[92, 98].  It follows that, at a minimum, a representative sample of healthy adults would 

also be homoscedastic and normally distributed.  The skewness and kurtosis criteria 
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described by George and Mallery [99] were used to confirm this for the data collected in 

Experiment III.  The magnitudes of the strength data collected from the sample should 

also reflect that of the population.  While normative elbow strength data is not possible 

to obtain at the population level, some groups [92, 98] have managed to obtain very 

large samples that are representative of their respective populations [117].  In each case, 

the authors provided regression formulas based on anthropometric data for use in 

calculating an approximation of an individual’s isometric strength based on 

anthropometric properties (height, weight, age, sex, etc.)32.  Flexion and extension data 

from Hogrel et al. is given below in Table 5.1 along with the associated regression-

based estimates of the Experiment III samples. 

Table 5.1: Expected Exp. III torques based on sample anthropometry and population data. 

  τHogrel (Nm)† 

  Extension Flexion 

  Mean σ Mean σ 

‘Population’ narticle
‡ 32.9 7.3 54.3 11.4 

Full Cohort A+B 37.6 6.6 61.5 10.5 

Split by Group 
Grp A 39.9 6.6 64.7 10.5 

Grp B 35.3 6.6 58.3 10.5 
† Based on regression formulas found in Table 5 of Hogrel et al. [92]. 
‡ Stated sample size of 262. Proportional splits between sex and handedness assumed. 

Comparing the ‘population’ level strength data to the expectations of Group A 

and B based purely on their respective anthropometric compositions indicates that the 

sample used in Experiment III was uniformly stronger than would be expected based on 

‘population’ strength data. In fact, based only on their anthropometric data, the 

participants in Group A would be expected to be nearly a full standard deviation 

stronger than the population mean.  By the same methodology, Group B should be half a 

 
32 The Hogrel et al. regression equations were used over those of the NIMS paper owing both to the fact 

that they were written in terms of elbow torque rather force and to the former’s superior modelling of the 

data (ext./flex. R values of 0.87/0.85 for Hogrel et al. and 0.74/0.77 for the NIMS regression equations). 
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standard deviation stronger than the population.   

Using Hogrel et al.’s anthropometric-based regression equations yields group 

expectations that confirm that the strength trends displayed in Figure 4.3, Figure 4.4 and 

Figure 4.5 are related to the natural variation in participants.  That is to say: the random 

assignment of participants into Group A or B did not adequately spread the strongest 

and weakest persons out evenly. This is a consequence of the small sample size rather 

than a fundamental flaw in the experimental design.  The possible covariance between 

group and peak elbow torque was confirmed to be non-significant at the 0.05 level for 

all but the Session I HHD extension measurements (results summarized in Table 4.13).  

Based on a review of the notes taken during testing, the HHD extension results may 

have been affected by the fact that two members of Group A slid the experimenter 

across the floor during their Session I HHD extension trials.  Both participants were 

among the first group of persons tested, with the difficulty encountered (outlined in 

Table K.1) leading the testers to adopt wider stances and to wear footwear in future 

testing sessions.  These changes were made because the benefits (correct collection of 

HHD data in 34 of the 40 test sessions) outweighed the risk (introducing a variation in 

protocol). 

The relationship between expected and measured data is illustrated in Figure 5.2.  

It is immediately obvious that Group A was stronger in extension on average than one 

might expect based on their anthropometric characteristics.  While this was most 

dramatic in the uncalibrated LSMD measurements, all three devices measured the same 

general behaviour: strengths above or close to two standard deviations from the normal 

based on the Hogrel et al. regression formulas with a comparatively large variance in 
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which the strongest and weakest individuals fell well outside the 95% confidence 

interval for expected torques (τHogrel ± 2σ, represented by the pink horizontal lines in the 

plot).  Indeed, the strongest individuals in Group A were found to be more than three 

standard deviations from the norm (irrespective of device, test session or observer).  

Group B was also stronger in extension than flexion on average, as shown in the top 

right corner of Figure 5.2.   

 

Figure 5.2: Comparison of measured33 to expected torques based on anthropometrics. 

 
33 LSMD torques shown as measured (not corrected using calibration formulas). 
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Unlike Group A, the 10 persons assigned to Group B displayed a range of elbow 

extension torques that represented the expected mean and variances well, at least under 

the assumption that Hogrel et al.’s regression equations (developed using patient data 

collected across hospitals in France) are representative of the younger, healthy adults 

used in Experiment III. 

Perhaps the most interesting phenomenon apparent in Figure 5.2 is the obvious 

strength deficiency in flexion displayed by each group across all conditions34.  The 

source of this systematic weakness is apparent from inspection of Figure 4.5— a small 

subgroup of individuals who are very weak in flexion (>2s from the mean) were present 

in both groups.  As with extension, Group A had the three strongest individuals in 

flexion, though the relative magnitude of their strength in flexion was less dramatic 

compared to population norms.  The resulting data were representatively distributed 

about a mean that, while smaller than ideal due to the clusters of weak individuals, was 

within two standard deviations of the predicted norm.  The most likely source of the 

inter-group strength differences was strength development associated with resistance 

training (known to produce significant differences in elbow strength data [118]), as the 

survey results of Table 4.8 indicated a 40% of Group A had recent strength training 

experience compared to only 10% of Group B. 

The higher extension strength and lower flexion strength of the sample relative 

to the population data is best exemplified by calculating the ratio of extension to flexion 

strength.  Askew et al. established that for isometric elbow strength this ratio is 61% for 

healthy normal adult populations [119].  This ratio has largely held as a rough estimate 

 
34 Comparison of the raw force data from the HHD and LSMD with the relevant MVIC database [98] 

yielded the same general trends as the torque data. 
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of comparative elbow strength for various other large data sets: NIMS found ratios from 

68-73% depending on sex and dominant arm [98]; and Hogrel et al. found ratios from 

56-62% depending on sex [92].   

As Table 5.2 shows, while the expectation of the sample torque ratio was 61% 

based on Hogel et al.’s regression equations35, the sample’s torque ratios ranged from 

85-125% as measured.  The regression-based ratio was expected to be in the ranges of 

the Hogrel et al. population since the regression formulas for τHogrel were derived from 

that population data.  The presence of inter-device variation is clear in comparing the 

strength ratios, as are the proportional bias issues in the uncalibrated LSMD. The 

overestimation of extension and underestimation of flexion strength is related to 

measurement bias caused by the LSMD design, as explained in Section 5.3 and 

ameliorated by calibration using Equations (4.5) and (4.6).  Unsurprisingly, given how 

the proportional bias was accounted for, the calibrated LSMD data had a strength ratio 

similar to that of the Cybex. 

Table 5.2: Isometric elbow strength ratio for Experiment III sample. 

   Mean τ (Nm) Ratio 

   Extension Flexion (Ext. / Flex.) 

 τHogrel 
† 37.6 61.5 61% 

As Measured 

HHD 
SI 39.2 42.5 92% 

SII 45.0 45.7 98% 

LSMD 
SI 50.3 40.3 125% 

SII 53.1 42.9 124% 

Cybex 
SI 39.0 45.6 86% 

SII 42.6 49.9 85% 

Calibrated LSMDCal SII 41.1 48.1 85% 
† Full cohort with regression formulas from Table 5 of Hogrel et al. [92].   

 
35 Note that the data set of Hogrel et al. was older on average than that of Experiment III, and as such is 

more representative of the intended clinical users of the BioTone system. 
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These comparisons provide a window of insight into how the sample used 

compares to a large clinical data set, and, accordingly, affords the reader a stronger basis 

upon which they can judge the practical significance of the reliability ratings for the 

LSMD based on their potential circumstances of use.  This oft-neglected aspect of 

reporting is essential to correctly judging the usefulness of a new device in practice [37, 

107, 120]. 

5.2.2 Reproducibility of Measurements Between Observers 

The inter-rater reliability statistics indicate that all three devices measure flexion 

strength with excellent reproducibility in the population sample tested.  As shown in 

Table 4.15 along with the corresponding flexion reliability data, only the LSMD 

displayed high reproducibility in extension for the observers and sample measured.  The 

most likely reasons why the Cybex and HHD displayed poor reproducibility between the 

measurements of Observers α and β centre on extrinsic and intrinsic protocol variations.  

As shown below in Table 5.3, the relationship between components of variance used in 

the formulation of the reliability coefficients can provide insight into the differences 

between devices. 

Table 5.3: Significance of the between-judges component of variance for ICC tests. 

 Extension Flexion 

Note: n = 10 Fj
 † pj 

† Fj
 † pj

 † 

Inter-session 

ICCaa(2, 1) 

[Group A] S
I 

v
. 
S

II
 HHD 0.9 0.372 8.4  0.017* 

LSMD 1.3 0.283 4.5 0.064 

Cybex 0.1 0.721 3.3 0.104 

Inter-rater 

ICCaa(2, 1) 

[Group B] 

α
 v

. 
β

 HHD 24.5  0.001*  1.4 0.260 

LSMD  0.6 0.470  0.2 0.634 

Cybex  7.3  0.025*  7.4  0.023* 

† Refer to notation of Table B.1. 
* Significant relationship found. 
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Examining the between-judges data for inter-rater reliability listed in reveals a 

notable consistency in the Fj and pj values for the Cybex in extension and flexion.  

These data suggest that, for the Cybex, the source of the between-judges component of 

variance in inter-rater reliability is independent of the type of elbow motion (flexion or 

extension).  Referring to Equation (B.4), the F-value gives an estimation of the 

proportion of variance owed to differences in the judges compared to that of the error 

term.  So, for the inter-rater reliability, the extension and flexion data displayed variance 

in the between-judges component that was 7.3 and 7.4 times larger, respectively, than 

the random error.  As the associated pj values indicate, these were significant 

contributors to the total variance between the sample means.  The consistency of the 

between-judges error component across motions lends credence to the idea described in 

Appendix L.3—that the source of variance between raters was related to how each 

observer aligned the elbow and dynamometer axes of rotation, and specifically to their 

choice of elbow adapter height.   

Thus, the poor inter-rater reliability of the Cybex in extension was due to a 

confluence of the points discussed above: known differences in the observers’ estimates 

of the axial alignment between biological and mechanical axes (Table 5.3); a depressed 

reliability coefficient caused by the sample’s comparatively small between-subject 

variance36; and a cluster of systematic error sources unique to individual performance37 

that were not attributable to the device or observer.  The last two effects were further 

exaggerated by the small sample size of the sub-group (10 participants). 

 
36 Refer to Appendix L.4 for detailed discussion on the intra-group differences in the Cybex data. 
37 Described in detail in Appendix L.5. 
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The data in Table 5.3 provide clear evidence that the between-judges component 

of variance is large in magnitude and statistically significant for the HHD extension data 

used to calculate the inter-rater reliability. As discussed previously and highlighted by 

Observer α in the original testing notes (Appendix K), this is due to the variation in 

posture chosen by Observer α and its notable inability to resist extension forces 

compared to the standard pose used by Observer β.  In contrast to the extension motion 

with the HHD, both observers used identical techniques for the HHD in flexion, and 

accordingly, the associated between-judges component of variance is insignificant with 

a comparable magnitude to the error component.  The liability of HHD measurements to 

error related to observer positioning and stability is both intuitive (immediately apparent 

when a simple free-body diagram is constructed of the observer-subject interaction, as 

shown in Figure 2.7) and established in the literature [29, 32, 87].  

The HHD is notable among the three devices tested for being highly susceptible 

to error related to deficits in observer strength relative to that of their subject [30–32, 34, 

86, 88].  As Figure 5.2 illustrated, the extension strength of Group B was higher than 

expected while the flexion strength was notably lower than anticipated.  With this in 

mind, it seems plausible that the effect of the variation in extension testing form 

between raters was exacerbated by a demonstrable imbalance in subject strength 

between motions, bringing established observer/subject-strength related flaws in the 

HHD to the surface for only one of the two motions.   

Table 5.3 indicates a single case where the between-judges component of 

variance was significant for the inter-session reliability data, with an Fj value indicating 

that the between-judges variance was 8.4 times larger than the error term for the HHD in 
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flexion.  For the inter-session reliability calculations, the ‘judge’ factor refers to the 

session in which the data were collected.  For these calculations, only the data for 

Observer α and Group A were used.  As such, the differences between observers 

discussed for the inter-rater calculations did not impact these reliability calculations.  As 

explained in Appendix L.2, the source of the comparatively poor inter-session reliability 

for the HHD in flexion was a cluster of 3 high-strength individuals who slid on the 

testing surface in only one of their two test sessions.  

5.2.3 Repeatability of Measurements 

In contrast to the inter-rater and inter-session reliability data, the intra-rater 

reliabilities of Table 4.14 were uniformly excellent across all devices and motions 

tested, with ICCcon(3, 1) values greater than 0.9.  These results are unsurprising based on 

the nature of the protocol, the mathematical model used and the results of Experiment I.  

In accordance with the repeatability conditions outlined by the NIST [121], the protocol 

(Figure 3.12) was designed to minimize sources of systematic error through tight 

controls on the instrument, observer, conditions, procedure and timing of each stage.  

With this in mind, the primary source of error for this testing model is biological 

variation (random error), allowing the mathematical model of the right-most column of 

Table 3.5 to be used.  On account of the minimization of systematic error, the Case 3 

ICC model used is ideal for this type of repeatability testing [9].  However, as explained 

by Weir [122], the use of a Case 3 ICC with data for-which the between-judges error 

component was significant is mathematically incorrect because it disregards a 
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considerable source of error38.  While no considerable between-judges interactions were 

found for the intra-rater data of Table 4.14, the inter-rater and inter-session data had 

multiple interactions of significance, as evidenced by Table 5.3.  Had an ICCcon(3, 1) 

model been applied to the inter-session and inter-rater data, the results would have been 

artificially inflated, yielding high reliability scores that ignored key error sources. 

5.2.4 Device Performance Relative to Literature Expectations 

Schrama et al. [9] created a set of 11 criteria for assessing the methodological 

quality of a strength measurement study.  Shown in Table M.1 of Appendix M, the 

criteria were chosen from widely accepted diagnostic accuracy standards and checklists.  

The protocol, analysis, and results detailed in Chapter 3 and 4 were well aligned with 

Schrama et al.’s quality assessment criteria, with Experiment III having passed 10 of 

their 11 quality criteria.   

Table 5.4: Recommended cut-off values for ICC acceptability. 

Reliability Recommended Cut-Off Source(s) 

Intra-rater ICCcon(3, 1) > 0.90 [9, 123, 124] 

Inter-rater ICCaa(2, 1) > 0.75 [9, 123] 

Inter-session ICCaa(2, 1) > 0.75 [9, 123] 

Overall reliability of the study 
≥ 75% of listed ICC 

values are >0.75 
[125] 

Note: where more than one cut-off value was recommended in the literature, 

the most stringent value was chosen. 

Schrama et al. provided a set of recommended cut-offs for ICC results in 

strength measurement studies that were specific to the type of reliability being 

measured.  These cut-offs are shown above in Table 5.4.  The guidelines of Lohr et al. 

 
38 Quite literally!  Compare Equation (B.10) to (B.13)—the ICCcon(3, 1) model disregards the between-

judge component of variance.  
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[123] and Kottner et al. [124] were used to supplement the recommendations of 

Schrama et al. by providing a clinical viewpoint on minimal standards for ICCs.  The 

analysis of van Trijffel et al. [125] provided a logical set of boundaries for judging the 

meta-reliability of a study that lists many ICC values associated with a single protocol.  

The ICC results from Experiment III were evaluated using the acceptability 

criteria of Table 5.4, with all three devices passing the van Trijffel et al. meta-reliability 

standards [125].  As shown below in Table 5.5, the LSMD had reliabilities well above 

the cut-off values for each measure of reliability and each elbow motion.  Aside from 

their respective failures to yield acceptable inter-rater reliabilities in extension, both the 

Cybex and the HHD performed acceptably across each reliably metric.  The listed 

rankings relative to each device show that the LSMD was the most reliable device in all 

but two of the six scenarios. 

Table 5.5: Acceptability-based inter-device comparison of Experiment III reliability data. 

 

Acceptability of reliability results (relative rank)  

[Acceptable results underlined] 

 

Intra-Rater  

ICCcon(3, 1) 

Inter-Rater† 

ICCaa(2, 1) 

Inter-Session 

ICCaa(2, 1) 

 Extension Flexion Extension Flexion Extension Flexion 

HHD 0.975 (3rd) 0.969 (1st) 0.575* (3rd) 0.875 (2nd) 0.909 (3rd) 0.854 (3rd) 

LSMD 0.996 (1st) 0.965 (2nd) 0.897 (1st) 0.856 (3rd) 0.959 (1st) 0.938 (1st) 

Cybex 0.975 (2nd) 0.915 (3rd) 0.654* (2nd) 0.876 (1st) 0.916 (2nd) 0.933 (2nd) 

† Includes effect of session change (refer to Figure 3.12). 
* Failed to meet acceptability criteria due to protocol variations that were exacerbated  

  by sample size and biological variability particular to the sample subgroups. 

The intra-rater reliability of each of the established devices fell within the 

window of expectation.  This comports with the HHD data presented in studies by 
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Visser et al. [43], Bohannon and Lusardi [126], Bohannon [127] and Aufsesser et al. 

[128].  Similarly, the Cybex data align with the intra-rater reliabilities reported by 

Mathur et al. [58], Ekstrand et al. [73], and Stratford and Balsor [87]. 

It should be noted that, by the nature of the experimental design (Figure 3.12), 

the inter-rater data of Table 5.5 includes the effects of the 1-2 week spacing between 

sessions that are included in the inter-session data.  This quirk of the protocol design 

was made to balance the comparatively large number of tests being performed with the 

need to reduce fatigue effects by minimizing testing time and total number of MVICs 

required from each participant.  As a result, the systematic error associated with the 

temporal delay is inexorably intertwined with the systematic error owed to change in the 

observer.  The effect of this additional error source is a larger ‘pool’ of potential 

systematic error that may impact the inter-rater reliability results of each device.  Thus, 

the potential effect of session change should be noted when comparing Table 4.15 to the 

results of other experiments.  When considering these results within the overall context 

of Experiment III, this caveat need not apply, as all three devices (LSMD, HHD, Cybex) 

received identical treatment in these respects, and, as such, the comparative assessment 

of each device’s results is not affected by the session change.  However, for the 

purposes of contextualizing individual device results within the literature, effect of 

session change on the inter-rater reliability is notable.  Two studies provide a touchstone 

for comparison of inter-rater reliability between sessions: Kilmer et al. [44] and Visser 

et al. [43]. 
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5.2.4.1 HHD Performance Relative to Literature Expectations 

Visser et al. [43] examined the inter-rater reliability of an HHD and a fixed-

dynamometer39 using a pool of 11 adults suffering from progressive lower motor neuron 

syndrome using two trained observers and a pair of test sessions spaced two hours apart.  

Their intra-rater elbow flexion ICCs (form not given) ranged from 0.97–0.99 with the 

HHD to 0.95–0.98 with the fixed-dynamometer.  For elbow extension, they reported 

ICCs values of 0.97 with the HHD and 0.99 with the fixed-dynamometer.   

As listed below in Table 5.6, Kilmer et al. reported inter-rater reliabilities 

between sessions spaced by 7-10 days, with HHD ICCs (form not given) of 0.96 in 

flexion and 0.87 in extension of the elbow using their healthy adult control group (n = 

11) [44].  Across range of muscles tested with the HHD on their control group, they 

reported inter-rater ICCs ranging from 0.72–0.96 in the 9 upper limb muscle groups and 

0.38–0.84 among the 3 lower limb muscle groups [44].  Kilmer et al. did not report 

inter-rater ICCs for their fixed-IKD data.  

Table 5.6: Selected HHD test results for Kilmer et al. healthy control group. 

 Intra-rater Reliability  Inter-rater Reliability 

 Session 1 Session 2   Session 2 Session 3  

 τpeak ± SEM τpeak ± SEM ICC †  τpeak ± SEM τpeak ± SEM ICC † 

Elbow Ext. 37.0 ± 3.5 35.0 ± 3.3 0.89  36.7 ± 3.4 34.9 ± 3.5 0.87* 

Elbow Flex. 52.1 ± 5.4 52.4 ± 5.3 0.97  53.6 ± 5.0 53.2 ± 4.6 0.96 

† Authors did not specify forms, they appear to have used ICC(2,k) or ICC(3,k). 

*Significant difference between test sessions detected (p < 0.01). 

Kilmer et al. examined the intra-rater reliability of fixed-IKD measurements for a subset 

of muscle groups, reporting excellent ICCs for the knee extensors and flexors in the 

 
39 The fixed-dynamometer was an instrumented platform known as the Quantitative Muscle Assessment 

(QMA) system. 
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control group (0.96 and 0.95, respectively, with the extensor measurements noted as 

having been significantly different between sessions at the 0.01 level).  They reported 

poorer ICCs for the shoulder extensors and flexors (0.82 and 0.67), despite their having 

found high correlation coefficients for the shoulder extensors and flexors in the cohort 

with neuropathic weakness (0.92 and 0.94).  Unfortunately, they did not report fixed-

IKD measurements of the elbow flexors or extensors.  While limited in statistical depth 

and rigor, they did report on a comparative analysis of the fixed-IKD with the HHD for 

shoulder and knee measurements, noting that the HHD measurements of knee extensors 

with both the control and affected groups were significantly lower than the 

corresponding fixed-IKD measurements (at the 0.01 level).  Kilmer et al. reported that 

the remaining strength measurements (knee flexors and shoulder extensors/flexors) were 

not significantly different between the fixed-IKD and HHD devices [44].  

The HHD’s inter-rater reliability in flexion (Table 5.5) was smaller than, but 

comparable to, values reported by Kilmer et al. [44] and Visser et al. [43].  Most 

literature sources report inter-rater reliabilities for HHD measurements of elbow 

extension that are comparable to those found in flexion [43, 129, 130].  Despite those 

expectations, the performance of the HHD in extension was in stark contrast to its 

flexion performance in Experiment III.  Based on statistical and observational evidence, 

this was attributed to an interaction between sample-specific strength characteristics and 

a disparity in the extension protocols used by observers α and β.  These conclusions are 

supported by Byl et al. [32] and Kilmer et al. [44], who provide cogent arguments for 

interaction between technique, strength and stability in HHD measurements of the 

upper-limb.  
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While their overall experimental design and methods were informative, Kilmer 

et al.’s [44] choice of a repeated-measures design, exclusion of inter-rater fixed-IKD 

examination, and failure to sufficiently describe the ICC model used made their elbow 

ICC data (Table 5.6) less helpful in a direct comparison with the results of Experiment 

III.  Indirectly, however, the full body of Kilmer et al.’s work was more revealing–the 

authors reported higher inter-rater HHD ICCs in their affected population (0.86–0.97) 

than their normal, markedly stronger, participants (0.38–0.96).  These results were not 

limited to the usual suspects like the powerful quadriceps muscles but included the 

comparatively weak ankle dorsiflexors (ICC of 0.38 for the normal controls and 0.86 

among the affected group).  The authors attributed this to difficulty in stabilizing the 

HHD during ankle dorsiflexion in the healthy control group that was less noticeable in 

the group affected by neuropathic weakness.  They suggested that, when measuring 

affected individuals, the larger strength imbalance in favour of the tester reduced the 

impact of the difficult stabilization throughout the ankle joint motion [44].  This 

relationship between the strength of the tester, their ability to stabilize the HHD during 

testing and the strength of the test subject was also noted by Byl et al., who postulated 

that these factors influenced the inter-rater reliability of their HHD measurements of 

healthy adult elbow flexors [32].  The impact of differences in tester technique and 

relative strength was revealed when Byl et al. examined individual testing notes after 

their HHD measurements of the elbow yielded excellent intra-rater reliability but poor 

inter-rater reliability.   

As occurred in Experiment III, reports of instrument instability were much more 

frequent for one of the two observers and were linked to the strongest individuals of the 
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measured cohort, with Byl et al. attributing the difference to one tester’s comparatively 

superior testing technique [32].  These results align with the work of Wikholm and 

Bohannon [30], who also concluded that tester strength affected elbow flexion strength 

measurements with the HHD.  Using three observers and two test sessions spaced a 

week apart, they reported inter-session ICCs (form not given) of 0.64, 0.68 and 0.94 for 

elbow flexion measurements made by their three raters on a healthy adult cohort (n = 

27).  Wikholm and Bohannon also reported weak inter-rater reliabilities (0.78 and 0.77 

for the two sessions).  Similarly to Experiment III, the authors reported excellent intra-

rater reliabilities for elbow flexion (0.85–0.96, depending on the particular session and 

observer) [30]. 

Taken together, the work of Kilmer et al. and Byl et al. provide a basis in the 

literature for the conclusion that the poor inter-rater reliability for the HHD in extension 

(Table 5.5) was, in the present study, caused by the variation in extension testing form 

between observers, the results of which were intensified by the fact that Observer α’s 

technique was poorly suited to maintaining dynamometer stability for the strongest 

individuals.   

The susceptibility of the HHD to measurement error in high-strength subjects 

was also apparent in the inter-session data.  While the subgroup used for the inter-

session reliability testing contained more individuals with extreme strength 

characteristics (Figure 5.2), the same tester examined all 10 individuals in both sessions, 

removing the variation in form that exacerbated the effect of the HHD’s known 

susceptibility to strength and stability-related error on the inter-rater reliability data.  

The consistency in observer across session and tendency for similar observer-subject 



  

119 
 

interactions between session explains the relatively small impact of adverse 

stability/strength events associated with Group A’s HHD data compared to the inter-

rater data.  As noted, however, there were extrinsic errors among the strongest 

individuals in Group A that occurred in only one of their individual flexion test sessions.  

The effect of strength and stability-specific errors is most apparent when one examines 

the lower bounds of the inter-session CI95 for each device in Figure 4.6.  While the 

imbalance between observer/subject strength did not dramatically affect the inter-

session reliability, individual session-specific strength-stability interactions occurred that 

led to a broad lower bound for the inter-session HHD reliability data in flexion.  

Despite the broader confidence intervals, the HHD’s inter-session reliability in 

flexion and extension (Table 5.5) was comparable to those of other literature sources 

that examined the elbow, including: Douma et al. [78], Phillips40 et al. [130], and 

Balogun et al. [129].  The higher inter-session reliability reported for the Cybex in 

elbow flexion than extension is not incongruent with the literature, with both Lund et al. 

[54] and Ekstrand et al. [73] having noted a similar imbalance in reliability between 

elbow motions using IKDs.  In addition to finding the same trend toward higher 

reliability in flexion than extension in IKD measurements of the elbow, Bassan et al. 

[131] reported that fixed-IKD measurements displayed the same trend.  Comparing the 

inter-session reliability for the Cybex data collected in Experiment III to the literature, 

both the flexion and extension fell within expectations based on fixed-IKD studies of the 

 
40 After accounting for their choice of reliability coefficient (ICC(1, 1)). An ICCcon(1, 1) model would 

produce analogous results to Phillips et al. with the inter-session HHD flexion data from Experiment III. 
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elbow by Mathur et al. [58], Bassan et al. [131], Prieske et al. [132], and McCrea et al. 

[133].  

5.2.4.2 LSMD Performance Relative to Literature Expectations 

The data collected on the Cybex during Experiment III resulted in satisfactory 

inter-rater reliability for flexion, with the reliability comparable to shoulder studies by 

Leggin et al. [134], knee studies by Keskula et al. [116], Eitzen et al. [135] and Johnsen 

et al. [136], and ankle studies by Karnofel et al. [137] and Chester et al. [138], although 

the latter five papers used isokinetic dynamometry.  It should be noted that isokinetic 

dynamometer-based examples provide a comparison for the Experiment III Cybex 

reliabilities due to the similarity in protocol and device used, but that isometric and 

isokinetic strength data are not interchangeable.  The peak isokinetic torque produced at 

a given rate of rotation is not directly predictive of the maximum isometric contraction 

for the same muscle group [139].   

As with the inter-rater reliabilities for the HHD, the effect of session change on 

the Cybex data was intermingled with the inter-rater effects, contributing to slightly 

lower inter-rater reliabilities compared to most literature sources (which typically 

collected inter-rater data with only a short break between trials rather than the 1-week 

break of Experiment III).  Even accounting for the added effect of session change, the 

inter-rater Cybex data (Table 5.5) were outside literature-based expectations for elbow 

extension with other devices [43, 129, 130].  No ICC-based inter-rater reliability data 

were found in the literature for elbow extension using a fixed-IKD with adult subjects.  

While a research group has examined the topic [140], their paper used Generalizability 

coefficients, an appropriate statistic that is not directly comparable to an ICC.  
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As described in Appendix L, the alignment between biological joint axis and the 

Cybex mechanical axis is known to be variable in isometric testing [66, 67].  In 

particular, the observer must examine the relative axial alignment throughout testing, as 

the overall compliance of the user-device interface and relative movement of the limb 

segments between rest and MVIC conditions lead to axial misalignment during 

contraction [67].  While the resultant error in recorded torque is small, the effect itself is 

tied to the accuracy with which the rater aligns the subject on the device with respect to 

the dynamometer axis, providing additional room for inter-rater error that is intrinsic to 

the device itself.  Furthermore, even when the rater correctly aligns the elbow, the lack 

of device-provided stabilization for elbow throughout the measurements likely 

contributes to poor test-retest reliability [141].  This factor would only further 

compound error associated with inter-rater variation. 

These factors may explain the differing  inter-rater reliability between joint 

motions reported by Molczyk et al. [142] for knee extension/flexion measured by a 

Cybex fixed-IKD.  As in Experiment III, Molczyk et al. also reported a significant 

difference between testers in their reliability measurements.  Kakebeeke et al. [143] 

reported poor but nearly identical inter-tester reliability for elbow extensors and flexors 

using a fixed-IKD as those of Table 4.15.  These findings are further supported by 

Vermeulen et al. [144], who reported significant inter-rater variance in isometric elbow 

data for HHD and a fixed-dynamometer measurements. 
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5.2.5 Validity of the LSMD 

The Limits of Agreement plots provided in Figure 4.9 provide sufficient 

evidence for a prospective user of the LSMD to determine whether the device is a viable 

substitute for the Cybex with their population of interest.  The relative performance of 

the LSMD compared to widely used alternative to the Cybex, a microFET 2 HHD is 

readily apparent when comparing the top two plots to the bottom two: the uncalibrated 

LSMD has comparable validity to the HHD in flexion and extension.  For the sample 

examined in Experiment III, it is clear from Figure 4.10 that after calibration the LSMD 

is a valid measure of elbow flexion and extension strength. 

5.3 Measurement Bias in LSMD Extension and Flexion Measurements 

Returning to Table 5.5, we see that in each case the LSMD was more reliable in 

extension than flexion, primarily due to differences in the statistical characteristics of 

measurements taken with the LSMD in each motion.  As displayed41 in Figure 5.2, the 

LSMD extension data displayed a wider variance than either competing device.  The 

LSMD’s flexion data were comparable to the HHD and Cybex.  To illustrate this effect, 

the variance data from Table 4.11 and Table 4.12 were used to construct ratios of the 

variance of the HHD/LSMD over that of the Cybex.  Shown in Table 5.7, these ratios of 

variance revealed that the LSMD extension data displayed a variance approximately 

150% greater than that of either other device.  While these effects can be effectively 

addressed using post-hoc calibration going forward, the cause bears further discussion. 

 

 

 
41 Note the different scale along the y-axis for the extension and flexion plots. 
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Table 5.7: Ratios of variance for LSMD/HHD versus Cybex elbow torque measurements. 

   Ratio of Variance† sDevice / sCybex 

   Group A Group B Full Cohort 

   Ext. Flex. Ext. Flex. Ext. Flex. 

D
ev

ic
e H

H
D

  S I 0.90 0.81 0.77 0.93 0.91 0.80 

S II 0.98 0.99 1.03 0.65 0.99 0.96 

L
S

M
D

 
 S I 1.54 0.84 1.72 0.91 1.55 0.85 

S II 1.49 0.91 1.39 0.77 1.52 0.91 

† Previously noted errors effect these data but the influence is further obfuscated   

  by the fact that these data are ratios, intermixing the device-associated errors.  

Note that the effects seen above were not related to error in measuring the elbow 

joint centre distance—the same effects were detected for the unconverted force data (as 

shown in Table 4.9 and discussed in detail in Appendix J).   

Clearly by Table 5.7, the LSMD underestimates flexion and overestimates 

extension (at least before applying Equations (4.5) and (4.6)).  This effect is due to the 

mechanical design of the LSMD.  Specifically, the orientation of the LSMD during each 

motion changes the effective lever arm, granting an extension strength advantage and 

flexion strength disadvantage that impacts the final measurement proportionally to the 

strength of the user (noting that torque is the cross product of force components with 

their associated lever arms).  
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Figure 5.3: Lever arm and relative loading during flexion and extension with LSMD. 

 As shown in Figure 5.3, the means by which the LSMD stabilizes on the arm 

(deformation of the foam and human tissue as the user flexes/extends their arm) creates 

these conditions.  In each case, as the primary contact areas are engaged by the user’s 

arm, the deformation of complaint surfaces allows the interior angle of the arm to shrink 

or grow, creating a difference in the measured force by the LSMD that is skewed by the 

change in lever arm from anatomical (elbow joint centre to point of wrist contact) to 

LSMD-effective lever arm (denoted e and f above). 
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The extension configuration has an additional advantage depending on the 

positioning of the device.  As the top right corner of Figure 5.3 shows, when the middle 

pad contacts the crux of the elbow, the line of action (shown in green) of the middle pad 

may fall on the forearm side of the elbow joint centre. In those cases, an additional 

torque would be provided that would inflate the apparent extension strength as read by 

the device.  This possibility can be eliminated by positioning the device as superior as 

possible, ensuring the middle pad only contacts the biceps, however doing so requires 

the right combination of arm length and girth at each contact point. 

As a result of these factors, individuals with large extension strengths on the 

LSMD can take advantage of the proximal and middle pad’s effective lever arm to 

greatest effect. Similarly, large flexion strengths are penalized by the LSMD most due to 

the user’s ability to make the right angle more acute. 

While differences between the assumed limb dimensions and user anatomy plays 

a role in this effect (as described in Section 3.2.1), the measurements of Experiment III 

indicate that the primary driver of the LSMD’s under estimation of MVIC force in 

flexion and overestimation in extension is the strength of the user and their ability to 

deform the device as described.  Under this paradigm the theoretical limits of under and 

over estimation of MVIC force are when the user manages to shift the load bearing 

surfaces to be solely the proximal and distal foam surfaces, as shown in Figure 5.4. 
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Figure 5.4: Effect of joint angle on lever arm during LSMD measurements. The green vertical line 

indicates peak anatomical accuracy and the red vertical line represents the worst-case error (wherein the 

proximal and distal pads bear all contact forces). 

It is important to note that the design flaw of the LSMD is only apparent for 

extremely strong individuals and that this flaw can be ameliorated by calibration 

formulas (per Figure 4.9).  Regardless, if one considers the intended use of the LSMD, it 

is clear that the device is well suited to that population (average to below-average adult 

strength). 

Even assuming the user is unable to deform the LSMD as described above, the 

slip conditions described in Section 3.2.1 and the measurement bias discovered in 

Experiment III can both be traced back to the loading response.  Two possible loading 

extremes are shown in Figure 5.5 for each configuration of the LSMD.  Loading 

response at the wrist is shown in blue.  Assuming the loading response is vertical as 

shown, the reactions at the proximal and middle pad will intersect at a point along the 

vertical passing through the wrist response.  The geometry of the LSMD is such that two 

ranges loading conditions at the middle and distal pads exist: intended use conditions are 



  

127 
 

shown as green arrows at a green locus along the blue line; error conditions are shown 

as orange arrows intersecting at an orange locus.

 

Figure 5.5: Correct and incorrect loading conditions of LSMD with associated errors. 

In flexion configuration, the net reaction at the proximal pad should point downward.  

As the locus downward a critical condition is reached when the reaction at the proximal 

pad passes the horizontal—once both upper-arm pads have reactions pointing upward 

the stability of the LSMD is dependant on friction between the device and arm. 

In extension configuration, the net reaction at the middle pad should point above the 

elbow joint centre, indicating that the loading is borne by the upper arm. Once the line 

of action of the middle pad’s reaction is on the forearm side of the elbow, the user is 

able to benefit from the moment arm advantage previously described 

Lastly, during Experiment III it was noted that very strong individuals were able 

to deform the LSMD in the sagittal direction (due to the single attachment point for the 
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foam pads being on the lateral side of the device), allowing additional contributions 

from the forearm supinators.  This only occurred with the two strongest individuals, 

both of whom fell outside two standard deviations of the norm for adult male flexion 

and extension strength.  Given the positive effect of calibration on the validity of the 

device and the clear advantages of the LSMD shown with respect to reliability, the 

tendency of extremely strong individuals to warp the device in the sagittal plan seems 

relatively insignificant.  This design flaw is acceptable in comparison to using a two-

sided device, which is limiting for the intended population (difficult to don/doff, is 

uncomfortable in flexion when the medial bar presses against their body). 

5.4 Calibration of the LSMD 

The need for calibration of the LSMD using Equations (4.5) and (4.6) is clear 

when the formulas developed from Session I are applied to the independent data from 

Session II (as shown in Figure 4.10 and Figure 4.11).  Given that these formulas were 

derived from a small sample (20 persons) of comparatively strong persons, the 

generalizability of the calibration formulas must be confirmed on a different sample of 

users.  A single session, single rater, measurement protocol that uses both the LSMD 

and Cybex in flexion and extension for a healthy normal adult group of equal or greater 

size to that used in Experiment III would suffice. This task remains a key element of the 

future work required for the LSMD. 

Once confirmed with an intendant sample of users, these formulas should be 

applied to the device via the BioTone software, modifying the data measured by the load 

cells before display within the software.  
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It should be noted, however, that in practice, while validity assessments can be 

quantified by regression and comparative plotting methods, there is inherently an 

element of subjective assessment that should be left up to the individual end-user.  This 

element of subjectivity stems from the fact that one can only test a sample and 

extrapolate that to a population.  Accordingly, it should be left up to a prospective user 

to judge whether the LSMD can be safely substituted for a more traditional 

measurement method.  The healthy normal population data presented in Figure 4.9 will 

provide a solid basis for an experienced clinician to infer the LSMD’s suitability for 

their individual needs.  Accordingly, future literature supplied with the LSMD should 

include the Limits of Agreement plot of Figure 4.9 or a similar version created using the 

new sample discussed above and a calibrated LSMD. 

5.5 Relative Positioning of the LSMD 

A visual analog scale showing the position of the LSMD relative to the two 

benchmark devices used, the MicroFET 2 HHD and Cybex Humac Norm, was 

constructed.  Shown below in Figure 5.6, the lowest value is marked on the left of the 

visual analogue scale and the highest on the right.  A standard 100 mm horizontal scale 

is used, with a device positioned at both the minimum and maximum point.  For 

example, the line for reliability is calculated using the mean value for each device across 

the reliability metrics of Table 5.5.  The best device, the LSMD, is marked 100 mm 

away from the worst device, the HHD, with the intermediate device marked 75 mm 

from the HHD since the difference between the mean Cybex and HHD reliability 

(0.057) is 75% of the difference between the mean LSMD and HHD reliability (0.076).  

Validity was calculated using the mean difference between the Cybex and the HHD, 
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LSMD, and calibrated LSMD torque, using the average of the flexion and extension 

measurements in Session I42.  Based on the effects of operator technique and expertise 

discussed in Section 5.2, the line for ‘Operator expertise required’ was marked using the 

average for each device across inter-rater and inter-session reliability data (Table 5.5).  

Portability was calculated using the mass and dimensional data listed in Appendix A, 

with cost estimated based on private invoices for the HHD and Cybex devices like the 

ones used in Experiment III and a rough estimate of the pre-commercialization cost of 

the LSMD.  As discussed in Section 2.2, the difference between the three devices in the 

realm of operator strength requirements is binary—only the HHD relies on the 

operator’s strength to stabilize the device.  

 

Figure 5.6: Relative positioning of the LSMD and benchmark competitor devices. Fixed length visual 

analogue scale used (i.e., maximum – minimum value = 100 mm, values between the extrema are marked 

along the line from left to right using a linear scale to divide the fixed length). Where markings would 

overlap, they are placed side by side for ease of reading. 

 
42 Only Session I data were used here to exclude the potential confounding effects of change in observer. 
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6 Conclusions and Recommendations 

6.1 Conclusion 

The reliability and validity of the LSMD, a novel strength testing device, were 

found to be comparable to established commercial devices for maximum voluntary 

isometric contraction of the elbow flexors and extensors in healthy adults.  While the 

device was designed to be self-stabilizing on the user’s arm, observations of the device 

under simulated and normal use conditions indicated that subtle postural adjustments of 

the users were required to maintain positioning of the device on their arm.   

While comparable to the HHD and IKD in flexion, the inter-rater reliability of 

the LSMD was found to be superior in extension.  Validity of the LSMD measurements 

in flexion was confirmed, while the LSMD compared poorly to the IKD in extension for 

persons with high strength scores. Extremely strong users were able to leverage a 

peculiarity in the design of the LSMD to gain an advantage from the effective lever arm 

of the device that was longer than their elbow-to-wrist distance. While similar 

mechanics disadvantaged the LSMD in flexion, the effect was not substantial.  After 

applying the calibration formulas, the LSMD should provide a compact, lower cost 

alternative to the IKD with superior performance characteristics to the HHD. 

6.2 Recommendations 

Although it was shown that the LSMD was valid for strength measurements after 

applying the calibration formulas, a second round of testing should be employed to 

ensure that calibration is fit for purpose in a different sample.  These aims could be 

achieved using a single observer operating the Cybex and LSMD on each participant 

across a similar sized group (20 persons) in a single session. 
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The following design elements should be re-examined to overcome some of the 

shortcomings in the pre-commercial version of the LSMD.  Specifically: 

1. Investigate less complaint foam for the pads. Preventing pain during MVIC 

conditions should be the primary focus since the measurement properties of the 

device were shown to be equivalent to existing devices with the current pads. The 

rule of thumb to remember is that under intended use the foam should not 

compress significantly enough to meet the pain threshold of the intended users at 

95th percentile MVIC forces. 

2. Consider replacing the wrist contact area (distal pad) with a gently curved concave 

surface that follows the anatomical contours of the wrist surface at the point of 

contact. The surface should have a slight curvature that is roughly concentric with 

the arm.  This contact could be mounted to the existing bar used for the pads. Add 

a locking ring allowing the pad’s sagittal plane to be angled relative to the sagittal 

plane of the LSMD.  This would permit a therapist to accommodate abnormal arm 

positions (e.g., due to joint contractures or spasticity). 

3. After developing the wrist contact area, try a similar design to the proximal 

contact area but use more compliant foam and different shape. The pad should 

mimic the intended contact surface with a broader sweep of the concave area.  

Attempt to mimic the shape of a therapist’s hand when cupped over the anterior 

deltoid to brace a patient’s upper body. 

4. Write instructions for use that clarify the best device positioning to avoid slip and 

provide guidance to avoid poor device positioning for the intended users. 

Finally, an experiment using motion capture cameras to segments of the LSMD 

and user’s arm independently would be interesting to biomechanically analyze the 

mechanical deflections and force transmission characteristics under high flexion and 

extension strengths.  Quantifying the deflection of the LSMD under extreme user 

strengths would give further insight into the deformation mechanics observed for 

extremely strong individuals in Experiment III. 
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Appendix A: Selected Specifications for Measurement Devices Used 

Table A.1: Comparison of specifications for LSMD, Cybex and MicroFET 2 HHD 

Device 
Dimensions 

(cm) 

Mass 

(kg) 
Sensor Power 

L
S

M
D

 Arm 43 x 17 x 10† 1.45 Linear force: 

LC703-300 load cell (136 

kg max capacity) 

Internally powered: 

9 V battery 

Leg 55 x 29 x 10† 2.64 

Cybex 

[145] 

302 x 234 x 

152 
318 

Axially aligned torque: 

Torque (678 Nm max) 

and angle (500 °/s max) 

Wall connection : 

Isolated, 20 A 220 VAC 

single-phase line 

MicroFET 

2 [83] 
10 x 10 x 4 0.36 

Linear force: 

Internal load cell (136 kg 

max capacity) 

Internally powered: 

3.7 V battery (½ AA cell) 

† In folded position 

 

Table A.2: Comparison of mode of operation for LSMD, Cybex and MicroFET 2 HHD 

Device Configurations 
Display & 

Controls 

Patient 

positioning 
Output 

LSMD 

Adjustable sizing, 2 

measurement config. 

(flexion/extension). 

Separate devices for 

arm & leg. 

• Hand-held 

with display, 2 

button inputs 

• PC w/ display 

and software 

By design, 

device fits on 

user limb like 3-

point brace 

Peak value of 

measured flex/ 

ext at 90°; ‘as 

measured’ file is 

optional export† 

Cybex 

[145] 

Adjustable sizing, 

many measurement 

config. and 

accessories for 

different tests & user 

movements. 

• PC w/ display 

and software 

Patient strapped 

to chair; joint 

axis aligned 

with 

dynamometer 

Detailed report 

of measured 

torque & angle 

statistics; ‘as 

measured’ file 

optional† 

MicroFET 

2 [83] 

Configurable contact 

surface (finger size, 

curved & flat pads). 

No sizing required. 

• Integrated 

display, 2 

button & 1 

switch input 

Hand-held and 

aligned by 

examiner 

Displays the 

peak value of 

measured force, 

duration of test 

† Can export sensor data over time as .csv file. Cybex has advanced display & output options. 
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Appendix B: Extended Mathematical Background 

In this appendix, the key theoretical concepts and requisite statistical background for 

description of validity and reliability are addressed in detail. 

B.1 Describing measurement devices 

Requisite to describing the quality of a new measurement device and comparing 

it to other established devices is the clear definition of the terminology involved.  

National and international standards organizations have moved toward distinct, 

consistent definitions with which measurements and errors are described, as outlined in 

ISO 3534-1 [146]:  

• Measurand: ‘Quantity intended to be measured.’ 

• Trueness: ‘The closeness of agreement between the average value obtained 

from a large set of test results and an accepted reference value.  

NOTE- The measure of trueness is normally expressed in terms of bias.’ 

• Bias: ‘The difference between the expectation of the test results and an accepted 

reference value. 

NOTE- Bias is the total systematic error as contrasted to random error. There 

may be one or more systematic error components contributing to the bias. A 

larger systematic difference from the accepted reference value is reflected by a 

larger bias value.’ 

• Precision: ‘The closeness of agreement between independent test results 

obtained under stipulated conditions. 

NOTE 1- Precision depends upon the distribution of random errors and does not 

relate to the true value or the specified value 

NOTE 2- The measure of precision usually is expressed in terms of imprecision 

and computed as the standard deviation of the test results. Less precision is 

reflected by a higher standard deviation.’ 
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• Repeatability: ‘Precision under repeatability conditions, i.e., conditions where 

independent test results are obtained with the same method on identical test 

items in the same laboratory by the same operator using the same equipment 

within short intervals of time’ 

• Reproducibility: ‘Precision under reproducibility conditions, i.e., conditions 

where test results are obtained with the same method on identical test items in 

different laboratories with different operators using different equipment. 

NOTE- A valid statement of reproducibility requires specification of the 

conditions changed. Reproducibility may be expressed quantitatively in terms of 

the dispersion of the results.’ 

The relationship between the measurand, trueness and precision is illustrated below in 

Figure B.1. 

 

Figure B.1: Trueness and precision of measurements. 

Additionally, the nomenclature outlined in ISO 3534-3 is of importance in 

describing the combined effect of precision and trueness.  While previous standards 

used accuracy as the contrast to precision, trueness overtook that definition with 

accuracy re-aligned with the colloquial understanding of the term [147]:  
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• Accuracy: ‘The closeness of agreement between a test result and the accepted 

reference value. 

NOTE- The term accuracy, when applied to a set of test results, involves a 

combination of random components and a common systematic error or bias 

component.’ 

• Random error (of a result): ‘A component of error which, in the course of a 

number of test results for the same characteristic, varies in an unpredictable way. 

NOTE- It is not possible to correct for random error.’ 

• Systematic error: ‘A component of error which, in the course of a number of 

test results for the same characteristic, remains constant or varies in a predictable 

way. 

NOTE- Systematic errors and their causes may be known or unknown.’ 

That is to say, accuracy describes the combined effect of precision and trueness, and 

thus the difference in measurements due to all error sources.  

These individual elements of types of error, expressions of error and overall 

accuracy can be demonstrated using the analogy of shot patterns on a series of targets, as 

shown below in Figure B.2 (adapted from [148]). 
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Figure B.2: A classic illustration of accuracy. 

While the Trueness/Precision paradigm describes the accuracy of a measurement 

process or device well, the need for a reference value can limit the direct applicability of 

trueness in situations where a reference value for the measurand is unknown or 

impossible to obtain due to the nature of the systems being measured or the lack of an 

available instrument that can obtain the correct reference value.  In biological systems 

this reference value can be especially difficult to obtain [106].  In these situations, a 

more useful paradigm [149] is that of validity and reliability [121]:  

• Reliability: The measurements are repeatable and reproducible.  

• Validity: The device measures what it was designed to measure. Quantified by 

comparison of the device’s measurements against that of a ‘gold standard’. 
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Note that repeatable and reproducible are defined as established in ISO 3534-1.  

Reliability can be determined using the results of repeated measures made with 

the same measurement device.  Validity, on the other hand can be more elusive to 

quantify, especially in systems where the measurand represents something that can only 

be indirectly measured. In an effort to do so, the degree by which the measurement of 

interest differs from some standard measure is quantified.  As cautioned by Bland and 

Altman in these situations [150, p. 135]:  

“… when a new method is proposed we can assess its value by comparison only 

with other established techniques rather than with the true quantity being 

measured.  We cannot be certain that either method gives us an unequivocally 

correct measurement and we try to assess the degree of agreement between them.  

The standard method is sometimes known as the ‘gold standard’, but this does 

not- or should not- imply that it is measured without error.” 

The validity/reliability paradigm is related to but distinct from trueness/precision.  As in 

the previous figure, this paradigm can also be visualized in terms of the scatter of shots 

about a target.  
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Figure B.3: A valid illustration of reliability. 

Note that, unlike Figure B.2, the target analogy of Figure B.3 does not differentiate 

between the sources of error (random/systematic). 

As highlighted by Ludbrook [106], it should be assumed that both measurement 

methods being compared are attended by random error both from the act of performing 

the measurement and from natural biological variation.  When comparing measurement 

methods, one should be seeking to investigate the sources of systematic differences 

[106]:   

• Fixed bias: The methods of measurement differ by a constant amount across the 

range of measurand values.  



  

154 
 

• Proportional bias: The methods differ by an amount that is directly proportional 

to the level of the measurand.  

While investigating validity, it may ultimately come down to the value judgement of 

whether one method of measurement can be safely and practically substituted for the 

other, if the level and type of bias between the two methods can be quantified, it is 

possible to calibrate one against the other [105]. Implicit in the act of calibrating a 

method against another is the requirement that the standard method is worthy of being 

considered a gold standard. 

B.2 Evaluating reliability of measurements 

The validity and reliability of strength measurements is critical to the outcome of 

many therapeutic and clinical tests [11, 32, 44].  Accordingly, the quality of a new 

testing device can be directly tied to the validity and reliability of the measurements 

taken [37].  The measurement error of a useful device must not be greater than the 

smallest clinically relevant change in muscle strength.  Testing such devices requires an 

adequate understanding of the specific statistical concepts used for intra-device and 

inter-device examinations.  Inter-device comparisons examine the relative agreement 

between the results of measurements of the same measurand made under the same 

measurement conditions with different types of measurement devices (e.g., LSMD vs. 

Cybex, HHD vs. Cybex).  Explained in further detail in Section B.3, these statistics are 

taken to be measures of validity.  Intra-device comparisons examine the relative 

agreement between the results of sequential measurements of the same quantity using 

the same device (e.g., LSMD, Cybex, HHD) under identical conditions (repeatability) or 

with specific conditions changed (reproducibility).  Repeatability and reproducibility are 



  

155 
 

facets of the overall reliability of a device or measurement process.  These concepts are 

typically quantified in terms of the statistical dispersion of the results. 

Repeated, independent physical measurements of natural processes typically 

follow a normal distribution.  This fact is particularly useful because it satisfies one of 

the fundamental assumptions of the most powerful statistical methods— parametric 

statistical testing.  With the caveat that these tests require specific assumptions to be 

true, the ability to correctly draw a conclusion from a sample of a larger population 

makes these methods ideal for physiological measurement studies where sample sizes 

are often small.  Shown below in Figure B.4, the sample distribution is parameterized by 

the population mean, µ, and standard deviation, σ.  Variance, σ2, is a fundamental 

measure of the population spread and is equivalent to the imprecision.  These concepts 

are listed with their associated formulas and other related definitions in Appendix D. 

 

Figure B.4: Normal distribution theory. 

If mean and standard deviation are known, the probability of future observations 

falling inside a specific range of values can be stated (typically in the form of a 
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confidence interval).  Note that the conclusions drawn from these parametric techniques 

require the following assumptions are true: 

I. Normality: Normal distribution 

II. Homoscedasticity: Variance is finite and uniform across all variables 

Furthermore, samples are assumed to be are representative of the population of interest. 

B.2.1 Quantifications of reliability 

Reliability is typically stated as a ratio based on the sources of variance that 

contribute to the spread of values.  For measurement studies, the total variance observed 

among the data (σT
2) can be thought of as the sum of the variance due to error (σe

2) and 

the true variance in scores one would see in the population (σt
2).  The reliability 

coefficient (R), then, is simply the ratio of true variance to observed variance. 

𝑅 =
𝜎𝑡

2

𝜎𝑡
2 + 𝜎𝑒

2
 ( B.1 ) 

By inspection it should be clear that this ratio can vary between 0 and 1, with 1 

representing a case of zero variance due to error.  In practice, since the true scores of 

each subject are unknown, the variance between subjects is taken to be an index of true 

score variance [122]: 

reliability =
between-subjects variability

between-subjects variability + error
 ( B.2 ) 

Note the presence of the between-subjects variability term in both numerator and 

denominator—a sample in which the subjects are relatively homogenous will drive the 

relative reliability coefficient down whether or not there is only a small variability 
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between test measurements, as highlighted by the refactored version of Equation (B.2), 

below. 

reliability =
1

1 +  
error

between-subjects variability

 ( B.3 ) 

This inverse relationship between magnitude of the overall reliability coefficient and 

that of the between-subjects variability highlights the importance of not applying the 

resulting reliability estimate to disparate populations, a caution echoed across the 

literature [37, 102, 120, 122]. 

The most common measure of relative reliability involves the use of one or more 

ICC.  As highlighted by Atkinson and Nevill [37], the numerous definitions of the ICC 

can lead to different results when applied to the same data set.  This becomes 

problematic when authors fail to identify the form of ICC they use, making correct 

comparison between studies difficult at best [37, 122].  The correct choice of an ICC 

based on the design of an experiment was examined in detail by Shrout and Fleiss in 

1979 [102].  

Intraclass reliability coefficients (ICCs) take the form of modified versions of 

Equation (B.2), with the error term dependant on type of ICC chosen.  The between-

subjects variability and error terms in Equation (B.2) are estimated using an analysis of 

variance (ANOVA), a technique pioneered by Fisher in the 1920s to examine 

differences between group means for a continuous variable, separating variation into 

components based on specific conditions defined by classification variables [151].   
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Larson [152] provides an excellent primer on analysis of variance testing.  

ANOVAs compare the means among several levels of the factor(s), where a ‘level’ is a 

specific population with a response mean.  Factors are actions imparted on the 

individual unit by the experimenter or conditions they specify (e.g., in strength testing: 

the factor is the measurement of elbow torque in flexion and the unit is the human 

subject).  ANOVA models recognize two types of factors: fixed and random.  For fixed 

factors, the goal is to determine whether the response mean is different between factors, 

indeed these factors are the only ones of interest.  Random factors designs describe 

situations where the factor levels are random samples from a larger pool of potential 

levels.  For random factors, the intention is to examine random variance within a 

specific population.  ANOVAs can be broken into ‘fixed effects’, ‘random effects’ and 

‘mixed effects’ models corresponding to the examination of fixed factors, random 

factors, and the combination of fixed and random factors, respectively.  Aside from 

normality and homoscedasticity, the fundamental assumption of ANOVAs is that the 

data can be represented by model in which the effects of different factors are additive 

and that individual observations are independent of each other [152]. 

For each type of ICC, the effect of variation between targets and within targets is 

modeled by the type of ANOVA used, with some ICCs also including the interaction 

effect of the judge’s rating on the target and the random error component.  Each of these 

components are approximated using the expected mean square output from the specific 

form of ANOVA43.  These expected mean square values represent the average of the 

individual source of variance, calculated as the sum of the squares of the individual 

 
43 See Table 1 of [102] for the formulas used to estimate these sources of variation. 
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differences divided by df, the degree of freedom for the sum of squares (the number of 

independent observations used to create that sum) [102, 152].  These parameters are 

outlined below in Table B.1. 

Table B.1: ANOVA summary44. 

  Sum of Mean   

Source of Variation df Squares Square F p value 

Between targets n – 1 BSS BMS FB pB 

Within target n(k – 1) TSS WMS – – 

Between judges† (k – 1) JSS JMS FJ pJ 

Error† (n – 1)(k – 1) ESS EMS – – 

Total nk – 1 SST – – – 

† These rows do not exist for one-way ANOVA models 

The F and p value parameters listed in Table B.1 are measures of the relative 

size and significance of the source of variability in question. Shown in Equation (B.4) 

for the estimate of variation between judges, F is simply a ratio of the associated mean 

square value with that of the error term, giving an estimation of that variability relative 

to the error.  The larger the F statistic, the greater the evidence that the means being 

compared are not equal.   

𝐹𝐽 =
JMS

EMS
 ( B.4 ) 

 

The p value gives the likelihood that a random variable that has a Fisher 

distribution with the same number of degrees of freedom (df source, df error) would be 

larger than the F observed.  As the p value decreases so does the probability that the 

observed F ratio is due to random chance alone. These concepts are illustrated below in 

 
44 Adapted from content of Weir [122] and Shrout and Fleiss [102]. 
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Figure B.5 (adapted from [153, Fig. 3.16] and [154, Fig. K.1]), where the significance 

level of interest is labelled α (so if a 95% level of significance is desired, α = 0.05). 

 

Figure B.5: Illustration of Fisher distributions. 

Shrout and Fleiss describe six distinct forms of the ICC in terms of a reliability 

study of the ratings of multiple examiners.  In choosing the correct ICC the authors 

identify three questions that must be answered: “(a) Is a one-way or two-way analysis of 

variance (ANOVA) appropriate for the analysis of the reliability study? (b) Are 

differences between the judges’ mean ratings relevant to the reliability of interest? (c) Is 

the unit of analysis an individual rating or the mean of several ratings?” [102, p. 420].  

To answer the first two questions, one must choose an appropriate model for the 

reliability study in question.  Generally speaking, an inter-rater reliability study is 

comprised of k independent judges evaluating random samples of n subjects.  Shrout and 

Fleiss define three cases for this type of study, each with a different mathematical 

model: 
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1. A different set of k judges randomly selected from a larger population rates 

each subject. 

2. Each judge rates all n subjects, with the sample of k judges randomly picked 

from a larger population. 

3. All n subjects are rated by the same k judges (the only judges of interest).  

Case 1 is best suited to an ANOVA based on a one-way random effects design, while 

Case 2 and 3 are suited to ANOVAs based on two-way designs with the raters treated as 

random and fixed effects, respectively.  Both two-way designs treat the subjects as 

random effects.  The authors strictly define an ICC as “the correlation between one 

measurement (either a single rating or a mean of several ratings) on a target and another 

measurement obtained on that target”, where ‘target’ is synonymous with ‘subject’ for 

the purposes of strength testing studies.  This definition yields six unique ICCs across 

the three cases discussed. 

The three single rating cases outlined by Shrout and Fleiss can be expressed in 

the same forms as Equations (B.1) and (B.2) using the nomenclature listed in Table B.1, 

noting that in each case the ICC is an approximation of the true ratio of variances [102, 

155]. 

Rcase 1 =
𝜎𝑡

2

𝜎𝑡
2 + 𝜎𝑤

2
≈ ICC(1,1) ( B.5 ) 

where 𝜎𝑤
2 is the variance associated with the within-target effect. 

ICC(1,1) =
BMS − WMS

BMS + (𝑘 − 1)WMS
 ( B.6 ) 

ICC(1,1) =
target variability

target variability + within-target variability
 ( B.7 ) 
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Rcase 2 =
𝜎𝑡

2

𝜎𝑡
2 + 𝜎𝑗

2 + 𝜎𝑖
2 + 𝜎𝑒

2
≈ ICC(2,1) ( B.8 ) 

where 𝜎𝑗
2 and 𝜎𝑖

2 are the variances associated with the judge and interaction effects. 

ICC(2,1) =
BMS − EMS

BMS + (𝑘 − 1)EMS + 𝑘(JMS − EMS)/𝑛
 ( B.9 ) 

ICC(2,1) =
target var.

target var. +  judge var. + random error var.
 ( B.10 ) 

Rcase 3 =
𝜎𝑡

2 −  𝜎𝑡
2/(𝑘 − 1)

𝜎𝑡
2 + 𝜎𝑖

2 + 𝜎𝑒
2

≈ ICC(3,1) ( B.11 ) 

ICC(3,1) =
BMS − EMS

BMS + (𝑘 − 1)EMS
 ( B.12 ) 

ICC(3,1) =
target var.

target var. + random error var.
 ( B.13 ) 

 

To facilitate the correct choice of ICC for each aspect of Experiment III, the 

detailed decision-making process described by Shrout and Fleiss [102] was simplified 

into the flowchart shown in Figure B.6.  

Using this selection method, the appropriate ICC formulation can be used to 

describe a variety of different rater reliability studies.  The use of this system avoids one 

of most common pitfalls of ICC use identified in the statistical method study by 

Atkinson and Nevill [37]: failure to correctly identify the type of ICC used and 

conditions of its use.  It should be noted that Atkinson and Nevill cautioned that ICCs 

can be highly sensitive to sample heterogeneity and that researchers should give an 

appropriate confidence interval for their chosen ICCs as well as include a measure of 

validity such the Bland-Altman Limits of Agreement (LoA).  For data sets in which 

heteroscedasticity is detected the preferred methods of describing validity is the 

coefficient of variation (CV) or specialized variants of linear regression, as discussed in 

B.3.2 [37]. 
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Figure B.6: Visualization of Shrout & Fleiss’ recommended ICC selection method. 
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Weir [122] rigorously illustrated the stark contrast between Case 2 and Case 3 in 

terms of systematic error.  Of particular note is that, based on the notation of McGraw 

and Wong [156], Weir advocates the inclusion of a subscript indicating whether the ICC 

is measuring consistency or absolute agreement (i.e., ICCcon(3, 1) and ICCaa(2, 1)).  The 

distinction between these two situations is that the systematic error represented by the 

interaction between the judges and target (the JMS term of Table B.1) factors out of the 

denominator due assumptions inherent to Case 3 (explained in [102, p. 422]).  By virtue 

of the missing systematic error, a Case 3 analysis will always yield an ICC greater than 

or equal to one from a Case 2 analysis.  As a matter of best practice, Weir recommends 

that the p value for the judge component of the variance (JMS) be noted.  If this p value 

is significant it indicates that the systematic error is a significant component of the 

variability, making the Case 3 analysis an inappropriate representation of the ratio of 

variance—necessitating the use of a measurement methodology that would minimize 

systematic error [37, 122]. 

In addition to the standard cautions regarding relative reliability coefficients, 

Morrow and Jackson stressed the importance of not stating the statistical significance of 

ICCs.  Statistical significance (the ‘p value’) is a function of sample size rather than 

reliability.  That is to say—the p value simply expresses how significantly the ICC 

differs from zero; a device may display poor reliability and a high statistical 

significance.  The key concern for ICCs, however, is that of practical significance— 

which depends on the intended application of the device being investigated.  Morrow 

and Jackson advocate that authors: “report the obtained reliability, do not test the 

reliability for “statistical significance”, and let the reader determine the ‘practical 



  

165 
 

significance’ of the obtained reliability” [157].  Rather than focusing on the statistical 

significance of ICCs, the authors stressed the utility of stating the 95% Confidence 

Interval (CI95) as a means of further informing the reader of the significance of the 

reported ICC (noting that Shrout and Fleiss [102] list the CI formulas for each of the six 

types of ICC).   

B.2.2 Reproducibility 

The reproducibility of a measurement device refers to its precision under specific 

conditions.  As outlined by NIST Technical Note 1297, these reproducibility conditions 

are changed circumstances including: principle of measurement, method of 

measurement, observer, measuring instrument, reference standard, location, conditions 

of use, and time [121].  When considering the practical use of strength measurement 

devices, the issues of test-retest reliability over long breaks is important as the devices 

themselves are used to compare strength scores for sessions with the same patient at 

regular intervals.  Within the ICC paradigm, this sort of ‘inter-session’ reliability could 

be constructed using two measurement sessions in which the same observer would 

measure each of the n subjects under the same testing conditions (aside from the 

temporal delay).  The testing session would be treated as the ‘judge’ in Figure B.6, with 

the two testing sessions considered being representative samples of the judging 

population.  The primary question is whether any sufficiently spaced testing session 

under the same conditions would be interchangeable.   
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Table B.2: Reproducibility testing models. 

 Inter-Session Reliability Inter-Rater Reliability 

ANOVA Two-way random effects Two-way random effects 

Judges Session I, Session II Observer α, Observer ß 

Targets n subjects n subjects 

Means MVICSessionI, MVICSessionII MVICSessionI, MVICSessionII 

ICC Type ICCaa(2, 1) ICCaa(2, 1) 

If the reproducibility condition targeted is change in the observer, the effect of 

different operators on measurements can be determined.  This type of reliability gives a 

measure of the relative proportion of sample variability attributable to systematic 

differences among observers (raters). 

B.2.3 Repeatability 

The precision of a measurement device under identical conditions is known as 

the repeatability.  The NIST repeatability conditions specify that the following remains 

identical between measurements: procedure, observer, instrument, conditions of use, and 

location.  Additionally, the time between repetitions must be minimized [121].  In a 

clinical setting, patients value stability of care very highly— preferring to maintain the 

same therapist throughout their treatment [9].  With this in mind, it is clear that the 

ability for an observer to reliably record the same strength measurement is important.  

While inter-session reliability of the sort described in B.2.2 is an important measure of 

this intra-rater reliability over long periods of time, the stability of measurements over 

short periods is also important.  The model shown in Table B.3 achieves these goals, 

despite the built-in blindness of Case 3 ICCs to systematic error. 

   



  

167 
 

Table B.3: Repeatability testing model. 

 Intra-Rater Reliability 

ANOVA Two-way mixed effects 

Judges Rep 1, Rep 2, Rep 3 (treated as fixed effects) 

Targets n subjects 

Means MVICrep 1, MVICrep 2, MVICrep 3 

ICC Type ICCcon(3, 1) 

This type of reliability gives a measure of the relative proportion of sample 

variability attributable to sources other than systematic error.  The results of the 

ANOVA used to construct the ICCcon(3, 1) should be examined to ensure that the 

variance due to the judge isn’t significant.  Based on the literature45, the most common 

choice of time between repetitions is ~30 seconds for testing the short-term test-retest 

reliability.  It is expected that, since the repetitions are over short periods of time and 

with the identical test conditions, the greatest source of variability will be random error.  

As with all ICC calculations, there is a potential for erroneous results due to the 

measure’s dependence on the relative magnitude of individual sources of variation, 

which necessitates a closer look at methods of estimating absolute reliability. 

B.2.4 Absolute reliability 

The dependence of ICCs on the magnitude of the variance of the sample, rather 

than the population, makes them a relative measure of reliability.  On the other hand, the 

standard error of measurement (SEM) is an absolute measure of reliability.  The SEM 

gives an estimate of the variance for individual subjects.  If a large number of samples 

exist for the same subject, this can be estimated using the standard deviation in those 

 
45 Specifically—see the meta-analysis summarized in Table 2 of Schrama et al. [9]. 



  

168 
 

scores and the ICC [122].  SEM estimates using this approximation are still influenced 

by the magnitude of the type of ICC chosen and thus are still beholden, albeit less 

dramatically, to the caveats that attend ICC calculations.  Weir noted that an 

independent approximation of the SEM can be calculated using the ANOVA results 

[122], as shown in Equation (B.14).      

SEM =  s √1 − ICC  ≈ √EMS ( B.14 ) 

where EMS is the mean square error term of the ANOVA, n is the sample size and s is 

the sample standard deviation. 

With the SEM, one can define the minimal difference to be considered real at the 

95% confidence level, MD95.  Defined in Equation (B.15), this quantity provides an 

estimate of the smallest difference between two measurements of an individual subject 

that, at the specified confidence level, one could expect is not due to random error [122].   

MD95 = 1.96 ∗ √2 ∗ SEM ( B.15 ) 

 

If scaled by the mean of the measured variable, the resulting metric can be used 

as an index of sensitivity to change.  This smallest real difference, SRD95, is given as a 

percentage rather than in the units of the measured variable. 

SRD95 =
MD95

X̅
 ( B.16 ) 

where X̅ is the mean of measured variable X. 
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B.3 Evaluating Validity of Measurements 

While relative and absolute reliability provide a direct means of assessing the 

performance of a measurement device in different situations, these metrics do not 

provide the comparative evaluation required for validation.  Validity, by its nature, can 

be an elusive target.  The need to establish a relative relationship between a standard 

method and the method in question can create a paradigm where the measurement errors 

in observations made with the standard device are tacitly accepted by virtue of the 

conventional method having been deemed the gold standard.  Even a perfect tool will 

produce scores in which the effect of the observer and subject increase variance. Indeed, 

flaws in the statistical [85, 156] and procedural methods [9, 26, 75] used can obfuscate 

the results of investigations completed with even the best instruments. With this in 

mind, it is important that the reliability of the standard method is evaluated with the 

same level of diligence as the method of interest.  With a standard method in hand, the 

results of measurements taken with both devices can be used to evaluate relative 

agreement between methods using the graphical method of differences known as the 

Limits of Agreement (LoA).  Systematic bias between the two methods of interest can 

be quantified using linear curve-fitting methodologies, with ordinary and weighted least 

products regression providing the best means of detecting and calculating bias [107].  A 

conceptual outline of validity testing methods is provided in Figure B.7. 
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Figure B.7: Summary of validity testing techniques. 

 

B.3.1 Qualification of validity 

The most powerful tool for visualizing validity is the Bland-Altman 95% Limits 

of Agreement method [36].  This methodology was designed to compare measurement 

methods for which the true values are not known exactly.  In the context of this thesis, 

the use of the Bland-Altman method provides protection against the possibility that the 

data collected using fixed isokinetic dynamometry is inaccurate for any reason (be it 
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procedural or technical).  It should be noted that, as with all parametric statistical 

methods, the LoA procedure assumes normality and homoscedasticity. 

The goal of the limits of agreement method is to determine the range of values 

between which the differences in measurements taken with two different methods 

should fall.  Since the true quantity for any given measurement is unknown, the first 

estimate is to calculate the mean of the two methods.  We can investigate the 

relationship between the measurement methods using the difference between the two 

methods at each point, d, the mean difference, �̅� and the standard deviation of the 

differences, sd.  For the LoA method to work there should be no obvious relationship 

between the differences and the means (this can be determined using a simple plot of d 

versus the mean score).   Additionally, it is required that the differences follow a normal 

distribution.  The assumption of a normal distribution can be examined using the 

Kolmogorov-Smirnov test (K-S test).  The K-S test compares a standard normal 

distribution to an empirical cumulative distribution function (ECDF) for the data in 

question, where D, the maximum distance between the normal distribution curve and the 

ECDF, is the quantity of interest.  This is illustrated below in Figure B.8, where the 

dotted line represents a normal cumulative distribution and the solid line is the ECDF 

for a random set of 100 sequential, normal random numbers [158]. 
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Figure B.8: Curve-fitting for the Kolmogorov-Smirnov test46. 

The test statistic, D, of the K-S test is hypothesized to be less than a critical value 

at a specified significance level.  The NIST e-Handbook of Statistical Methods [158] 

provides additional depth to the discussion of the calculation of the K-S test.  The option 

to test a data set for normality with the K-S test is built into most statistical software 

packages, and, for small sample sizes, is preferred over other methods of testing for 

normality. 

If these requirements are fulfilled, the act of calculating the differences between 

the measurements should account for much of the between-subject variation and leave 

an approximation of the measurement error.  The lack of agreement between the 

measurement devices can be summarized using the classical limits of agreement, 95% 

LoA, proposed by Bland and Altman [36]: 

95% LoA = �̅�  ±  1.96 𝑠 ( B.17 ) 

 
46 Figure includes portions adapted from [158]. 
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These numbers represent the upper and lower limits of agreement between which we 

expect 95% of the differences lie.  It is reasonable to consider the two measurement 

devices interchangeable if the range of the limits of agreement is small enough to be 

considered clinically unimportant.  Bland and Altman also provided the estimates of the 

precision of their LoA in the form of the standard errors, SE, as shown in Equation 

(B.18) and (B.19), as well as the CI95 for their LoA [36]. 

SEd̅ ≈ √
𝑠𝑑

2

𝑛
 ( B.18 ) 

SELoA ≈ √
3 𝑠𝑑

2

𝑛
 ( B.19 ) 

Bland and Altman gave an estimate of the 95% confidence interval for the upper and 

lower bounds of their LoA [36]: 

CI95 LoA = [UCL +  (𝑡0.5,𝑛−1) SELoA , LCL −  (𝑡0.5,𝑛−1) SELoA ] ( B.20 ) 

where 𝑡(0.5,𝑛−1) is the value of Student’s t statistic for a two-sided p = 0.05 distribution 

at n – 1 degrees of freedom, and the UCL and LCL are the upper and lower limits of the 

LoA, respectively. 

The Student’s t-statistic in Equation (B.20) refers to the hypothesis test in which 

two means, μ and μ0, are compared, with the ‘null hypothesis’ that the two means are 

equal.  The null hypothesis is the default position that the researcher intends to show is 

not correct (for example, by showing that μ > μ0).  In the top half of Figure B.9, the null 

hypothesis would be rejected if the test statistic, F, falls in the unshaded region (the 

probability, p, of this happening is given by: p = α).  In this case, the test would be 

known as ‘one-tailed’, meaning that the unshaded region is found on one of the ‘tails’ 

where the probability distribution function asymptotically approaches zero (the 
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unshaded region is on the right side of the figure because the alternate hypothesis is that 

μ > μ0).  The bottom portion of Figure B.9 shows a ‘two-tailed’ test of the two means.  

In this case, the distribution is symmetric and centred about the population mean, with 

two unshaded regions of α /2 equally split between each tail).  In this two-tailed test the 

alternative hypothesis would be that μ ≠ μ0. 

 

Figure B.9: Illustrations of one and two-tailed t-testing. 

Bland and Altman [150] provide additional methods of analysing data sets with 

their methodology for a variety of conditions including: when repeated measurements 

are taken on each subject (including cases where the number of repeated measurements 

is not equal), when bias is present, and with non-parametric approaches.  As a 

supplement to their established method of difference, Bland [159] included a tutorial on 

constructing hyperbolic LoA for data sets in which the mean or standard deviation is not 

constant. 
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Ludbrook [107] provided a salient review and analysis of the LoA methodology 

originally outlined by Bland and Altman along with the subsequent modifications 

proposed by other authors.  In his review, Ludbrook provided corrected versions of the 

LoA formulas for different sample sizes, including a version ideally suited to small 

samples sizes (Equation (B.21)). 

95% LoA = �̅�  ± (𝑡0.5,𝑛−1) 𝑠𝑑  √1 + 1/𝑛 ( B.21 ) 

where 𝑡0.5,𝑛−1 is the value of Student’s t statistic for a two-sided p = 0.05 distribution at 

n – 1 degrees of freedom. 

In his analysis, Ludbrook [107] used a concept he termed the ‘95% tolerance 

limits with 95% confidence’.  These tolerance limits represent the expected range in 

which a single, new, measurement would be expected to fall if taken on the same 

population.  Denoted the 95% LoT herein, these are bound by the upper and lower 

tolerance limits, UTL and LTL, as defined by Equation (B.22) [107]. 

95% LoT = �̅�  ±  (𝑘7) 𝑠𝑑 ( B.22 ) 

where k7 is a constant corresponding to the sample size and can be found in Table D.1.  

The constant used in Ludbrook’s formulation, k7, refers to a table originally printed in 

Geigy Scientific Tables [160, pp. 52–53], but owing to the source having gone out of 

print, was included in the article’s supporting information and is repeated in Table D.1.   

Ludbrook [107] used the data set from Bland and Altman [36] and his modified 

formulas for the 95% LoA and LoT (Equation (B.21) and (B.22)) to produce a classical 

LoA plot (shown in Figure B.10). 



  

176 
 

 

Figure B.10: 'Classical' limits for plot of differences from Ludbrook47. 

While the data set of Figure B.10 does not suffer from heteroscedasticity or 

proportional bias [107], biological systems often do [106].  In those cases, the 

fundamental assumptions of the classical LoA formulas are violated [36].  The LoA 

methodology can be adapted to suit these sort of data, especially by transforming the 

data using constant scaling factor, logarithmic and ratio-based methods [150].  If 

transformation of the data does not resolve the bias or if one wishes to under the bias in 

terms of the original unit of measure, Ludbrook [107] recommends the use of regression 

techniques.   

Like many authors who preach mathematical rigor [122, 157, 161], Ludbrook 

[106] cautions against the misuse of the Pearson product-moment correlation 

coefficient, r.  As explained in Appendix D, r simply gives a measure of the linear 

 
47 Plot recreated from [107, Fig. 1]. 
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relationship between two variables; it is incapable of illuminating the nature of 

disagreement between methods, leading Ludbrook to point out that “there is almost 

universal agreement among biostatisticians that the Pearson product-moment correlation 

coefficient (r) is valueless as a test for bias” [85].   

The Pearson correlation coefficient is still a valuable statistic that can be used 

for, among other things, the derivation of the coefficient of determination.  In linear 

regression, one can use r to determine the suitability of a given linear relationship in 

describing the true relationship between the dependant and independent variable.  

Referring to Equation (D.24) of Appendix D, the square of r, known as the coefficient of 

determination, gives the ratio of the variance caused by the regression to the total 

variance.  As such, if the regression model perfectly describes the observed relationship 

between the two variables, one would expect an r2 value of 1.  An r value of 0 does not 

indicate that the two variables are not related, but that they are not linearly related.  This 

statement is not reversible—that is to say: two independent variables will always have 

an r value of 0 but an r value of 0 does not imply the variables are independent.  There 

are a myriad of different mathematical models that could describe the relationship 

between two variables—a pair with no apparent linear relationship could be strongly 

related by a cubic fit, for example. 

B.3.2 Quantification of validity 

While the tools described by Bland and Altman [36, 150, 162] and refined by 

other authors [85, 105, 163] provide researchers with simple, powerful methods of 

comparing the results of two different measurement methods, these tools are insensitive 

means of examining and differentiating between fixed and proportional bias.  
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Regression techniques allow the user to quantify the effect of bias on the results of 

measurements taken using different methods and, in doing so, provide a means of 

applying Bland and Altman’s LoA techniques to a broader range of method comparison 

studies. 

Generally speaking, measurements of a random variable made with one method 

can be linearly related to the replicated measurements made with another method on the 

same target(s).  Accordingly, the first choice in describing the relationship for data of 

this sort is to determine how closely the data fit a straight line.  This linear ‘line of best 

fit’ can be derived for two variables of this sort, say x and y, in one of three ways: 

• Model I: Ordinary least squares (OLS) regression of y on x (or x on y) 

• Model IIA: Ordinary least products (OLP) regression 

• Model IIB: Major axis (MA) regression 

Note that for the last two methods the form of ‘x on y’ or ‘y on x’ does not 

change the resulting linear equation, only the form it is expressed in. However, the 

choice of minimizing x or y is key to OLS as the resulting line of best fit is only the ‘best 

fit’ for x or y directions.  This often-overlooked fact lies at the heart of why Model II 

methods are superior to those of Model I for performing a linear fit.  Model I is only 

appropriate in situations where one of the two variables is fixed by the experimenter 

[106].  Adapted from [103, Fig. 1], Figure B.11 gives an overview of the three linear 

fitting models.  In each case, the goal is to minimize listed function of the individual 

residuals (δp, δx, and/or δy).   
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Figure B.11: Illustration of linear regression analysis. 

As Figure B.11 illustrates, Model I only takes one of the two variables into 

account when calculating the line of best fit.  This follows from the first of two48 key 

underlying assumptions of Model I linear regression [106]: 

• Fixed Variable: Only one variable (x or y) is attended by random error. 

• Normality: The errors in the unfixed variable are normally distributed at all 

levels of the fixed variable.  In particular, for all levels of the fixed variable: the 

variance must be constant, and the mean residual must be zero.  

The assumption of normality listed above is true for Model II linear regression, 

but with the added requirement that the errors in both variables (x and y in our example) 

 
48 As noted by Ludbrook [106], there are actually eight assumptions underlying OLS regression, but the 

two listed are the primary points that cause the separation between Model I and II. 
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must satisfy the condition of normality (though, the mean of the residuals at each level 

must be constant, rather than explicitly zero).  Both types of Model II linear regression 

result in the same line of best fit, however, Model IIA is far more versatile [106].  In 

Model IIB, the sum of the squares of the residuals perpendicular to the line of best fit is 

minimized.  Unsurprisingly, the assumption that the line of best fit can be constructed 

from the perpendicular distance between it and the data points is contingent on the slope 

of that line being one49 (at least for the population parameters x and y).  That is to say, as 

δx begins to eclipse δy in magnitude (or vice versa) the assumption that minimized sum 

of the squares of δp describes the line of best fit is increasingly incorrect.  With these 

limitations in mind, Model IIA linear regression will be used to quantify the validity of 

the LSMD in comparison with the Cybex.  In his 2012 special article, Ludbrook [103] 

provided a decision tree that has been visualized below in Figure B.12.  Note that each 

regression model can be ‘weighted’ in an attempt to account for heteroscedasticity.  In 

each case the solution is to scale each residual by a value proportional to the 

corresponding value.  For example, weighted least squares analysis (y on x) scales each 

y residual by 1/x, but is otherwise the same procedure as ordinary least squares 

regression.  Least products regression is similar but allows each residual to be scaled by 

the paired value. 

 
49 At least for the population parameters, X and Y, from which, x and y are sampled. 
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Figure B.12: Methodology for choosing a linear regression model50. 

Comparing methods of measurement using Model IIA regression analysis entails 

estimating the values of the regression coefficients for the slope and intercept of the 

OLP line of best fit, b’ and a’, respectively, and determining the confidence intervals for 

those estimates of the regression coefficients.  The respective OLP equations for the 

population and representative sample are given in Equations (B.23) and (B.24). 

 
50 Visualization created to demonstrate the method outlined in Table 6 of [103]. 



  

182 
 

Y = 𝛼 + 𝛽X ( B.23 ) 

where X and Y are the paired values in the population. 

𝑦 = 𝑎′ + 𝑏′𝑥 ( B.24 ) 

where 𝑥 and 𝑦 are the paired values for a random sample of a population of X and Y 

values. 

 

Figure B.13: Method of calculating Model IIB regression lines51. 

Represented by the solid line in Figure B.13, the estimated ordinary least 

products line of best fit (Equation (B.24)), can be calculated using the two ordinary least 

square lines of best fit (Equations B.25 and (B.26), represented by the dashed blue and 

yellow lines in the figure below) and the means, �̅� and �̅�, of the paired values of x and y. 

E(Y) = 𝑎𝑦,𝑥 + 𝑏𝑦,𝑥𝑥 ( B.25 ) 

where 𝐸(Y) is the predicted value of Y in a population X,Y. 

 
51 Adapted from [106, Fig. 3]. 
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E(X) = 𝑎𝑥,𝑦 + 𝑏𝑥,𝑦𝑦 ( B.26 ) 

where 𝐸(X) is the predicted value of X in a population X,Y. 

Ludbrook [106] provides a method of estimating the slope of the OLP line, as 

shown below in Equation (B.27), based on the geometric mean of the slopes of the OLS 

lines. 

𝑏′ = √
𝑏𝑦,𝑥

𝑏𝑥,𝑦
 ( B.27 ) 

Note that the Model I linear regression techniques previously described (minimizing the 

sum of the squares of the individual residuals) can be completed for a given data set to 

obtain the respective values of by,x and bx,y using most spreadsheet and statistical 

software packages. 

As shown in Figure B.13, all three lines of best fit intersect at the mean sample 

values, allowing the Equation (B.24) to be re-written in terms of those means.  With b’ 

estimated by Equation (B.27), one can calculate the regression coefficient for the 

intercept, a’. 

𝑎′ = �̅� − 𝑏′�̅� ( B.28 ) 

Ludbrook [106] also provides means of calculating estimates of the weighted 

least products (WLP) coefficients, a’w and b’w, using the same methodology as OLP but 

applied to weighted least squares (WLS) relationships between the x,y pairs, where the  

relationship of Equation (B.25) is weighted by the factor wy,x and Equation (B.26) by 

wx,y, defined below. 
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w𝑦,𝑥 =
1

𝑥2
 ( B.29 ) 

w𝑥,𝑦 =
1

𝑦2
 ( B.30 ) 

With these factors in hand, the formulas of Equations (B.31) and (B.32) can be used to 

calculate awy,x and bwy,x [106]. 

𝑏𝑤𝑦,𝑥 =
∑ w𝑦,𝑥𝑥𝑦 − (∑ w𝑦,𝑥𝑥)(∑ w𝑦,𝑥𝑦)/ ∑ w𝑦,𝑥

∑ w𝑦,𝑥𝑥2 − (∑ w𝑦,𝑥𝑥)
2

/ ∑ w𝑦,𝑥

 ( B.31 ) 

𝑎𝑤𝑦,𝑥 =
∑ w𝑦,𝑥𝑦 − 𝑏𝑤𝑦,𝑥 ∑ w𝑦,𝑥𝑥

∑ w𝑦,𝑥
 ( B.32 ) 

Using the same reasoning, awx,y and bwx,y can be calculated as follows: 

𝑏𝑤𝑥,𝑦 =
∑ w𝑥,𝑦𝑦𝑥 − (∑ w𝑥,𝑦𝑦)(∑ w𝑥,𝑦𝑥)/ ∑ w𝑥,𝑦

∑ w𝑥,𝑦𝑦2 − (∑ w𝑥,𝑦𝑦)
2

/ ∑ w𝑥,𝑦

 ( B.33 ) 

𝑎𝑤𝑦,𝑥 =
∑ w𝑥,𝑦𝑥 − 𝑏𝑤𝑦,𝑥 ∑ w𝑥,𝑦𝑦

∑ w𝑥,𝑦
 ( B.34 ) 

Finally, substituting the results of Equations (B.31) and (B.33) into Equation (B.27) 

provides the value of the weighted least products slope factor, b’w.  With this, 

knowledge of sample means, and Equation (B.28), the calculation of the weighted 

intercept, a’w, is trivial. 

Estimating confidence intervals for the regression coefficients, however, is not a 

trivial exercise.  Jolicoeur and Mosimann [164] first proposed a method of calculating 

the 95% CI for the OLP population parameters α’ and β’.  Richter [165] used less 

opaque terminology to explain the Jolicoeur and Mosimann formulas, further increasing 

their accessibility.  These formulas, reproduced by Ludbrook [106], are given below in 

Equations (B.35) and (B.36). 
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𝐁 =
𝐹(1 − 𝑟2)

(𝑛 − 2)
 ( B.35 ) 

where the 𝐹 value corresponds to P = 0.05 for 𝑑. 𝑓. (1, 𝑛 − 2). 

CI95 𝛽′ = 𝑏′(√𝐁 + 1 ± √𝐁) ( B.36 ) 

where the value of 𝐁 is taken from Equation (B.35). 

The method of calculating the CI95 α’, described by Ludbrook [106] as “somewhat 

dubious”, is to substitute the upper and lower bounds obtained from Equation (B.36) 

into Equation (B.24), yielding the respective upper and lower confidence limits of 

Equations (B.37) and (B.38). 

UCL𝛼′ = �̅� − �̅�(UCL𝛽′ ) ( B.37 ) 

LCL𝛼′ = �̅� − �̅�(LCL𝛽′ ) ( B.38 ) 

where the value of UCL𝛽′ and LCL𝛽′ are taken from Equation (B.36). 

In his 2012 paper examining different methods of computing linear regression 

models, Ludbrook recommended the use of a standard computer statistics program to 

achieve Model I, Model IIA and Model IIB regression analysis, including the 

calculation of CI95 for the respective regression coefficients [103].  Using most of these 

programs, each type of regression can be replicated with the use of a specific Loss 

function.  Loss functions provide the software with a function to minimize for a given 

data set and desired regression model.  Ludbrook provided a table (reproduced below) 

with Loss functions for each type of linear regression of interest [103]. 
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Table B.4: Loss functions for individual linear regression models52. 

 Linear regression model Loss function 

Model I 

Ordinary least squares (OLS) (𝑦 − (𝑎 + 𝑏𝑥))
2
 

Weighted least squares (WLS) [
𝑦 − (𝑎 + 𝑏𝑥)

𝑥
]

2

 

Model IIA 

Ordinary least products (OLP) 
(𝑦 − (𝑎 + 𝑏𝑥))

2

|𝑏|
 

Weighted least products (WLP) 
(𝑦 − (𝑎 + 𝑏𝑥))

2

|𝑏|𝑥𝑦
 

Model IIB 

Major axis regression (MA) 
(𝑦 − (𝑎 + 𝑏𝑥))

2

(1 + 𝑏2)
 

Weighted major axis (WMA) 
(𝑦 − (𝑎 + 𝑏𝑥))

2

(1 + 𝑏2)𝑥𝑦
 

In the supporting information portion of his article (items S4 - S7), Ludbrook 

[103]  gives explicit instructions on how to apply these Loss functions above for 

SYSTAT, Statisitica, SPSS/PASW, and SAS stats programs53.  In addition, Ludbrook 

identifies the SMATR program, developed by Warton et al. [166] and made freely 

available online by the authors, as an excellent option for calculation of OLS, MA and 

OLP coefficients and corresponding confidence intervals.  Uniquely, SMATR is the only 

statistical program that offers the ability to compare OLP regression coefficients for 

multiple linear fits [103]. 

Finally, one should note that the solution to detected heteroscedasticity listed in 

Figure B.12 was only weighting, despite the apparent suitability of transformation (e.g., 

log(Method 1)-vs-log(Method 2)).  Indeed, in cases where one only seeks to calibrate 

 
52 Repeated from Table 5 of [103]. 
53 Among these options, Ludbrook recommends SYSTAT and Statistica most highly. 
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one method against the other and proportional error is detected, Ludbrook [106] 

advocates the use of log transformations to account for the apparent heteroscedasticity.  

However, owing to the fact that transformed data is inherently difficult to interpret in 

terms of the original measured quantities54, examining the effect of bias in a meaningful 

way requires the use of the weighting techniques described above.  Ludbrook [106] 

noted that while weighting had the effect of narrowing the population confidence 

interval, there was no impact on the inferences made from hypothesis testing. 

B.3.3 Using regression to improve Limits of Agreement analysis  

Bland and Altman’s Limits of Agreement method can be expanded to a greater 

range of data sets with the use of linear regression techniques.  The regression models 

described above provide users with powerful means of examining the data from a 

method comparison study and adapting the data or analysis technique to account for two 

common factors that violate the assumptions upon which classical LoA is based (the 

absence of proportional bias and heteroscedasticity).   

The first step in Ludbrook’s [107] methodology for expanded LoA plotting is  to 

use a linear regression line of best fit to model the behaviour of the traditional LoA 

scatter plot (that is: a plot of (Method 1 – Method 2) vs. ½(Method 1 + Method 2), or 

‘differences vs. averages’).  As shown in Figure B.10, the spread of data and confidence 

limits are centred about the mean ‘y’ value (the mean difference between methods) for 

‘classical’ LoA.  Next, following the logical flow laid out in Figure B.12, Ludbrook 

 
54 If, for example, one were comparing two elbow torque measurement methods and the data was log-log 

transformed, the practical interpretation of the detected fixed and proportional bias (intercept and slope of 

the regression line) is more difficult than if the regression coefficients were applicable to the 

untransformed measurements [106]. 
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recommends choosing a linear regression model and applying it to the LoA data 

(differences on averages).  The resultant regression line is the new line of best fit about 

which the confidence (or tolerance) limits will be created.  As previously mentioned, 

‘classical’ LoA/LoT require two assumptions are not violated: heteroscedasticity and/or 

proportional bias must not be present in the differences on averages data.  Each 

condition can be tested as follows: 

I. Proportional bias is not present if: 

[UCL𝑏, LCL𝑏 ] ∋ 0 
 

where UCLb and LCLb are the upper and lower confidence limits of the slope of the 

regression line. 

II. Heteroscedasticity is not present if: 

The plot of (E[Y] – y) vs. E[Y] is uniformly scattered at each level (it is not fan shaped) 
 

where (E[Y] – y) is the y-residual and E[Y] is the expected value of y (based on 

entering a measured value of x into the regression equation). 

If conditions I and II are both true, the key assumptions of classical LoA analysis 

are satisfied and a standard plot of the style shown in Figure B.10 should be constructed.  

If, however, condition I is false and II is true (proportional bias is detected but data are 

homoscedastic), Ludbrook [107] recommends hyperbolic 95% confidence limits (a 

‘prediction interval’) be constructed about the regression line.  An example of this sort 

of plot along with prediction intervals is given below in Figure B.14. 
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Figure B.14: Hyperbolic limits for plot of differences from Ludbrook55. 

Altman and Gardner provide a detailed breakdown of how to calculate the 

hyperbolic limits representing the CI100(1 – α) and those of the ‘prediction interval’ for a 

specified significance level [167].  In the case of Ludbrook, the preference is to use the 

prediction (or tolerance) interval for the individual data points rather than the confidence 

interval [107].  Altman and Gardner describe the prediction limits in terms of the 

associated two-tailed t-statistic56, t1 – α/2, number of paired samples, n, the mean x and y 

values, the individual expected y values, E[Y], the estimated standard deviation of the 

individual E[Y] values, spred, and the standard deviation of the x and y values and of the 

 
55 Plot adapted from [107, Fig. 2]. 
56 So, in this situation if one desired a 95% confidence interval for a two-tailed distribution, α = 0.05 and 

each tail contains 2.5% of the distribution. 
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y residual, sx, sy and sres, respectively [167].  Note that, aside from spred, the standard 

deviations are calculated using Equation (D.2).   

𝑠𝑟𝑒𝑠 = √
(𝑛 − 1)(𝑠𝑦

2 − 𝑏2𝑠𝑥
2)

𝑛 − 2
 ( B.39 ) 

where b is the calculated slope of the regression line. 

𝑠𝑝𝑟𝑒𝑑 = 𝑠𝑟𝑒𝑠 ∗ √1 +
1

𝑛
+

(𝑥 − �̅�)2

(𝑛 − 1) ∗ 𝑠𝑥
2 ( B.40 ) 

where x corresponds to the individual value of E[Y] and sres is given by Equation 

(B.39). 

LCL100(1 – α)% = E[Y]  − (𝑡1 – α/2 ∗ 𝑠𝑝𝑟𝑒𝑑) ( B.41 ) 

UCL100(1 – α)% = E[Y]  + (𝑡1 – α/2 ∗ 𝑠𝑝𝑟𝑒𝑑) ( B.42 ) 

where the value of 𝑠𝑝𝑟𝑒𝑑 is taken from Equation (B.40), and 𝑡1 – α/2 is the two-tailed t-

statistic for the appropriate degrees of freedom (based n). 

Plotting the LCL and UCL requires that Equations (B.39), (B.40), (B.41), and 

(B.42) be applied for each data point in the observed range of the population.  A sample 

plot of this type of confidence interval is given in Figure B.14.  The hyperbolic shape of 

the resultant confidence limits is due to the last term in Equation (B.40) – as the 

individual value of x diverges from the mean value of x, the magnitude of their relative 

difference grows and the last term increases in proportion to the square of that 

difference. 

When the regression analysis of the differences on average data reveals the 

presence of both heteroscedasticity and proportional bias, Ludbrook [107] recommends 

to apply a log transformation to the original data and replot the transformed differences 

on averages.  If the transformation eliminates the heteroscedasticity and proportional 
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bias, Ludbrook recommends constructing ‘classical’ LoA or LoT for the transformed 

data set [107], as shown below in Figure B.15.   

 

Figure B.15: ‘Classical’ limits of log-log transformed data from Ludbrook57. 

If, on the other hand, transformation of the data set does not solve the problem, 

Ludbrook recommends constructing v-shaped limits like those of Figure B.16, either 

with the standard difference on averages (shown on the left) or of the original M2 on M1 

data (shown on the right side of the figure) [107].  In an online tutorial, Bland [159] 

provided step-by-step details of how to construct these v-shaped limits.      

 
57 Plot recreated from [107, Fig. 3]. 
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Figure B.16: V-shaped limits for plot of differences and of the original data (from Ludbrook58). 

Using Bland [159] as inspiration, Ludbrook [107] recommends two procedures 

for constructing these v-shaped limits as a means of examining data that are both 

heteroscedastic and exhibit proportional bias.  For the purposes of explaining each of 

these approaches without engendering confusion as to which examines the differences 

on averages and which uses the original data set, Equations (B.43) and (B.44) are 

defined as shown below. 

Let M∆12 ≡ M1 − M2 ( B.43 ) 

and M12̅̅̅̅ ≡
1

2
(M1 + M2) ( B.44 ) 

where M1 and M2 are the paired measurements taken using Method 1 and Method 2. 

Note that Equations (B.43) and (B.44) are applied to all n paired values collected using 

the two methods of interest.  Using this nomenclature and referring to the form of 

Equation (3.10), we can then express the OLS regression of differences on averages, as 

shown in Equation (B.45).  The values of the regression coefficients, a12 and b12, can be 

 
58 Plots recreated from [107, Fig. 4 and 5]. 
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calculated using a least-squares fit and the appropriate spreadsheet or mathematical 

software, as explained previously.  Using this regression equation, the individual values 

of the predicted difference, E[m∆12], can be calculated for each paired measurement M1, 

M2.  As shown in Equation (B.46), these predicted differences can be used along with 

the corresponding measured differences, M∆12, to find the residual, resM12, for each of 

the n paired measurements [107]. 

E[m∆12] = 𝑎12  +  𝑏12(M12̅̅̅̅ ) ( B.45 ) 

where m∆12 is the population value of the difference between the two methods, M12̅̅̅̅  is 

the sample value of the average of the two methods, and E[m∆12] is the predicted 

difference. 

𝑟𝑒𝑠M12 = E[m∆12] −  M∆12 ( B.46 ) 

where E[m∆12] and M∆12 are defined in Equations (B.45) and (B.43), respectively. 

|𝑟𝑒𝑠M12| = 𝑎𝑎𝑏𝑠  + 𝑏𝑎𝑏𝑠(M12̅̅̅̅ ) ( B.47 ) 

where 𝑎𝑎𝑏𝑠 and 𝑏𝑎𝑏𝑠 are the respective coefficients for the OLS regression of absolute 

residuals on averages. 

After calculating the individual residuals of the differences, Ludbrook [107] instructs 

readers to construct the OLS regression of the absolute value of the residuals on the 

averages, as shown above in Equation (B.47).  By distribution theory, for an ordinary 

normal distribution, taking the absolute value of the distributed variable ‘folds’ it about 

the mean of that variable, creating a half-bell curve shaped distribution described in 

Equation (B.48).  If the distribution mean is zero59, the folded distribution is known as a 

‘half-normal distribution’, and Equation (B.49) gives E[Y], the expected value [168].   

 
59 Note that for the full population, the mean of the residual of the differences should be zero since the 

residual should reduce to zero as the expected differences converge with the measured differences. 
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Y = |X| ( B.48 ) 

where X follows an ordinary, normal distribution with mean zero and standard 

deviation σ. 

E[Y] =  𝜎√
2

𝜋
 ( B.49 ) 

where E[Y] is the expected value of the population variable Y, as predicted by the 

chosen regression equation. 

This relationship between the standard deviation and expected value of the half-normal 

distribution was used by Bland [159] to describe the confidence limits for the difference 

at each paired measurement.  Having rearranged Equation (B.49) into (B.50), the 

relationship in Equation (B.47) is taken to be modeled by Equation (B.48), yielding 

Equation (B.51).  

𝜎 = √
𝜋

2
E[Y] ( B.50 ) 

𝜎M12 = √
𝜋

2
(𝑎𝑎𝑏𝑠  +  𝑏𝑎𝑏𝑠(M12̅̅̅̅ )) ( B.51 ) 

where the coefficients 𝑎𝑎𝑏𝑠 and 𝑏𝑎𝑏𝑠 are given by Equation (B.47). 

Finally, Ludbrook [107] uses the standard deviation described in Equation 

(B.51), along with a modified form of Equation (B.21) (wherein the terms after t0.5,n-1, 

which represents the standard deviation of the difference for small sample sizes, are 

replaced with σM12).  The resultant v-shaped limits for the regression of differences on 

averages can be constructed using Equation (B.52) to calculate the upper and lower 

bounds for each of the n paired measurements [107]. 

95% LoA = E[m∆12]  ±  (𝑡0.5,𝑛−1) 𝜎M12 ( B.52 ) 

where 𝑡0.5,𝑛−1 is the value of Student’s t statistic for a two-sided p = 0.05 distribution at 

n – 1 degrees of freedom, E[m∆12] and 𝜎M12 are given by Equation (B.45) and (B.51), 

respectively. 
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Applying Equation (B.52) to each data point in the regression of differences on 

averages yields a plot of the type shown on the left of Figure B.16.  On the other hand, 

the plot shown on the right side of the figure represents Ludbrook’s [107] solution to the 

problem of plotting limits of agreement for proportionally biased, heteroscedastic data 

sets in method comparison studies.  In this case, Ludbrook [107] proposed using the 

methodology outlined above in Equations (B.45) through (B.52), with the following 

differences: the Method 2 on Method 1 (untransformed) data is examined throughout; 

rather than OLS regression, a weighted least products (WLP) regression analysis is used 

(see Equations (B.29) through (B.34)).  The use of WLP allows the examiner to more 

readily process the meaning of the slope and intercept coefficients of the regression 

equation, as outlined below in Equation (B.53) and (B.54), as well as providing a means 

of calibrating one method against the other (by scaling the less-trusted method by the 

regression formula’s estimate based on the trusted method). 

I. Proportional bias is not detected if: 

[UCL𝑏′ , LCL𝑏′  ] ∋ 1 
 

( B.53 ) 

where UCLb' and LCLb' are the upper and lower confidence limits of the slope 

coefficient of the WLP regression of M2 on M1. 

II. Fixed bias is not detected if: 

[UCL𝑎′ , LCL𝑎′  ] ∋ 0 
( B.54 ) 

where UCL a' and LCL a' are the upper and lower confidence limits of the intercept 

coefficient of WLP regression of M2 on M1. 

In these ways, the application of linear regression models to the data in a 

measurement comparison study not only provides a means of investigating and 

quantifying sources of bias, but also allows users to examine the practical question of 

whether one method can be substituted for the other using the Limits of Agreement. 
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Appendix C: Discussion of Human Tissue Modeling 

In addition, it should be noted that the relative compliance of a subject’s arm 

also plays a significant role in the device’s ability to self-stabilize.  Modeling variation 

in arm tissue compliance (stiffness) is beyond the scope of this project.  While the bulk 

mechanical properties of various soft tissues are well understood in humans [169–172], 

creating an arm analogue with varying degrees of stiffness matching those associated 

with human tissue would require experimentally deriving a constitutive model of both 

the arm soft-tissue and the compliant foam contacts of the LSMD.  This model could be 

created using the experimentally derived values for the Young’s modulus of the soft 

tissue for the human forearm at rest and at maximal isometric strength flexion, as 

presented by Iivarinen et al. [171].   

Based on the durability, cost and shape requirements it was decided that castable 

rigid urethane foam would provide the best means of creating a series of anatomically 

shaped pads with variations in stiffness designed to approximate a suitable range of 

human soft tissue stiffness values.  Sold by Smooth-On, Inc., Foam-iT!® urethane foam 

casting material can be purchased in 7 different densities ranging from 48 to 416 kg/m3.  

Based on hand palpitation of a series of Foam-iT!® samples, there appears to be 

sufficient variation in stiffness to allow a matching material to be found.  The 

experimental method used by Iivarinen et al. would be used to find the Young’s 

modulus values associated with each type of foam under mechanical load [171].  The 

range of densities offered, ability to mix the different liquid foam chemicals and use of 

variation in the casting process would provide an opportunity to attempt to find an 

appropriate tissue analogue.  Owing to the time, cost and complexity of this process, the 
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author limited their analysis to foam arm analogues created from commercially available 

foam of a density similar to that used with the LSMD. 

Each pad size (Table 3.3) was turned down from a larger foam pad using a lathe 

to spin the pad while aluminum mesh was held tangentially to sand the foam down 

evenly (refer to Figure C.1).  The process of cutting down these pads removed the stiffer 

outer ‘skin’ coating the surface of each pad (shown in Figure C.1.i). 

 
Figure C.1: Construction of foam arm analogues.  

  On the other hand, the tapered pad was an unmodified commercially available 

pad cut in half along the long axis.  Creating a custom-sized tapered pad proved difficult 

due to the ease with which the foam disintegrated when the author attempted to turn the 

foam down to a concave shape on the lathe.  A re-test of Experiment II in the future 

would benefit from tapered pads with more anatomically relatable diameters to the 95th 

percentile male arm.  The casting option discussed above would be the author’s 

preference for creating more anatomically relevant pads, including the tapered pads.  
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Further,  the following segmental mass and dimensions should be used to provide an 

ideal analogue arm. 

 
Figure C.2: Segmental analysis of upper arm centres of mass. 

Table C.1: NASA anthropometric data for arm segments. 

  Female Male 

Dimension Ref. 5th% 50th% 95th% 5th% 50th% 95th% 

Upper arm link (d1) (cm) [183] 26.14 27.83 29.48 28.65 30.48 32.34 

Fore. link (ulna) (d2) (cm) [183] 22.73 24.13 28.48 25.57 27.11 28.66 

Hand CoM (0.51d3) (cm)   [116]† - - - 5.1 5.6 6.0 

Total body mass (MTB) (kg) [116] 41.0 51.5 61.7 65.8 82.2 98.5 

† Female data not given, possible to extrapolate using ratios based on known full hand 

length data and known values for male population. 

Centre of mass (CoM) distances taken from Table 12 of [173], assume symmetry in 

unmarked directions.  The segmental mass properties can be determined using Table 13 

of [173]. 
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Appendix D: Summary of Selected Basic Statistical Concepts 

• Null Hypothesis:  A statement taking the position that there is no relationship 

between a pair of measured quantities. 

• Normality:  Sampled from a Gaussian distribution. 

• Probability density function: a function that, for a random continuous variable, 

gives the relative odds of a random variable appearing on the specific range.   

• t-test:  Statistical hypothesis test in which null hypothesis is supported if test 

statistic follows t-distribution. Used to determine whether two sets of data are 

significantly different.  Requires test statistic to follow a normal distribution.  

• Student’s t-distribution:  Set of probability density functions of a continuous, 

randomly distributed variable that take the form of Gaussian distributions (a bell 

shaped symmetric curve centred about the population’s mean value, μ). 

• Confidence Interval:  Range of values representing estimates of an unknown 

quantity from repeated experiments; the ‘level of confidence’ represents the 

probability that the true value of the unknown parameter is within the interval. 

• Standard deviation (σ) (of a population):  A statistical indicator of how much 

variation (a.k.a. variance, spread) from the average value exists, calculated as the 

square root of the population variance. The corrected standard deviation of a sample 

from this population is denoted s. 

• Homoscedasticity: Variance is finite and the same across all random variables. 

• Expectation (E[y]):  The expected value of a random variable, y, is the average 

value of a large number of repetitions of an experiment.  As number of repetitions 

approaches infinity we expect that the expected value and arithmetic mean value 
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converge. The expectation is also known as the ‘first moment’, referring to the 

probability distribution of a random variable where the mean is the first moment 

about the origin. 

• Analysis of Variance (ANOVA):  A group of statistical models used to examine 

differences between group means, separating variation into components based on 

the source of variance.   

• Mean of N samples (�̅�): 

�̅� =  
1

𝑛
∑ 𝑥𝑖

𝑛

𝑖=1

 ( D.1 ) 

•  (Corrected) sample standard deviation (s): 

𝑠 = √ 
1

𝑛 − 1
∑(𝑥𝑖 − �̅�)2

𝑛

𝑖=1

 ( D.2 ) 

where an unbiased estimator of population variance is s2, and both are estimates of 

the population’s true standard deviation (σ). 

• Sample skew (G1): A measure of the symmetry of the distribution of a sample, the 

Fisher-Pearson standardized moment coefficient (G1) is used to find skew [174]: 

G1 =
𝑛2

(𝑛 − 1)(𝑛 − 2)
∑ (

𝑥𝑖 − �̅�

𝑠
)

3𝑛

𝑖=1

 ( D.3 ) 

• Sample kurtosis: A measure of the sharpness of peak of the distribution, should be 

equal to three for a normal distribution.  Excess kurtosis is given by [174]:  

excess kurtosis = ∑
1

𝑛
(

𝑥𝑖 − �̅�

𝑠
)

4

− 3

𝑛

𝑖=1

 ( D.4 ) 
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• Pearson’s Product-Moment Correlation Coefficient (population: ρ / sample: r): 

A measure of linear dependence between two variables for which, a value of 1 

indicates positive total correlation (-1 indicating total negative correlation) and 0 

indicating no correlation between the two variables (apparent independence).  Also 

known as the Pearson correlation coefficient or bivariate correlation, this measure is 

considered an interclass correlation coefficient and hinges on the definition of 

covariance [175]. 

The strength of correlation between a pair of random variates, X and Y, is given by 

the covariance of the two variables, cov(X, Y).  We can describe the covariance of the 

two variables in terms of the expectation of the product of the mean-adjusted 

variables (that is the variable minus its mean, μ).  We would write the mean adjusted 

variables as follows: 

𝑚𝑒𝑎𝑛-𝑎𝑑𝑗𝑢𝑠𝑡𝑒𝑑 𝑋 =  (𝑋 − 𝜇𝑋) ( D.5 ) 

𝑚𝑒𝑎𝑛-𝑎𝑑𝑗𝑢𝑠𝑡𝑒𝑑 𝑌 =  (𝑌 − 𝜇𝑌) ( D.6 ) 

The covariance, then, is the expectation of the product of these mean-adjusted 

variables [175]: 

𝑐𝑜𝑣(𝑋, 𝑌) = 𝐸[(𝑋 − 𝜇𝑋)(𝑌 − 𝜇𝑌)] ( D.7 ) 

𝑐𝑜𝑣(𝑋, 𝑌) = 𝐸[𝑋 𝑌] − 𝜇𝑋𝜇𝑌 ( D.8 ) 

The covariance of these two variates can be explicitly written as a normalized sum of 

their mean adjusted products for a sample of N pairs of data points [175]: 

𝑐𝑜𝑣(𝑋, 𝑌) = ∑
(𝑋𝑖 − �̅�)(𝑌𝑖 − �̅�)

𝑁

𝑁

𝑖=1

  ( D.9 ) 
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The Pearson correlation coefficient for the population, ρX,Y, is defined as the 

covariance of the two variates in question, cov(X,Y), divided by the product of their 

respective individual standard deviations, σX and σY [175]. 

𝜌𝑋,𝑌 =  
𝑐𝑜𝑣(𝑋, 𝑌)

𝜎𝑋𝜎𝑌
 ( D.10 ) 

The standard deviations of the variates are defined as follows: 

σ𝑋 = √ 
1

𝑁
∑(𝑋𝑖 − �̅�)2

𝑁

𝑖=1

 ( D.11 ) 

The sample Pearson correlation coefficient, r, can be expressed by inserting our 

estimates of the sample covariances (Equation (D.9)) and standard deviations 

(Equation (D.11)) into Equation (D.10) [176]: 

𝑟 =  
𝑐𝑜𝑣(𝑥, 𝑦)

𝜎𝑥𝜎𝑦
    

𝑟 =  

1
𝑛

∑ (𝑥𝑖 − �̅�)(𝑦𝑖 − �̅�)𝑛
𝑖=1

(√ 
1
𝑛

∑ (𝑥𝑖 − �̅�)2𝑛
𝑖=1 ) (√ 

1
𝑛

∑ (𝑦𝑖 − �̅�)2𝑛
𝑖=1 )

    

𝑟 =  
∑ ((𝑥𝑖 − �̅�)(𝑦𝑖 − �̅�))𝑛

𝑖=1

√ ∑ (𝑥𝑖 − �̅�)2𝑛
𝑖=1 √ ∑ (𝑦𝑖 − �̅�)2𝑛

𝑖=1

 ( D.12 ) 

• Coefficient of Determination (r2): 

The coefficient of determination is an indication of how much of a dependant 

variate’s variance is attributable to its relationship with the independent variate.  If 

that relationship is described by a mathematical model, the r2 value is a measure of 

how accurately the observed relationship between the two variates is modeled by that 
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mathematical description.  In particular, for least square fitting of a sample data set, 

the r2 value is equal to the square of the Pearson product-moment correlation 

coefficient.  Before defining that relationship, a quick description of the sums of 

squares is required.  Note that the definition of the standard deviation from Equation 

(D.13) was used to state Equations (D.14) and (D.15) can be restated in terms of 

variance [177].  

σ𝑋
2 ≡ 𝑣𝑎𝑟(𝑋) ( D.13 ) 

𝑆𝑆𝑥𝑥 = ∑(𝑥𝑖 − �̅�)2

𝑛

𝑖=1

= 𝑛(𝜎𝑥
2)  = 𝑛(𝑣𝑎𝑟(𝑥)) ( D.14 ) 

𝑆𝑆𝑦𝑦 = ∑(𝑦𝑖 − �̅�)2

𝑛

𝑖=1

= 𝑛(𝜎𝑦
2) = 𝑛(𝑣𝑎𝑟(𝑦))  ( D.15 ) 

𝑆𝑆𝑥𝑦 = ∑(𝑥𝑖 − �̅�)(𝑦𝑖 − �̅�)

𝑛

𝑖=1

= 𝑛(𝑐𝑜𝑣(𝑥, 𝑦)) ( D.16 ) 

Pearson’s correlation coefficient (Equation (D.12)) can be restated using these sums 

of squares, which, when squared, yields the coefficient of determination. 

𝑟 =  
𝑆𝑆𝑥𝑦

√𝑆𝑆𝑥𝑥𝑆𝑆𝑦𝑦

 ( D.17 ) 

𝑟2 =  
𝑆𝑆𝑥𝑦

2

𝑆𝑆𝑥𝑥𝑆𝑆𝑦𝑦
 ( D.18 ) 

If the sampled data is fit to a linear, least-squares-derived model (Equation (D.19)), 

Weisstein gives60 the equations representing the slope of the line of best fit, explained 

sum of squares (ESS) and residual sum of squares (RSS) in Equations (D.20), (D.21) 

and (D.22), respectively.  The ESS is a measure of the variation in the modeled data, 

 
60 See [176] for full derivations of the equations. 
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while the variation due solely due to error in modeling the data is given by the 

residual sum of squares [176].  

E[𝑦] = a + b𝑥 ( D.19 ) 

b =  
∑ (𝑥𝑖 − �̅�)(𝑦𝑖 − �̅�)𝑛

𝑖=1

∑ (𝑥𝑖 − �̅�)2𝑛
𝑖=1

=
𝑆𝑆𝑥𝑦

𝑆𝑆𝑥𝑥
 ( D.20 ) 

ESS = ∑(E[𝑦𝑖] − �̅�)2

𝑛

𝑖=1

=  𝑏2(𝑆𝑆𝑥𝑥) = 𝑆𝑆𝑦𝑦(𝑟2) ( D.21 ) 

RSS = ∑(𝑦𝑖 − E[𝑦𝑖])2

𝑛

𝑖=1

=  𝑆𝑆𝑦𝑦(1 − 𝑟2) ( D.22 ) 

In general, the total sum of squares, TSS, is equal to the explained sum of squares 

plus the residual sum of squares: 

TSS = ESS + RSS    

                                                                       = 𝑆𝑆𝑦𝑦(𝑟2) + 𝑆𝑆𝑦𝑦(1 − 𝑟2)    

                                                               TSS = 𝑆𝑆𝑦𝑦 ( D.23 ) 

If the model chosen perfectly fits the observed data, one would expect RSS to be 

equal to zero and the TSS to be equal to the ESS.  This will rarely be the case, and as 

such, estimating the proportion of the total variance described by the model is 

essential.  With this in mind, the ratio of the variance described by the model to the 

total variance observed is constructed using Equation (D.21) and (D.23). 

𝐸𝑆𝑆

𝑇𝑆
=  

𝑆𝑆𝑦𝑦(𝑟2)

𝑆𝑆𝑦𝑦
=  𝑟2 ( D.24 ) 
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• Intraclass Correlation Coefficients (ICCs): 

An index of reliability calculated as a ratio of the variance of interest to the sum of 

the variance of interest plus error. Six types of ICCs exist depending on specific 

situation. These should always be stated in context of the population that was tested. 

The general form taken by the population ICC is as follows: 

𝐼𝐶𝐶 =  
𝜎𝛼

2

𝜎𝛼
2 + 𝐸𝑟𝑟𝑜𝑟

 ( D.25 ) 

 

where σα
2 is the variance of a particular group, α, and Error is the error term specific 

to the form of ICC chosen (see: Shrout and Fleiss [63]). 

 

• What’s the difference between PCC and ICCs? 

ICCs are better suited to measuring the association between paired measurements 

where a single measurement is made on each of two different things.  PCCs are better 

suited to pairings where the two measurements are different types of measures made 

on a single unit.  This arises from the fact that for ICCs the pooled mean and standard 

deviations are used to centre and scale data where as in PCCs the individual mean 

and standard deviations of each variable are used for that particular variable. This 

makes ICCs ideal for comparing strength measurements made with the same device.  
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• Excerpt of k7 values from pp. 52-53 of Geigy Scientific Tables [160] 

Table D.1: k7 values by observation number. 

n k7  n k7 

5 5.079  65 2.315 

6 4.414  70 2.299 

7 4.007  75 2.285 

8 3.732  80 2.272 

9 3.532  85 2.261 

10 3.379  90 2.251 

15 2.954  95 2.241 

20 2.752  100 2.233 

25 2.631  200 2.143 

30 2.549  300 2.106 

35 2.490  400 2.084 

40 2.445  500 2.070 

45 2.408  600 2.060 

50 2.379  700 2.052 

55 2.354  800 2.046 

60 2.333  1000 2.036 

   ∞ 1.960 

 

Where n is the number of observations and k7 is the corresponding constant.  

Values not listed in Table D.1 can be found via interpolation.  
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Appendix E:  Experiment III Participant Testing Order 

Table E.1: Experiment III testing dates, details and order of participant testing. 

Part. S. 
Testing Session 

Test Progression Pic? 
Adv. 

Dim? 

 

Date Time #  

P02 I 10/07/14 1:15 PM 1 Testing Day 1 

T
es

ti
n

g
 W

ee
k

 1
 

Yes No  

P03 I 10/07/14 3:00 PM 2 Thur., July 10th Yes No  

P06 I 11/07/14 10:30 AM 3 Testing Day 2 Yes No  

P05 I 11/07/14 1:15 PM 4 Fri., July 11th Yes No  

P07 I 14/07/14 1:15 PM 5 Testing Day 3 Yes No  

P09 I 14/07/14 3:00 PM 6 Mon., July 14th Yes No  

P08 I 15/07/14 1:15 PM 7 Testing Day 4 Yes No  

P11 I 15/07/14 3:00 PM 8 Tues., July 15th Yes No  

P01 I 16/07/14 9:00 AM 9 

Testing Day 5 

Wed., July 16th 

Yes No  

P04 I 16/07/14 10:45 AM 10 Yes No  

P10 I 16/07/14 1:15 PM 11 Yes No  

P12 I 16/07/14 3:00 PM 12 Yes No  

P18 I 17/07/14 8:00 AM 13 

Testing Day 6 

Thur., July 17th 

T
es

ti
n

g
 W

ee
k

 2
 

Yes No  

P13 I 17/07/14 9:45 AM 14 Yes No  

P02 II 17/07/14 1:15 PM 15 No Yes  

P19 I 17/07/14 3:00 PM 16 Yes No  

P15 I 17/07/14 4:45 PM 17 Yes No  

P16 I 18/07/14 8:45 AM 18 
Testing Day 7 

Fri., July 18th 

Yes No  

P17 I 18/07/14 10:30 AM 19 Yes No  

P20 I 18/07/14 2:00 PM 20 No No  

P06 II 20/07/14 12:00 PM 21 Testing Day 8 Yes Yes  

P03 II 20/07/14 3:00 PM 22 Sun., July 20th No Yes  

P07 II 21/07/14 1:15 PM 23 
Testing Day 9 

Mon., July 21st 

Yes Yes † 

P09 II 21/07/14 3:00 PM 24 No Yes  

P14 I 21/07/14 7:30 PM 25 No Yes  

P08 II 22/07/14 1:15 PM 26 Testing Day 10 No Yes  

P11 II 22/07/14 3:00 PM 27 Tues., July 22nd Yes Yes  

P01 II 23/07/14 9:00 AM 28 

Testing Day 11 

Wed., July 23rd 

Yes Yes  

P04 II 23/07/14 10:45 AM 29 No Yes  

P10 II 23/07/14 1:15 PM 30 No Yes  

P12 II 23/07/14 3:00 PM 31 No Yes  

P18 II 24/07/14 8:00 AM 32 

Testing Day 12 

Thur., July 24th 

T
es

ti
n

g
 W

ee
k

 2
.5

 

No Yes  

P13 II 24/07/14 9:45 AM 33 No Yes  

P05 II 24/07/14 11:30 AM 34 No Yes  

P19 II 24/07/14 3:00 PM 35 No Yes  

P15 II 24/07/14 4:45 PM 36 No Yes  

P16 II 25/07/14 8:45 AM 37 
Testing Day 13 

Fri., July 25th 

No Yes  

P20 II 25/07/14 10:30 AM 38 No Yes  

P17 II 25/07/14 2:00 PM 39 No Yes  

P14 II 28/07/14 7:30 PM 40 Testing Day 14 

Mon., July 28th 

No Yes  

† Different LSMD body from here on due to failure of pin mechanism (load cell and distal bar assembly unchanged)  
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Appendix F: Statistical Power and the Choice of Sample Size 

Statistical power, π, refers to the probability that a test is able to detect an effect 

when that effect exists.  In other words, for a simple hypothesis test, this would be the 

probability of correctly accepting the alternate hypothesis when it is true.  Power 

analysis is used to estimate the minimum sample size required to detect an effect of a 

certain size with a specific probability.  For the purposes of discussing these concepts, 

effect size will be labelled θ.  Conventionally, the minimum acceptable statistical power 

is taken to be 0.8 (or an 80% chance that the detected effect is real) [178, 179].  While 

this concept is simple for binary hypothesis testing with a single factor, things become 

more complicated when the statistical goals of an experiment become more 

multifaceted. 

Gelman and Hill explain the complex interaction of sample size, experimental 

design and interactions between factors [179].  As explained in Chapter 2, factors are 

actions done to individual experimental units as part of a treatment.  Multiple factor 

experiments lead to interaction effects (for example, the ‘Between judges’ and ‘Error’ 

rows of Table B.1).  Gelman and Hill note, however, that while interaction effects are 

typically small for small sample sizes, as the sample size increases, so does the 

cumulative impact of their interaction, necessitating more samples to improve the 

quality of the estimate.  They express this relationship simply, in saying “Sample size is 

never large enough” [179].    
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Figure F.1: Computing power from sample and population distributions61. 

Gelman and Hill demonstrate in Figure 20.2 of their textbook, that, assuming a 

scaled binomial distribution of the parameter and normal estimation error distribution, 

the true effect size, θ, must be 2.8 standard errors from zero in order to obtain 80% 

power (meaning an 80% probability that the 95% confidence interval is positive) [179].  

Shown above is a generalized version of Gelman and Hill’s Figure 20.2, where each of 

the probabilities are left unspecified. The significance of the confidence interval, α, and 

the desired power, 1 – β, are used to obtain the ‘z-scores’, Z1 – α/2 and Z1 – β, representing 

the value of the standardized normal distribution holding 1 – α/2 and 1 – β below it, 

respectively.  Using Figure F.1 as a reference, the value of n required to ensure that 1 – 

β of the estimates are within a Z1 – α/2 standard errors, SEθ, from the population mean can 

be estimated as shown in Equations (F.1) through (F.2). 

 
61 Based on Figure 20.2 of [179]. 
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μ + Z1 – α/2(𝑆𝐸𝜃) = 𝜃 − Z1 – β(𝑆𝐸𝜃) ( F.1 ) 

(Z1 – α/2 + Z1 – β)(𝑆𝐸𝜃) = 𝜃 − μ    

𝑆𝐸𝜃 =
𝜃 − μ

Z1 – α/2 + Z1 – β
 ( F.2 ) 

Next, the standard error will be estimated under the assumption that the sample 

mean, θ, is less than or equal to the population mean, µ.  The concept of the Standard 

Error of Measurement (SEM) can be utilized to simply relate these ideas of 

measurement error, sample variance and sample size.  As given in Equation (F.3), the 

SEM is equivalent to the sample standard deviation divided by the square root of the 

sample size.  The standard error, then, can be approximated in terms of the standard 

deviation of the sample mean, as shown below in Equation (F.4). 

SEM =  
𝑠

√𝑛
 ( F.3 ) 

𝑆𝐸𝜃  ≤ SEM    

∴   𝑆𝐸𝜃  ≤
𝑠

√𝑛
         ( F.4 ) 

           𝑛 ≥ (
𝑠

𝑆𝐸𝜃
)

2

 ( F.5 ) 

Substituting Equation (F.2) into (F.5), we obtain Equation (F.6). 

𝑛 ≥ (
(Z1 – α/2 + Z1 – β) 𝑠

𝜃 − μ
)

2

 ( F.6 ) 

Furthermore, note that the difference between means can be expressed as the estimated 

effect, ∆, yielding Equation (F.7). 

𝑛 ≥ (
(Z1 – α/2 + Z1 – β) 𝑠

Δ
)

2

 ( F.7 ) 



  

211 
 

As explained by Lipsey in Design Sensitivity: Statistical Power for Experimental 

Research [180], the effect size, ES, is the difference between the means scaled by the 

sample standard deviation.  

ES =
Δ

𝑠
 ( F.8 ) 

Effect size can be restated for the comparison of two means by explicitly stating it as 

shown in Equation (F.10), written in terms of the maximum and minimum means and 

the pooled standard deviation (shown in Equation (F.9)). 

𝑠𝑝𝑜𝑜𝑙𝑒𝑑 = √
𝑛1(𝑠1)2 + 𝑛2(𝑠2)2

𝑛1 + 𝑛2
 ( F.9 ) 

ES =
�̅�𝑚𝑎𝑥 − �̅�𝑚𝑖𝑛

𝑠𝑝𝑜𝑜𝑙𝑒𝑑
 ( F.10 ) 

Using Equation (F.8) we can modify Equation (F.7) to obtain the following relationship: 

𝑛 ≥ (
(Z1 – α/2 + Z1 – β)

ES
)

2

 ( F.11 ) 

If we use choose a 95% confidence interval and 80% power level (the conventional 

choices for these parameters [152, 178–180]), we can substitute the Z0.95 value (1.96) 

and the Z0.2 value (0.84) into Equation (F.11) to obtain an inequality for n written purely 

in terms of the effect size.  Figure F.2 gives a graphical representation of this 

relationship. 

𝑛 ≥ (
(1.96 + 0.84)

ES
)

2

    

𝑛 ≥
7.84

ES2
 ( F.12 ) 
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Figure F.2: Relationship between n and ES for 80% power and a 95% CI. 

A great deal of the literature follows the general rule of thumb provided for 

behaviour sciences researchers originally proposed by Cohen [181], estimating sample 

size for ‘small’, ‘medium’, and ‘large’ effects (0.20, 0.50 and 0.80, respectively).  As 

Durlak points out [182], the use of Cohen’s general rule of thumb should only be a 

measure of last resort, as the types of measurements, study design, measurands and 

influence of the examiner can all effect the size and suitability of the ES.  In reality, a 

‘large’ effect size is no more or less important than a ‘small’ effect size by virtue of 

magnitude alone.  Durlak advises that “ESs become meaningful when they are judged 

within the context of prior relevant research and the magnitude of the effect is only one 

factor. These judgements should be based on the characteristics of the research studies 

producing the effect, the type of outcomes assessed, and practical or clinical significance 

of the results” [182, p. 925].  With this in mind, a selection of relevant studies with 

known effect sizes is provided below.  The number of studies included is fairly small, 

this was expected.  In his 2009 meta-analysis of HHD effects, Bohannon noted that 
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many studies did not directly report effect sizes, having found only one that reported ES 

for HHD measurements and only five that reported sufficient data to calculate it for 

flexion and four for extension at the elbow.  Each of the studies reported by Bohannon 

with elbow extension or flexion data were performed on individuals with strength 

deficiencies and or an age outside the 21-60 year old range targeted in Experiment III 

[183].  

Table F.1: Published effect sizes for elbow strength studies. 

Study 

Effect Size 

Notes Ext Flx 

Gentil et al. 

[184] 
- 0.57 

Diff. between pre- and post-training peak isokinetic 

torque (10 weeks apart), n = 87, healthy normal adults. 

Ye et al. [118] - 1.12 

Diff. between initial MVICs for two randomly selected 

groups (n = 12 & 13).  Healthy normal adults. 

McQuade et 

al. [185] 
- 

1.7 

(1.6) 

Diff. between affected and normal arm for uni- and bi-

lateral MVICs, n =10, adults with chronic hemiparesis. 

ES for summed arm forces in brackets. 

de França et 

al. [186] 
0.66 0.54 

Effect size for comparisons pre- and post-training 1 rep 

max contractions with different training regimes across 

an 8-week period. 20 healthy normal adults. 

Average 0.66 0.88 Effect size averaged across each of the above studies. 

Using Equation (F.12) and the smallest average effect size found in the table 

above, we find that a minimum of 18 participants are needed for a study to have at least 

an 80% chance to detect a change in peak elbow flexion/extension MVIC measurements 

that is statistically significant at the 95% level.  Referring to Figure 3.11, assuming the 

initial survey, measurements and demonstration of the first device (steps 1 to 5 of the 

Experiment III general procedure) take 20 minutes to complete, each session requires at 

least 2 hours of the participant’s time.  As shown in Figure 3.12, only the members of 
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Group A are used for the inter-session and Group B for the inter-rater calculations.  

Given that the full group of recruits are split evenly into groups A and B, only half of 

the full cohort of participants can be used for the inter-session and inter-rater data 

analysis.  Thus, if we assume the cohort used in Experiment III contains 18 individuals, 

only 9 samples would be used in the ICC calculations for inter-session and inter-rater 

reliability, yielding a theoretical effect size of 0.93.   

If one assumes a reasonable rate of attrition between sessions, for example, 10% 

of the total participants, the optimal size for Experiment III would be 20 participants.  A 

review of the meta-analysis by Shechtman et al. [187] examining studies performed 

with healthy adults comparing maximal and sub-maximal MVIC measurements yields a 

potential effect size of 1.9 for the intra-rater portion of Experiment III, assuming the 

participants’ strength measurements vary between 60 and 100% of their true MVIC, a 

sample size of 20 would be sufficient to achieve the level of accuracy desired.  Perhaps 

the best analogy for the conditions of Experiment III among the papers summarized in 

Table F.1 is the initial data collection reported by Yi et al. [118].  Under the effect sizes 

reported by Yi et al. (1.9) and the desired 80% power and 5% significance, a minimum 

of 7 participants would be required in groups A and B (14 total).  Thus, our chosen 

sample size of 20 would yield greater statistical power than 80% with the effect sizes 

reported in Experiment III’s best literature analogue62.   

 
62 At least among papers with stated effect sizes.  Chapter 3 provides better examples of analogous papers 

without that stipulation. 
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Appendix G: Computing Effect Size from ANOVA Results 

As explained by Troncoso Skidmore and Thompson [188], η2 provides a means 

of quickly assessing the variance explained by an ANOVA model.  η2 suffers from the 

same shortcomings as Pearson’s coefficient, with the additional caveat that it is 

beholden to the sample size, such that small samples lead to an overestimated effect 

size.     

η2 =  
SSTreatement

SSTotal
 ( G.1 ) 

The η2 effect size calculation’s inherent bias is partially accounted for by another 

estimator of variance explained in the population, ω2. 

ω2 =  
SSTreatement − dfTreatment ∗ EMS

SSTotal + EMS
 ( G.2 ) 

where SS and EMS values are obtained from the ANOVA table (refer to Table B.1). 

In his 1988 textbook, Cohen [181] describes the means of computing various 

measures of effect size.  Included in those is a measure he recommended for estimating 

effect sizes in ANOVA testing.  Denoted fCohen, this measure of effect size will be used 

to transition to a measure that includes the magnitude of the effect (i.e., ES as described 

in Equation (F.8)). 

𝑓𝐶𝑜ℎ𝑒𝑛 =  √
η2

1 − η2
 ( G.3 ) 

 

As explained by Steiger [189], Equation (G.3) can be modified to reduce bias using 

Equation (G.2), yielding Equation (G.4).  

𝑓𝐶𝑜ℎ𝑒𝑛 =  √
ω2

1 − ω2
 ( G.4 ) 
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Cohen’s text also includes a means of directly converting between his fCohen and dCohen 

measures of effect size, as shown below in Equation (G.5).  

𝑓𝐶𝑜ℎ𝑒𝑛 =  
𝑑𝐶𝑜ℎ𝑒𝑛

√2 𝑘
 ( G.5 ) 

where k is the number of standardized population means. 

Combining Equation (G.4) and Equation (G.5), we obtain an effect size measure for 

ANOVA tests of means that is analogous to ES. 

𝑑𝐶𝑜ℎ𝑒𝑛 =  √
2 𝑘 ω2

1 − ω2
 ( G.6 ) 
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Appendix H: Sample Data Collection Sheets from Exp III 
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Appendix I: Confounding Confounding Factors 

A simple bivariate correlation analysis was used to examine whether there was 

an apparent association between the two variables (in this case ‘factor’ versus ‘max 

torque of set’).  First, the basic anthropometric data were compared to the peak torque of 

each set to examine potential covariation.  Knowing the general relationships between 

these properties and strength in healthy adults, the results can be considered a means of 

checking the appropriateness of the analysis used.   

Table I.1: Covariate analysis of basic anthropometrics versus peak torque of set. 

  Extension Flexion 

 Device r Sig. † r Sig. † 

Age 

vs. 

τmax 

HHD -0.132 0.579 0.032 0.892 

LSMD -0.118 0.621 0.033 0.892 

Cybex -0.055 0.817 0.029 0.904 

Height 

vs. 

τmax 

HHD 0.542 0.014 0.684 0.001 

LSMD 0.560 0.010 0.689 0.001 

Cybex 0.515 0.020 0.695 0.001 

Sex 

vs. 

τmax 

HHD -0.680 0.001 -0.664 0.001 

LSMD -0.691 0.001 -0.736 0.000 

Cybex -0.573 0.008 -0.673 0.001 

Hand Dom. 

vs. 

τmax 

HHD -0.108 0.650 -0.240 0.308 

LSMD -0.033 0.891 -0.124 0.604 

Cybex 0.148 0.535 -0.090 0.705 

† Two-tailed significance used. 

As expected [92], sex and height were very strongly correlated with strength.  This was 

especially unsurprising given that arm length is directly proportional to height and that 

torque measured at the elbow is proportional to the moment arm (the distance between 

the elbow joint centre and the device contact point at the wrist).  While a relationship 

between age and strength would be expected for a sample of persons that includes 
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children, adults and seniors, Experiment III only included adult participants (mean age 

of 26 years old with a standard deviation of 8 years).   With that detail in mind, the lack 

of significant covariation between age and peak torque aligns with expectations [92].  

Strength is known to vary between the dominant and non-dominant hand of an 

individual, but, as expected, left-hand dominant individuals were not significantly 

stronger or weaker than right-hand dominant persons.  Having verified the presence of 

the expected relationships between standard anthropometrics and the peak strength 

measurements, the survey results (summarized in Table 4.8) were compared to the 

measured torques as a means of examining the potential interactions between caffeine 

usage or strength training with measured torques. 

Table I.2: Covariate analysis of survey results versus peak torque of set. 

  Extension Flexion 

 Device r Sig. † r Sig. † 

Past Str. Train. 

vs. 

τmax 

HHD 0.246 0.296 0.266 0.256 

LSMD 0.349 0.131 0.164 0.490 

Cybex 0.269 0.251 0.262 0.265 

Recent Str. Train. 

vs. 

τmax 

HHD 0.536 0.015 0.531 0.016 

LSMD 0.355 0.125 0.455 0.044 

Cybex 0.356 0.123 0.508 0.022 

Recent Caffeine 

vs. 

τmax 

HHD 0.315 0.176 0.481 0.032 

LSMD 0.251 0.285 0.444 0.050 

Cybex 0.355 0.125 0.457 0.043 

† Two-tailed significance used. 

As discussed by Timmins and Saunders [190], caffeine ingestion has a small 

impact on MVC strength, although the effect varies between muscle groups and dosage.  

An extensive meta-analysis of the topic by Warren et al. found that the strength-

enhancing effect of caffeine was not unequivocal [191].  Unsurprisingly, the relationship 
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between the Experiment III torque data and caffeine-intake was inconsistent.  A 

significant covariance was detected between reported caffeine intake and peak torque 

for elbow flexors, but not the extensor group.  Similarly, self-reported recent strength 

training had a significant interaction with flexion torque for all devices.  Although it 

seems logical that individuals who recently participated in strength training would be 

stronger than those who didn’t, that effect was not found with peak extension torque as 

measured by the LSMD and Cybex.  This unexpected result did not hold for the HHD 

extension measurements.  No interaction effect was found between peak torque and the 

self-reported history of strength training.  It should be noted that 40% of Group A 

reported recent strength training compared to 10% of Group B, and as such one would 

expect ‘group’ to play a role in the covariance found between peak torque and self-

reported recent strength training.   

Notes for Table I.1 and Table I.2: 

• To separate the potential confounding influence of inter-observer variance on the 

results, only the Session I data were examined for covariate effects.   

• The Pearson correlation coefficient was used, and as such, all of the usual 

caveats apply—especially that the lack of an apparent linear relationship does 

not imply there is not a relationship between the variates of another order.   

• A negative r value indicates an inverse linear relationship.    
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Appendix J: Force-Specific Calibration of the LSMD 

The calibration equations outlined in Section 4.3 provided an effective means of 

tuning the output of the LSMD to adjust for measurement bias.  While the LSMD 

measures force rather than torque, the experimental design resulted in measurements on 

three devices that were best compared as torques.  The standard methodology for fixed-

IKD measurement of elbow extension and flexion at 90° using a Cybex includes a grip 

located on the arm extension.  Modification of the standard Cybex method was avoided 

to maintain the credibility assigned to Cybex measurements, justifying the continued 

treatment of as device as the ‘gold standard’ for strength measurement.  However, 

because the BioTone package is designed with force measured in pounds as the sole 

outcome measure of the LSMD, calibration equations were derived for this component 

(force measured at the LSMD’s point of contact on the radial or ulnar surface) despite 

the larger relative error expected compared to those done for elbow torque.   

As explained in Section 3.4, the first step in calibrating the LSMD was to find 

WLP fits for the Session I flexion and extension data (shown below).  
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Figure J.1: LSMD vs. Cybex scatter plots for force measurements (Session I). 

The WLP formulas for each of the data sets examining the forces measured by 

the LSMD and Cybex in Session I are given below in Table J.1.  Examining the CI95 for 

each coefficient, it is clear that each intercept contains 0 and each slope 1, making it 

impossible to reject the hypotheses of Equation (B.53) and (B.54).  Thus, the WLP 

formulas were applicable as a means of calibrating the Session II force data.  

Table J.1: Summary of WLP results for force measurements in Session I. 

Comp. Motion r2 a' CI95 for a' b' CI95 for b' 

LSMD 

vs. 

Cybex 

Ext. 0.738 -5.179 [-19.206, 8.847] 1.387 [0.938, 1.836] 

Flex. 0.886 -1.791 [-9.551, 5.969] 0.924 [0.736, 1.111] 

The calibration formulas below (Equations (J.1) and (J.2)) were applied to the 

Session II force data to ascertain whether they were as effective as their torque-based 

counterparts in calibrating the device. 

F𝑒𝐶𝑎𝑙 =
1

1.387
(F𝑒 + 5.179 lbs) ( J.1 ) 

F𝑓𝐶𝑎𝑙 =
1

0.924
(F𝑓 + 1.791 lbs) ( J.2 ) 

where FeCal and FfCal refer to the calibrated force for the LSMD based on the respective 

measured outputs Fe and Ff. 
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As with the torque data, scatter plots of the force data measured in Session II 

were plotted for both extension and flexion.  The effect of the calibration equations was 

then demonstrated by plotting the calibrated Session II data and calculating a new WLP 

fit for the unchanged and calibrated LSMD forces against corresponding Cybex data. 

 

Figure J.2: Session II LSMD force data before and after calibration. 

Each of the WLP lines of best fit for the plots of Figure J.2 are given in Table J.2 

along with the associated confidence intervals.  Each of the listed slope parameters were 

significant at the 95% level. 
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Table J.2: WLP regression equations for SII WLP data pre- and post-calibration. 

Comp. Motion r2 a' CI95 for a' b' CI95 for b' 

L
S

M
D

 v
s.

 C
yb

ex
 

M
e
a

su
re

d
 

Ext. 0.820 -9.943 [-28.240, 8.355] 1.450 [0.872, 2.027] 

Flex. 0.840 -2.036 [-11.920, 7.847] 0.892 [0.667, 1.117] 

C
a

li
b
ra

te
d
 

Ext. 0.820 -3.476 [-13.825, 6.874] 1.048 [0.740, 1.357] 

Flex. 0.840 -0.259 [-10.728, 10.209] 0.966 [0.730, 1.202] 

Finally, each of measured and calibrated forces were summarized in terms of the 

size and variance of their relative difference across the full cohort of 20 participants.   

Table J.3: Effect of calibration on SII LSMD force data. 

  F (lbs) ∆F (Cybex – LSMD) (lbs) 

 Motion Cybex LSMD mean |min| |max| s 

As Measured 
Ext. 43.838 53.965 -10.127 1.823 42.729 12.355 

Flex. 56.888 48.634 8.254 0.755 29.910 8.614 

Calibrated 
Ext. 43.838 42.638 1.200 0.133 15.713 7.772 

Flex. 56.888 54.601 2.287 0.107 23.021 8.514 

As Table J.3 demonstrates, the effect of post hoc calibration on the force 

measurements achieved a non-trivial reduction in mean value of the difference between 

Cybex and LSMD measurements (840% reduction for Extension and 361% for Flexion).  

The relative spread of the data was improved for the extension calibration but remained   

consistent for flexion.   
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Appendix K: Selected Notes from Experiment III Testing Sessions 

The notes below were transcribed verbatim from the hand-written notes taken during 

testing session in question.  

N.B.  Dropped/questionable trials accounted for by collecting appropriate additional 

trial within the same ‘set’ (so some sets contained 4+ reps, spaced according to 

the rest protocol outlined in Chapter 3).  All measurements (including 

failed/dropped reps) were recorded and noted in the data set. 

Table K.1: Selected transcribed notes on the HHD from Experiment III data sheets. 

ID: P02 (Group A) Device: HHD  Session: I  Date: 10/07/14 

“Had difficulty maintaining stability during these measurements-- this participant 

was the observer's first HHD measurements outside of practice.  Due to P02's 

extreme strength and Observer α's inexperience it is likely these are submaximal 

measurements. May have to throw these HHD #s out altogether.” 
 

ID: P09 (Group A) Device: HHD  Session: I  Date: 14/07/14 

“Observer slipped on floor for HHD Ext #1, #2, #3. For HHD Flx  #1, #2, and #3 

participant's arm was frequently breaking 90°. Difficulty here.”  
 

ID: P01 (Group B) Device: HHD  Session: II  Date: 23/07/14 

“Note: Observer β holds HHD in correct way [for extension], see photo. HHD Flx #1 

was tossed due to significant error in form leading to resistance breaking.”  
 

ID: P02 (Group A) Device: HHD  Session: II  Date: 17/07/14 

“Observer was too weak to maintain 90° for flexion and slid across the floor for 

Ext#3=62.0” 
 

ID: P09 (Group A) Device: HHD  Session: II  Date: 21/07/14 

“Participant slipped down table (Flx#1=88.4), remaining Flx were with participant 

strapped down on table (temp. change to protocol).” 
 

ID: P12 (Group A) Device: HHD  Session: II  Date: 23/07/14 

“HHD Flx measurements were all odd. First had sliding on bed, second was 'very 

acute' and the last they were strapped onto the Cybex bed. (Potential DOMS)” 
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Table K.2: Selected transcribed notes on the Cybex from Experiment III data sheets. 

ID: P03 (Group B) Device: Cybex  Session: I  Date: 10/07/14 

“Observer β felt that the participant may have struggled with the 14Nm threshold for 

Ext measurements to start recording.” 
 

ID: P05 (Group B) Device: Cybex  Session: I  Date: 11/07/14 

“Cybex Ext #1 was not MVIC” [Cybex Ext #1 dropped from analysis due to this] 
 

ID: P08 (Group A) Device: Cybex  Session: I  Date: 15/07/14 

“Participant felt that sound of Cybex's dynamometer was mental queue for how hard 

it was working. Felt that not hearing it for Ext #3 made them have sub-maximal 

contraction” 
 

ID: P11 (Group A) Device: Cybex  Session: I  Date: 15/07/14 

“Shoulder lifted on Cybex Flx 1” [Cybex Flx #1 dropped from analysis due to this] 
 

ID: P04 (Group B) Device: Cybex  Session: II  Date: 23/07/14 

“Participant commented on Cybex Ext 2&3: "I petered out… I'm tired", Cybex Flx#1 

started by extending briefly then switching to flexion.” 
 

ID: P14 (Group B) Device: Cybex  Session: II  Date: 28/07/14 

“Generally poor effort level.” 
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Appendix L: Detail on HHD and Cybex Variance in Experiment III 

Variations in methodology between observers and between individual users 

contributed to poor inter-rater reliability for the HHD and Cybex devices in Experiment 

III.  While clearly impactful, these data are representative of device use in situ, as both 

observers received the same training and used the manufacturer supplied instructions for 

use to test the same subjects in the same condition.  

L.1 Protocol variations in HHD measurements 

As described in the testing notes63 for P01’s Session II HHD measurements, 

when the first HHD measurements were taken by Observer β, Observer α realized that 

they had used a variation on the HHD holding technique in extension that made it more 

difficult to resist the participant breaking static equilibrium.  Observers α and β 

maintained their differing HHD techniques throughout based on a desire to maintain 

consistency of protocol among all persons tested by each rater.  Furthermore, no change 

was made in deference to the fact that Observer α’s choice of technique was an organic 

decision made in good faith after reviewing the same literature as Observer β.  While 

Observer α’s incorrect form had a clear effect on the data it is a fair representation of 

how an individual user may interpret and apply the manufacturer’s instructions for use 

of the HHD.  Critically, the same form was applied consistency across all HHD 

extension trials collected by Observer α, as confirmed by the high inter-session 

reliability found for the HHD in extension and the comparatively small between-judges 

error term in Table 5.3. 

 
63 Refer to Table K.1 of Appendix K. 
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L.2 Inter-group variations in HHD measurements 

The potential source of the significantly elevated between-judges variance and 

comparatively poorer inter-session reliability of the HHD in flexion is revealed in the 

original testing notes.  As shown in Appendix K, Observer α noted difficulties in their 

HHD collections during flexion for 3 of the 10 participants from Group A that did not 

occur in both sessions.  The difficulties all occurred due to the relatively high strengths 

of Group A, often involving the participant sliding on the Cybex ‘bed’ that was used for 

all three devices.  These inter-session changes in the HHD flexion data collection were 

unique to the strongest members of the full cohort (all of whom were in Group A and 

close to the 95th percentile of expected strength, per Figure 5.2).  While the extension 

measurements for this group were even farther above population expectations, the inter-

session reliability of the HHD in extension was not affected as strongly as in flexion 

because the impact on testing was consistent across the two sessions.  This observation 

is borne out by the between-judges component of variance data for inter-session 

reliability listed in Table 5.3.  In contrast to the HHD flexion data, the component of 

variance associated with the effect of session change on the extension data was 

proportional to the error term. 

L.3 Protocol variations in Cybex measurements 

Unlike the HHD data, the Cybex data was affected by error that is entirely 

intrinsic to the design of the device.  As shown in Figure 2.5, the axis of rotation for the 

test subject’s elbow must be aligned with that of the dynamometer for the Cybex to 

correctly measure the elbow torque.  The importance of correctly aligning these axes is 

noted across literature sources [11, 24, 25, 57, 64, 116].  The alignment of the elbow 
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joint axis with the dynamometer axis of rotation is standardized in protocols outlined in 

the Humac Norm User Guide.  In particular, the Position Patient steps of the official 

elbow protocol [65] describe the procedure for correct alignment of the biological and 

mechanical axes.  Three of the six steps listed in said procedure require an element of 

judgment on the part of the operator, namely deciding if the adjustment aligns the two 

axes and whether the patient’s range of motion is correct after tuning the individual 

positions of the system elements.  While the alignment protocol suggests adjusting the 

height of the dynamometer body and the length of the elbow adapter, the author decided 

to apply the standard initial settings from the Cybex protocol for all items then adjust the 

elbow adapter height as needed.  This methodology64 proved successful for all 

participants.     

The split-session, multiple-observer design of Experiment III (Figure 3.12) gives 

useful insight into how different observers adjust the Cybex for the same subject.  The 

combination of the author’s choice to hold dynamometer height constant and use 

modifications of adapter height and patient position to control axial alignment, allows 

for a systematic examination of elbow adapter length as a proxy for perceived axial 

alignment on the part of the observer.  The importance of this judgment on the part of 

the observer is emphasised in the Humac Norm User Guide, where the authors caution 

that “[f]or gathering reliable data, selecting the correct length adjustment for input 

accessories can be as important as aligning the axis of rotation” [65, pp. 1–26].  It is 

 
64 This simplification of the positioning procedure was possible because the isometric constraint kept the 

elbow at 90° throughout testing, with the wrist and the body of the elbow adapter pointing vertically.  In 

this position, adjusting the height of the dynamometer achieves the same effect as changing the length of 

the elbow adapter. 
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important to note that the elbow adapter height isn’t the sole source of potential inter-

rater variance, rather, it is uniquely quantifiable post-hoc owing to the experimental 

design.   

In addition to needing to ensure that the biological and mechanical axes are 

aligned during testing, the observer must ensure the subject does not recruit or substitute 

the shoulder musculature.  While the Cybex procedure recommends restraints and a 

shoulder positioning that minimizes these unwanted muscular contributions, the device 

is sensitive to user error in these respects [54, 57, 72, 116].  Indeed, the isometric elbow 

strength measurements of interest have a known dependence on shoulder positioning 

[70, 71], a fact that requires the observer to note the subject’s positioning throughout 

testing.   

The subject’s positioning during testing (Figure 2.5) carries a bias toward 

shoulder lift during extension due to the combination of position and natural joint 

mechanics.  In flexion, the subject attempts to pull the dynamometer arm toward their 

shoulder, but with the dynamometer fixed in isometric-mode, with the elbow at 90°, the 

observed tendency of the subject is to keep their shoulder anchored as the biceps 

contracts.  When attempting to extend their arm at the elbow from the same positioning 

on the Cybex, the natural tendency of the test subjects is to engage their anterior deltoids 

and lift their posterior deltoid away from bed as they did so.  Each observer was 

responsible for monitoring their subjects to detect these behaviours and correct any 

errors in form.  With no means of quantifying subject shoulder position throughout 

testing, this potential source of inter-rater error is difficult to track, or estimate post hoc. 
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On the other hand, elbow adapter height is both critical and uniquely trackable 

across users and observers thanks to the experimental design. 

Table L.1: Change in Cybex adapter arm position between sessions. 

  Group A Group B 

Cybex elbow adapter 

height 

|SI – SII| 

n∆
† 3 (30%) 6 (60%) 

         ____ 

h∆cyb 
‡ 1 cm 1 cm 

† Number of participants with different elbow adapter heights between sessions. 
‡ Mean change in elbow adapter height among participants with different SI/SII values 

Examining the change in the Cybex elbow adapter height across sessions, it is 

unsurprising that the mean change in elbow adapter height was equal to the smallest 

possible adjustment in elbow adapter position (1 cm).  The apparent error in choice of 

axial alignment wasn’t limited to the sensitivity of the elbow adapter, as one member of 

Group A and two of Group B had changes of 2 cm between sessions.  It is noteworthy, 

however, that Observer β chose a different elbow adaptor height than Observer α twice 

as frequently as Observer α chose a different adapter setting between sessions.  Indeed, 

Observer β chose a different adapter height than Observer α in the majority of cases 

(60%).  The choice of input adapter height does not change between flexion and 

extension.  Thus, if this factor is the driving force behind inter-rater variance, the same 

effect should appear for both motions.  As shown in Table 5.3 of Section 5.2.2, the 

between-judges error component was consistent across motions but not fully explained 

by the elbow adaptor height chosen, as the reliability scores for each motion were 

markedly different. 

L.4 Intra-group differences in Cybex Extension data 

The relative axial alignment error due to inter-rater variation in elbow adapter 

height does not completely account for the unexpectedly poor inter-rater performance of 
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the Cybex in Experiment III since it was markedly worse in extension than flexion.  

While Table 5.3 indicates that both reliability calculations for the Cybex show 

significant variance owing to differences in the raters, aside for a notably small CI95 

lower bound in flexion, only the extension data show these effects in the final ICCaa(2, 

1) value of Table 4.15.  The ANOVA results point to potential sources of this disparity 

between motions.  For the extension data, the ratio of the variance between subjects to 

the total variance was 0.80 compared to 0.93 for the flexion data.  That is to say, the 

variance due to the error and between-judges components was comparatively larger for 

the extension data than the flexion data.  While the ratio statistics for the between-judges 

component were consistent between motions, the extension data had a greater proportion 

of variance within subjects than between subjects.  As Equation (B.3) illustrates, the 

reliability statistic is inversely proportional to the inhomogeneity of the sample.  A 

homogeneous (smaller between-subject variance) sample will artificially depress the 

reliability statistic compared to a heterogeneous sample with the same between-judges 

proportion of variance.  Ultimately, had there been more between-subjects variance in 

the Cybex extension data for Group B, the error and between-judges components of 

variance would not have affected the final reliability coefficient as strongly as they did.  

This is an unavoidable consequence of the natural biological variability in human 

strength data that was exacerbated by the small sample size used. 

L.5 Inter-group differences in Cybex Extension data 

Examination of the individual testing notes for the Cybex data collections (Table 

K.2) revealed that between Observer α in Session I and Observer β in Session II, 3 of 

the 10 individuals in Group B had procedural notes regarding their extension data that 
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could not be addressed during analysis.  In one case, the participant was noted to have 

struggled with the threshold for the Cybex to start recording (set to 14 Nm by default).  

With final measurements of 15, 16 and 18 Nm in extension65, the Cybex’s standard 

recording threshold may have been too close to that participant’s peak elbow torque, not 

allowing them to comfortably ramp up from zero effort to a final MVIC.  After 

observing these struggles, the recording threshold was reduced to 10 Nm for the 

remaining data collections.  When the participant in question returned for their second 

session their peak extension torques averaged 25 Nm on the (now lower threshold) 

Cybex, with their respective falling within 2% and 7% of the respective HHD and 

LSMD values with comparable intra-rater error.  Depressed reliability among 

individuals that struggle to meet threshold torques is a known phenomenon in isokinetic 

dynamometry, with Morris-Chatta et al. also having noted a reduced inter-rater 

reliability among individuals with average strengths less than 10 Nm when measuring 

ankle strength in older adults across 1 week sessions [192].   

The remaining notes regarding Group B’s Cybex extension trials were related to 

fatigue and effort level.  Each of these factors represents a source of systematic error 

that was distinct and inseparable from effects owed to the observer or the device.  When 

taken as a percentage of the mean extension torque measured between the two Cybex 

sessions, the individual inter-rater residuals bear these observations out—among the 

individuals noted in Table K.2 were the 1st, 3rd and 6th largest residuals, indicating that 

these systematic error sources contributed in some fashion to the poor inter-rater 

reliability detected for the Cybex extension measurements.  Dropping any one or all 

 
65 Measurements 7-17% less than the peak HHD and LSMD values with three times more variance. 
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three of these troublesome individuals does not sufficiently improve the inter-rater 

reliability66 to conclude that they were solely responsible for the poor Cybex inter-rater 

reliability in extension.  This author is of the same mind as Ludbrook [193] and Finney 

[194]—dropping data points post-hoc requires extreme vetting to ensure it is justified by 

the circumstances (error of the apparatus or human error in collecting/transcribing the 

data) rather than a convenient rephrasing of the data to improve the apparent results.  

The testing notes of Appendix K did not justify dropping any individuals from the group 

analysis.   

  

 
66 The ICCaa(2, 1) improved to 0.720 (CI95 [0.142, 0.93]) when P14, the individual with the raw inter-rater 

residual of the greatest magnitude, was dropped. Dropping others has the added effect of reducing 

between-subjects variance and sample size, diminishing the returns. 
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Appendix M: Methodological Quality Assessment 

Schrama et al. criteria for methodological quality assessment [9] 

Table M.1: Criteria for assessing methodological quality. 

 Criterion Answer 

R
is

k
 o

f 
B

ia
s 

 

  

1. Were examiner(s) blinded to their own prior test results? Yes 

No 

Unclear 
 

 

2. Were participants blinded to their own prior test results? Yes 

No 

Unclear 
 

 

3. Was the order in which subjects/movement/side/joint/device were 

examined varied? 

Yes 

No 

Unclear 
 

 

4. Was there an appropriate time interval between the measurements to be 

reasonably sure that the participants’ strength could not have been 

increased or decreased? 

Yes 

No 

Unclear 
 

 

5. Was there an appropriate time interval between the measurements 

within a day or between days to be reasonably sure that the examiners’ 

characteristics were stable? 

Yes 

No 

Unclear 
 

 

6. Can a non-random loss to follow-up be ruled out? Yes 

No 

Unclear 
 

 

A
p

p
li

ca
b

il
it

y
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f 
R

es
u

lt
s 

 

7. Was a representative sample of participations used? † Yes 

No 

Unclear 
 

 

8. Is replication of the assessment procedure possible? Yes 

No 

Unclear 
 

 

9. Was a representative sample of examiners used? Yes 

No 

Unclear 
 

 

10. Were the same clinical data available when test results were interpreted 

as would be available when the tests is used in practice? 

Yes 

No 

Unclear 
 

 

 

11. Were appropriate statistical measures of intra-examiner reliability used? Yes 

No 

Unclear 

† The awkward phrasing here is quoted verbatim from the source. By comparing Table 3 of 

   Schrama et al. [9, p. 2458], to the literature sources it references it is clear that  

   “participations” can be read as “participants”. 

The table above is a modified version of Table 1 of Schrama et al. [9, p. 2446], reprinted 

for reference. 
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