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Abstract 

Despite significant mechatronic advancements in prosthetic hands, achieving the 

functionality of a biological extremity remains far from realized. For the development of next-

generation prosthetics and improved patient outcomes, standardized, reliable, and validated task-

based evaluation measures are essential. A task-based approach, entailing the manipulation of 

physical objects with prostheses, directly assesses patient performance in real-time and offers 

numerous benefits. Task-based assessments aid clinical decision-making, allowing clinicians to 

choose the best prosthetic device or strategy for individual patients and enables precise tracking 

of patient progress, highlighting treatment effectiveness or the need for adjustments. These 

measures also provide objective data for cost justification in insurance and public health systems, 

enhancing transparency among stakeholders, including researchers, clinicians, patients, and 

regulatory bodies. Finally, the standardization of task-based measures facilitates consistent 

comparisons across different prosthetic devices and control systems, promoting iterative 

improvement and innovation. Thus, properly implemented standardized evaluation measures are 

fundamental to the advancement of upper-limb prosthetics. 

This thesis critically examines currently available task-based evaluation methods for 

upper-limb prosthetic technologies, highlighting the gap between the rapid advancement of 

prosthetic devices and the development of standardized assessment protocols. First, a 

comprehensive literature review, published in Frontiers in Robotics and AI, revealed that only 25 

assessments for upper-limb prostheses have been validated since 1948, highlighting many 

researchers’ reliance on non-standardized tests that may not have rigorously established validity 

and not fully address the diverse interests of clinical and research communities. This research 

then applies theory to practice by using one of the highest rated currently available methods, the 
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Anthropomorphic Hand Assessment Protocol (AHAP), to compare three open-source 3D-printed 

prosthetic hands with three commercially produced ones. This analysis, currently under review in 

BMC Biomedical Engineering, illustrates the practical challenges and advancements in 

prosthetic evaluation and paves the way for a more in-depth discussion on enhancing assessment 

methodologies. Finally, an online survey about task-based functional measures was conducted to 

understand and gather insights from diverse practitioners who interact with individuals 

prescribed upper-limb prostheses. The findings from this survey will influence future task-based 

evaluation methods and will be presented at the MyoElectric Control Conference in August 

2024. This thesis not only provides insights into existing evaluation methods but also pinpoints 

areas for enhancement, significantly contributing to the development of effective and universally 

accepted evaluation techniques for upper-limb prostheses. 
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Chapter 1: Introduction 

1.1: Background 

Standardized, reliable, and validated task-based evaluation measures for upper-limb 

prostheses are crucial for advancing research and, most importantly, enhancing patient care. 

Using a task-based approach, which entails manipulating physical objects with prostheses, 

presents a distinct advantage as it directly assesses a patient’s performance in real-time. This 

method is pivotal in evaluating functionality but also extends its influence to clinical decision-

making, aiding clinicians in selecting the most suitable prosthetic device or strategy for 

individual patients. By integrating optimal evaluation measures, clinicians can also precisely 

track patient progress, thereby highlighting the efficacy of treatments and identifying necessary 

adjustments. Furthermore, task-based measures provide standardized, objective data to 

substantiate cost justifications for insurance and public health systems, facilitating transparency 

among stakeholders, including researchers, clinicians, patients, insurance agencies, regulatory 

bodies, and the general public. This standardization also ensures consistent comparisons across 

different prosthetic devices and control systems. Additionally, although self-reported surveys are 

invaluable for detailing patient functional outcomes, task-based methods offer unique and 

complementary information, helping mitigate the biases often encountered in surveys, such as: 

recall bias (participants might not accurately remember their experiences), social desirability bias 

(participants might answer in a way to be viewed favorably by others), and extreme response 

bias (participants might tend to choose the highest or lowest score on a rating scale) [1]. This 

objective data is crucial for iterative improvement and innovation, reducing uncertainties 

introduced by study-specific measurement techniques. In essence, standardized, validated task-

based evaluation measures, when adeptly implemented, are the cornerstone for advancements in 

upper-limb prosthetics.  

https://www.zotero.org/google-docs/?rV1pPf
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However, despite the clear significance of these measures, there is a notable discrepancy 

in the focus of upper-limb prosthetic research. While upper-limb prostheses have evolved from 

simple hook hands to sophisticated, dexterous, multi-articulating devices controlled through the 

nervous system, a standardized and well adopted assessment framework still remains absent [2]. 

This has caused researchers to resort to creating boutique tests for new features. To illustrate this 

point, Figure 1 shows a search conducted on PubMed for articles discussing new upper-limb 

prosthetic technology versus those discussing testing methodologies. For new prosthetic 

technologies, it included keywords: ‘Prosthetic Hand’, ‘New Upper-Limb Prosthesis’, and ‘Hand 

Neuroprosthesis’. Keywords: ‘prosthetic hand test’, ‘prosthetic hand dexterity assessment’, 

‘prosthetic control system test’, and ‘prosthesis control system assessment’ were used for 

evaluation methods. As depicted in Figure 1, the results of this search yield a stark discrepancy 

between the substantial volume of scientific literature reporting on upper-limb prosthetic 

technologies and the limited number of articles reporting on techniques to evaluate these same 

devices. 

 

Figure 1. Quantity of PubMed Articles by Category 

https://www.zotero.org/google-docs/?CySTgM
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1.2: Thesis Objectives 

This thesis aims to (1) critically examine currently available and validated task-based 

evaluation methods for upper-limb prosthetic technologies, highlighting the gap between the 

rapid advancement of prosthetic devices and the development of standardized assessment 

protocols; and (2) to provide directions for future research and evaluation methods.  

This thesis consists of five chapters. Chapter 1 outlines the significance along with 

current shortcomings of standardized, validated, task-based evaluation measures for upper-limb 

prosthetics. Chapter 2 presents a comprehensive literature review on currently available options 

to assess prostheses, focusing on multi-grasp dexterity and the functional impact of varying 

control systems. Chapter 3 details a study employing a common evaluation method, the 

Anthropomorphic Hand Assessment Protocol, to gain practical insights and to assess modern 

prosthetic hands in realistic grasping tasks. Chapter 4 proposes and shows initial validation of 

an online survey among professionals to identify strategies for addressing the diverse needs in 

prosthetic evaluation. Chapter 5 concludes the thesis with a discussion and future research 

directions. 
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Chapter 2: Literature Review  

Much of this chapter was published in Frontiers in Robotics and AI [3]: JR Siegel, MA 

Battraw, EJ Winslow, MA James, WM Joiner, JS Schofield. Review and critique of current 

testing protocols for upper-limb prostheses: a call for standardization amidst rapid technological 

advancements. Frontiers in Robotics and AI, 1292632  

2.1: Background 

To gain a deeper insight into the existing and validated evaluation metrics for upper-limb 

prosthetic devices, a literature review was conducted to explore current offerings. The scope of 

this review was to analyze validated task-based assessments that evaluate both dexterity (the 

precise, voluntary movements required when handling objects), and the functional impact of 

varying control systems (the technology {electrical, mechanical, or other} that interfaces with 

the user to actuate a prosthetic device) [4]. This novel approach contrasted prior upper-limb 

prosthetic assessment reviews by Yancosek et al., in 2009, Resnik et al., in 2017, and Wang et 

al., in 2018 which utilized different evaluation criteria, focused solely on dexterity evaluations, 

and included surveys along with assessments for stroke-patients [5], [6], [7]. Conversely, this 

examination focused exclusively on task-based assessments for the multi-grasp dexterity and 

functional impact of varying control systems in pediatric and adult upper-limb prostheses.  

The evaluation employed a diverse set of criteria, emphasizing accuracy, performance, 

reliability, and validity [8], [9]. Additionally, it is essential to acknowledge the importance of 

assessing patient performance, both with and without a prosthesis, especially in bimanual tasks. 

However, to maintain focus on evaluating the functionality of prostheses or the ability to use 

them, this metric was omitted from the evaluation criteria but will be noted in the descriptions of 

relevant tests, if applicable. Furthermore, the growing body of literature reporting on prosthesis 

interfaces that restore sensory feedback to users must also be recognized. Sensory feedback is 

https://www.zotero.org/google-docs/?MOVUIA
https://www.zotero.org/google-docs/?wi41gM
https://www.zotero.org/google-docs/?7sgkVS
https://www.zotero.org/google-docs/?P32Q0V
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poised to be an integral component of future prostheses, leading to a growing body of literature 

that describes novel assessments, warranting its own review [10], [11], [12], [13], [14]. This 

review exclusively analyzed functional tasks sensitive to changes in patient motor-function 

without the requisite inclusion of a sensory feedback system. Thus, tests that are designed 

specifically to evaluate sensory enabled upper-limb prosthetic systems were excluded. 

2.2: Methods 

This review included 1,423 journal articles sourced from online databases: PubMed, 

Medline, Shirley-Ryan Rehabilitation Measures, Google Scholar, and ScienceDirect. Search 

terms for each database included: journal article [Publication Type] AND ‘prosthetic hand test’ 

OR ‘prosthetic hand dexterity assessment’ OR ‘prosthetic control system test' OR ‘prosthesis 

control system assessment’) and 19 articles from previous knowledge. After duplicates were 

removed, 1,434 articles remained. After reading titles and abstracts, the scope narrowed to 250 

papers. From these, articles were selected that presented a validated task for measuring either 

upper-limb prosthetic dexterity, control systems, or both. The task could include a questionnaire 

but articles that solely consisted of questionnaires were excluded. After examination, 25 tests 

were identified for inclusion in our study. This selection process has been shown in Figure 2. 

https://www.zotero.org/google-docs/?BC9EiV


6 

 

 
Figure 2. PRISMA Flow Diagram Showing Selection Process 

2.2.1: Dexterity and Control Systems Criteria 

It was first assessed whether the test offered a holistic assessment by analyzing both 

dexterity (defined as inclusion of at least five common hand grasps) and control systems (defined 

as the test’s ability to be sensitive in detecting performance variations due to different control 

systems) [15]. Next, it was evaluated whether the manipulated test objects require the prosthesis 

to perform a range of grasping movements with varying degrees of hand closure and force, 

mirroring real-world applications, specifically considering object size and object compliance. 

This evaluation process also included in-hand manipulation capabilities, as the prosthesis’s 

ability to securely hold and manipulate objects signifies its capacity for complex movements 

https://www.zotero.org/google-docs/?MQAq7G
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beyond a simple grasp. Tool usage was the final dexterity and control systems criterion since 

manipulating tools, such as screwdrivers or toothbrushes, are integral to everyday life. 

2.2.2: Additional Considerations 

Monitoring progress was also a central aspect of the review, as gauging the test’s ability 

to effectively track changes in dexterity or control systems is essential for assessing efficacy or 

indicating the need for adjustments. To evaluate this, it was identified whether the test or 

associated research reported its capability to effectively monitor progress. Furthermore, patient 

feedback, captured through questionnaires or other methods, was accounted for as it is invaluable 

as it provides a user-centric perspective on the prosthesis’s performance. The criteria also 

accounted for the evaluators' expertise requirements; some examples include backgrounds in 

Physical Therapy, Occupational Therapy, or Engineering. Efficiency of test administration and 

accessibility also factored into the evaluation process since balancing time-constraints, 

availability, and affordability with quality insights is essential to widespread use of 

comprehensive evaluations. 

Table 1. Custom Evaluation Criteria 

Criteria Assessment Scoring 

Holistic  

Assessment 

Did the evaluation test both dexterity and control systems, including 

multiple hand grasps? 

Object  

Size 
Did the test use varying sized objects? 

Object  

Compliance 
Did the test use objects that had varying compliances/densities? 

In-Hand 

Manipulation 

Did the test require the participant to move objects within the prosthetic 

hand? 

Tool  

Usage 
Did the test include utilizing tools?  
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Monitoring  

Progress 

Does the test or associated research report its capability to effectively 

monitor patient progress? 

Patient  

Feedback 

Did the test provide a method to include patient feedback, such as a 

questionnaire? 

Evaluator  

Expertise 

Did the test require the evaluator to have prior training or undergo test-

specific training? 

Efficient 

Administration 
How long does the test take to set-up, administer, and clean up? 

Accessibility 

Considerations 

How much did the test cost? Do the objects need custom manufacturing 

or can they be commonly bought? 

 

2.2.3: Reliability metrics 

In addition to the custom review criteria, the reliability of each measure was also 

assessed. Reliability is a fundamental psychometric property that pertains to the consistency of a 

measure or test over time [4], [9]. When the same test is administered to the same individual or 

group under identical conditions, a reliable test should yield the same or very similar results [4], 

[9]. This review included three types of reliability: test-retest, inter-rater, and internal 

consistency. Test-retest reliability refers to the stability of a test over time, meaning if the same 

test is given to the same participants multiple times, the results should be very similar or 

identical [9]. Inter-rater reliability evaluates the extent of agreement among multiple raters or 

observers [9]. This is crucial when human observers are involved in data collection to mitigate 

the risk of subjectivity or bias [9]. Internal consistency gauges the stability of results across items 

within a test [9]. High internal consistency suggests that the items of the test are likely measuring 

the same underlying construct [9]. Examining these three dimensions of reliability achieves a 

comprehensive and robust assessment of each measure’s dependability. 

To evaluate the test-retest and inter-rater reliability of each assessment, reported 

Intraclass Correlation Coefficient (ICC) values were used [16]. ICC values range from 0 to 1, 

https://www.zotero.org/google-docs/?EBYt33
https://www.zotero.org/google-docs/?BAVQvQ
https://www.zotero.org/google-docs/?BAVQvQ
https://www.zotero.org/google-docs/?mIXF2f
https://www.zotero.org/google-docs/?iCdfyf
https://www.zotero.org/google-docs/?YVIij4
https://www.zotero.org/google-docs/?4QCVqN
https://www.zotero.org/google-docs/?kqCKeK
https://www.zotero.org/google-docs/?jKveNk
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with values near 1 indicating high reliability, while those close to 0 suggest low reliability [16]. 

If internal consistency was applicable, reported Cronbach’s alpha (α) values were referenced 

[16]. Cronbach’s alpha values also range from 0 to 1; values near 1 indicate high internal 

consistency, and those close to 0 indicate low internal consistency [16]. The scoring range for 

ICC and α are shown in Table 2 [16]. 

Table 2. Reliability Scoring 

Reliability 

Measure 
>=0.90 0.90>ICC>=0.7 <0.7 Not Reported 

ICC Excellent Good Poor ✖ 

α  Excellent Good Poor ✖ 

 

2.2.4: Validation metrics 

Another essential psychometric property for evaluating tests of prosthetic hand dexterity and 

control systems is validation. Validity refers to the degree to which the test accurately and 

reliably measures what it intends to, ensuring the inferences and conclusions drawn from the test 

results are appropriate and meaningful [4], [8], [9]. Furthermore, it is critical to incorporate 

various types of validity; this review included face, content, construct, external, concurrent, and 

predictive [4], [8], [9]. Face validity ensures that the test appears to be measuring what is 

intended [8], [9]. Content validity guarantees a comprehensive measurement of all facets of the 

subject [8], [9]. Construct validity, on the other hand, ensures that the designed measurement tool 

accurately assesses what it purports to measure [8], [9]. External validity confirms the 

generalizability of the test results to real-world scenarios or contexts beyond the experimental 

environment [8], [9]. Concurrent validity involves a comparison with an existing test or 

established criterion to ascertain the validity of the new test [8], [9]. Lastly, predictive validity 

establishes the link between test scores and performance in a specific domain, aiding in the 

https://www.zotero.org/google-docs/?vWPmMb
https://www.zotero.org/google-docs/?vpZFC2
https://www.zotero.org/google-docs/?VjFgdd
https://www.zotero.org/google-docs/?qQVPij
https://www.zotero.org/google-docs/?dgFLlm
https://www.zotero.org/google-docs/?Gq0ovk
https://www.zotero.org/google-docs/?8XjTMx
https://www.zotero.org/google-docs/?j87OOw
https://www.zotero.org/google-docs/?SulAam
https://www.zotero.org/google-docs/?bgKSi2
https://www.zotero.org/google-docs/?h624La
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prediction of future performance based on current assessments [8], [9]. Each layer of validity 

was crucial in providing a comprehensive and effective evaluation of prosthetic hand dexterity 

and control system tests. The validity scoring criteria are shown in Table 3 and were adapted 

from Resnik et al. [6]. 

Table 3. Validity Criteria 

Validity Type Excellent Adequate Poor No Evidence 

Face 

Test clearly 

appears to 

measure what is 

intended 

Test appears to 

measure what is 

intended 

Test does not 

appear to 

measure what is 

intended 

No Evidence 

Available 

Content 

Test evaluates 

both dexterity 

with multiple 

hand grasps and 

control system 

Test evaluates 

either dexterity 

with multiple 

hand grasps or 

control system 

Test only 

evaluates a 

single hand 

grasp or control 

system 

No Evidence 

Available 

Construct 

Results of the 

test match all the 

intended 

measures 

Results of the 

test match some 

of the intended 

measures 

Results of the 

test do not match 

the intended 

measures 

No Evidence 

Available 

External 

The test uses 

objects and tasks 

that would be 

experienced or 

applicable to 

daily life 

The test uses 

some objects and 

tasks that would 

be experienced 

or applicable to 

daily life 

The test does not 

use objects and 

tasks that would 

be experienced 

or applicable to 

daily life 

No Evidence 

Available 

Concurrent 

The test has been 

compared with 

multiple other 

validated tests 

The test has been 

compared with 

one other 

validated test 

The test has not 

been compared 

with other 

validated tests 

No Evidence 

Available 

Predictive 

The test accounts 

for future 

improvements in 

prostheses 

The test is 

capable of 

measuring 

current state-of-

the-art 

prostheses 

The test is 

incapable of 

measuring 

current state-of-

the-art 

prostheses 

No Evidence 

Available 

https://www.zotero.org/google-docs/?HMEKBS
https://www.zotero.org/google-docs/?8yM8U5
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2.3: Results 

A brief description for each of the 25 tests is provided below, discussing them within the 

context of the review criteria and their psychometric properties. For context and comparison, the 

median administration time across all tests is ~25 minutes and the median cost per test is ~$200 

(for supplies, expendables, etc.). The results of these evaluations have been summarized in tables 

in the Appendix.   

1. Assessment of Capacity for Myoelectric Control [17], [18], [19], [20]:  

The Assessment of Capacity for Myoelectric Control (ACMC) is a versatile evaluation tool 

consisting of 30 items, measured by a rater who observes the user perform self-selected 

functional tasks. Designed for all ages and different levels of prosthetic limb use, each ACMC 

item is rated on a four-point scale from zero (incapable) to three (spontaneously capable). The 

ACMC tests multiple hand grasps using varied objects, in-hand manipulation, tool usage, and 

monitors progress without requiring the evaluator to have prior training. Although relatively 

comprehensive, the ACMC limitations include: no active mechanism to capture patient feedback, 

lengthy administration time (>30 minutes), and significant acquisition costs (~$1,000 USD). The 

ACMC does demonstrate excellent test-retest and inter-rater reliability, with ICCs of 0.94 and 

0.92-0.95 respectively, and performed at least adequately in all our validation scoring. However, 

its use with future multi-grasp prostheses may have limitations due to the score's upper limit, and 

its specificity to myoelectric devices prevents the assessment of body-powered prostheses.  

2. Anthropomorphic Hand Assessment Protocol [21]: 

The Anthropomorphic Hand Assessment Protocol (AHAP) is a specialized protocol designed to 

evaluate the grasping and retaining abilities of upper limb prostheses. The AHAP comprises 26 

tasks involving 25 common household items (spatula, chips can, key, etc.). The AHAP tests 

https://www.zotero.org/google-docs/?CIv2Md
https://www.zotero.org/google-docs/?3MCXBP
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many grasp patterns and specifies which to use for each object. The grip patterns are: pulp pinch, 

lateral pinch, diagonal volar grip, cylindrical grip, extension grip, tripod pinch, spherical grip, 

and hook grip. Each task is individually scored for grasping and retaining by a rater using a 0, 

0.5, or 1 rating, as dictated by the specific criteria provided in the AHAP paper appendix [21]. 

The AHAP performs strongly in many of our evaluation criteria due to its diverse range of grasp 

patterns, varying objects, and lack of prerequisite training. Nonetheless, the AHAP exhibits 

noteworthy limitations. Notably, scoring can be skewed due to the stringent guidelines for 

determining correct grasping. Additionally, it lacks an assessment of control systems, omits tasks 

involving tool usage, offers limited capability for tracking progress, lacks patient feedback, and 

necessitates a minimum of 30 minutes to complete. Despite these shortcomings, the AHAP 

exhibits excellent inter-rater reliability with an ICC of 0.969. Furthermore, the AHAP exhibits 

good test-retest reliability and internal consistency, as evidenced by an ICC of 0.839 and α of 

0.846 respectively. The AHAP demonstrates adequate validity for evaluating the performance of 

current prostheses. Essentially, the AHAP is designed to assess the grasping capabilities of a 

prosthesis without factoring in control systems. While this serves as a useful measure in 

technical robotic contexts, its correlation with real-world prosthetic outcomes for patients 

remains uncertain.  

3. Activities Measure for Upper Limb Amputees [22]: 

The Activities Measure for Upper Limb Amputees (AM-ULA) is a comprehensive 18-item 

measure designed for adults with upper limb amputation, which evaluates task completion, 

speed, movement quality, skillfulness of prosthetic use, and independence. This assessment is 

designed for adults and is compatible with all types of prosthetic devices. Scoring for the AM-

ULA ranges from zero to 40, with higher scores denoting better functional performance. While 

https://www.zotero.org/google-docs/?hPSlNC
https://www.zotero.org/google-docs/?xg4r9W
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the AM-ULA scored highly across most of our criteria with the only gap being patient feedback, 

it does pose significant challenges. The requirement for a certified hand therapist as a rater, 

coupled with lengthy administration (>30 minutes), makes the AM-ULA far less accessible. 

Consequently, inter-rater reliability has shown some variability, with ICCs ranging from 0.69 to 

0.95. However, the test exhibits excellent test-retest reliability, with an ICC of 0.91, and strong 

internal consistency (α: 0.89-0.91). In terms of validity, the AM-ULA performs exceptionally 

well, earning 'excellent' ratings in nearly all types. Overall, despite its strengths, the limited 

accessibility of the AM-ULA may restrict its widespread use.  

4. Accessible, Open-Source Dexterity Test [23]: 

The Accessible, Open-Source Dexterity Test (AOSDT) is a novel assessment method designed 

to evaluate the performance of robots and adults with upper limb amputation. The methodology 

includes 24 tasks divided into five distinct manipulation categories, conducted on a rotating 

platform. The performance metrics of the AOSDT are derived from two parameters: the success 

rate and speed of task completion. Task success is measured on a 0-4 scale per specific criteria 

and the overall score is a weighted average of the scoring from each parameter [23]. While the 

AOSDT scored well on most of our criteria, despite the lack of patient feedback, its recent 

development in 2022 caused it to lack extensive reliability testing. Although it appears valid for 

measuring the dexterity of different hand grasps, it does not evaluate control systems. 

Furthermore, a significant obstacle is its requirement for custom 3D printed parts and rotational 

test board. This time-consuming construction process and the current absence of comprehensive 

reliability testing may significantly hinder its adoption. 

https://www.zotero.org/google-docs/?okIbkp
https://www.zotero.org/google-docs/?3sSAMp
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5. Action Research Arm Test [24], [25]: 

The Action Research Arm Test (ARAT) is a 19-item measurement tool designed for use by 

certified hand therapists to evaluate upper extremity and upper-limb prosthesis performance. The 

ARAT involves the completion of tasks grouped into four subscales: grasp, grip, pinch, and 

gross movement, with the performance of these tasks forming the individual's score. Tasks are 

arranged in a descending order of difficulty, with the most complex task attempted first, based on 

the hierarchy suggested by Lyle et. al, to enhance test efficiency [25]. Performance is rated on a 

four-point scale, with zero signifying no movement and three representing normal movement. 

While the ARAT scored well across most criteria, it does require a certified hand therapist to 

administer, lacks objects with varied compliances, excludes tool usage, has relatively high 

acquisition costs (~$650 USD), does not assess control systems, and lacks a method for patient 

feedback. However, the ARAT demonstrates excellent reliability, with ICCs of 0.965 and 0.998 

for test-retest and inter-rater reliability, respectively. The ARAT also exhibits excellent internal 

consistency, with a α of 0.985, though this analysis was notably conducted with data from stroke 

patients rather than those with limb deficiencies. Overall, despite its strengths, the ARAT might 

be too time-consuming for a clinical setting, and could struggle supplying enough information 

for a research laboratory. 

6. Brief Activities Measure for Upper Limb Amputees [26]: 

The Brief Activities Measure for Upper Limb Amputees (BAM-ULA) was developed as an 

alternative to the more comprehensive AM-ULA, to address issues such as the lengthy 

completion time of approximately 30-35 minutes and a complicated scoring system that requires 

a trained clinician. The BAM-ULA streamlined this with a ten-item observational measure of 

activity performance, where each item is scored as either zero for 'unable to complete' or one for 

https://www.zotero.org/google-docs/?UJzMRc
https://www.zotero.org/google-docs/?goM7cm
https://www.zotero.org/google-docs/?R0fumB
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'did complete'. The total score is derived from the sum of these individual item scores. The 

BAM-ULA demonstrated commendable reliability with a test-retest ICC of 0.91 and an internal 

consistency α of 0.83. Regarding validity, the BAM-ULA achieved at least an 'adequate' rating in 

all categories. However, there are concerns that the simplicity and binary scoring system of the 

BAM-ULA may not adequately reflect the functional capabilities of the prosthesis and might fail 

to distinguish between the performances of more advanced prosthetic hands.  

7. Box and Block Test [27]: 

The Box and Block Test (BBT) is a straightforward measure of dexterity and upper extremity 

function, involving 150 wooden cubes, each 2.5 centimeters per side. The score is based on how 

many blocks a participant can individually transfer from one compartment, over a partition, to 

another within 60 seconds. Each successfully moved block earns a point. In terms of our criteria, 

the BBT scored relatively low due to its inability to measure different hand grasps or control 

systems, and its exclusive use of identical cubes as the objects with no variation or inclusion of 

tools. However, the BBT is straightforward to administer, quick, and its reliability has been 

thoroughly evaluated, scoring highly with a test-retest ICC of 0.96 and inter-rater ICC of 0.99. 

While the BBT has been validated in various contexts and is commonly chosen in clinical 

settings due to its time efficiency, it does not comprehensively capture the capabilities of current 

prostheses and will likely become increasingly outdated.  

8. Capacity Assessment of Prosthetic Performance for the Upper Limb [28], [29]: 

The Capacity Assessment of Prosthetic Performance for the Upper Limb (CAPPFUL) is an 

outcome measure tailored for adults with upper-limb deficiencies. This measure evaluates a 

user's ability to perform 11 tasks (which require diverse hand grasp patterns to complete). It 

assesses across five distinct functional domains: control skills, component utilization, 

https://www.zotero.org/google-docs/?GCbXjZ
https://www.zotero.org/google-docs/?gqn8Mo
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maladaptive/adaptive compensatory movements, and task completion. The CAPPFUL is also the 

only currently validated test that features a complementary patient feedback mechanism, 

developed to integrate with the task-based evaluation. However, there are challenges associated 

with its use. Specifically, it necessitates the involvement of an occupational therapist, specialized 

in upper-limb prostheses, who must also undergo additional training. Furthermore, its duration 

can be considered lengthy for clinical environments, averaging between 25-35 minutes. In terms 

of its psychometric attributes, CAPPFUL exhibits commendable reliability, with inter-rater 

reliability ICCs ranging from 0.88-0.99 and an internal consistency α of 0.79 to 0.82. The 

measure has also achieved 'excellent' scores in the majority of validity categories. In summary, 

while the CAPPFUL stands out as a comprehensive assessment tool that includes patient 

feedback, its utility may be constrained by the specialized expertise required for its 

administration. 

9. Carroll Quantitative Test of Upper Extremity Function [30], [31]: 

The Carroll Quantitative Test of Upper Extremity Function (CQT) was originally developed to 

assess hand function in post-traumatic injury but has been adapted for evaluating upper-limb 

prostheses. It involves 32 tasks using 18 objects, testing diverse actions to assess dexterity, arm 

motion, and, to some degree, strength. While some tasks necessitate a power grip, the test 

predominantly focuses on pinch positions, dedicating 16 tasks to assess the ability to pinch using 

the thumb in conjunction with each of the four fingers. Performance is scored from 0-3, based on 

observed task completion quality and is supplemented by a reading from a Smedley 

dynamometer. However, the CQT has limitations: mandates administration on a custom table, 

lacks a patient feedback component, has not been compared with other tests, and its reliability 

has only been verified in pediatric patients with spastic hemiplegia [31]. Despite these 

https://www.zotero.org/google-docs/?k7udVW
https://www.zotero.org/google-docs/?2vbZkN


17 

 

challenges, the CQT excelled in our validation criteria, receiving scores of ‘excellent’ in the 

majority of validation types. While the CQT has overall good validity, its focus on pinch grips 

and lack of reliability testing may limit its adoption.  

10. Elliott and Connolly Benchmark [32]: 

The Elliott and Connolly Benchmark (ECB) is a dexterity evaluation tool designed for use with 

robotic hands along with upper-limb prostheses. It involves eight objects and employs 13 

manipulation patterns including pinch, dynamic tripod, squeeze, twiddle, rock, rock II, radial 

roll, index roll, full roll, rotary step, interdigital step, linear step, and palmar slide. The ECB 

initially scores performance on a binary basis—success or failure—based on the specific criteria 

for each pattern. Following this, it uses custom quantitative metrics to track the translations and 

rotations of each object along a specified hand coordinate axis [32]. The ECB performed well 

against our criteria, falling short only in tool usage, capability to monitor patient improvement, 

and providing a method for patient feedback. Furthermore, while the ECB does not explicitly 

require prerequisite qualifications, the calculations require extensive mathematical knowledge 

that likely necessitates training or a researcher to perform the test. Furthermore, its creation in 

2020 has limited extensive reliability testing. Although the ECB performed satisfactorily 

according to our validity criteria, its lack of reliability testing suggests that more comprehensive 

testing may be needed before it can be considered for widespread use.  

11. Functional Dexterity Test [33]: 

The Functional Dexterity Test (FDT) is primarily intended to evaluate the functionality of the 

three-jaw chuck grasp pattern in individuals with hand injuries, but it has also been applied in the 

assessment of upper-limb prostheses. The test setup features a 16-peg board, placed ten 

centimeters from the edge of a table. Participants must pick up each peg, flip it over, and reinsert 

https://www.zotero.org/google-docs/?ZZftJt
https://www.zotero.org/google-docs/?fR9nZa
https://www.zotero.org/google-docs/?z58AfL
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it following a zig-zag trajectory. The FDT's scoring system considers both net time (the actual 

time taken to complete the test) and total time (net time plus any penalty seconds). Most errors 

incur a five second penalty, while dropping a peg results in a ten second penalty. A total time 

exceeding 55 seconds suggests a non-functional hand. The FDT scored relatively low against our 

criteria, as it only assesses one hand grasp, lacks a control system evaluation, does not evaluate 

tool usage, and lacks patient feedback. However, it does assess in-hand manipulation, and is 

quick and straightforward to conduct. Extensive reliability testing shows an excellent test-retest 

ICC of 0.92 and inter-rater ICC of 0.94:0.99. Despite this, our validity assessment found the FDT 

to be moderately poor as it fails to comprehensively evaluate current prostheses. While the FDT 

is a common choice clinically due to its simplicity and quick administration, it likely lacks the 

capability for a comprehensive assessment of current and future prostheses.  

12. Gaze and Movement Assessment [12], [34], [35]: 

The Gaze and Movement Assessment (GaMA) is an innovative tool for evaluating upper-limb 

prostheses, utilizing motion capture and eye tracking for functional tasks. It provides insights 

into hand-eye coordination and overall movement quality. While the GaMA does not directly 

assess multi-grasp dexterity, it reveals the influence of different grasps on movement kinematics. 

Furthermore, it is highly sensitive in detecting functional changes across control systems and 

prosthetic components. One significant limitation is its demanding setup, with equipment costs 

beginning at $2,000 USD, coupled with the need for specialized expertise for optimal use. The 

GaMA does feature good reliability, with a reported test-retest reliability ICC of 0.75 along with 

a RM-ANOVA determining its inter-rater reliability to be strong at a 95% confidence level. In 

terms of validity, the GaMA's detailed analysis of movement kinematics and compensatory 

actions suggests robust predictive validity, positioning it as an invaluable tool for studying 

https://www.zotero.org/google-docs/?OM4lIY
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advanced prostheses in the future. However, its setup, duration, absence of patient feedback, 

intricate analysis, and cost might make it more suitable for research rather than routine clinical 

use. 

13. Jebsen Hand Function Test [36], [37], [38]: 

The Jebsen Hand Function Test (JHFT) is primarily used to evaluate the speed of upper-limb 

function. It includes seven subtests: writing, card-turning, moving small objects, stacking 

checkers, simulated feeding, moving light objects, and moving heavy objects. Each subtest 

measures the time taken in seconds to complete each task, beginning with the non-dominant 

hand, followed by the dominant hand. The JHFT scored well in our criteria, lacking only in the 

evaluation of objects with varying compliances and a method for patient feedback. Extensively 

tested for reliability, the JHFT is very reliable, demonstrating a test-retest ICC ranging from 0.84 

to 0.97, an inter-rater ICC of 0.82 to 1.00, and an internal consistency α of 0.95. While the JHFT 

scored fairly well in our validity testing, it is limited by high acquisition costs (~$400 USD) and 

exclusively measuring speed. Consequently, the JHFT might be insufficient in delivering 

comprehensive data for research laboratories. 

14. Minnesota Manual Dexterity Test [39]: 

The Minnesota Manual Dexterity Test (MMDT) is an evaluation tool designed to measure hand-

eye coordination and arm-hand dexterity, primarily focusing on gross motor skills. The MMDT 

consists of two-timed subtests: placing and turning. In the placing test, a participant is required to 

move 60 disks located above the testing board into the board’s 60 corresponding cutouts. The 

turning test begins with the disks already placed in the board's cutouts. Participants must pick up 

each disk with their left hands, pass it to their right, flip it, and reinsert it into its original hole, 

following a zig-zag pattern. This process is then repeated in reverse, with the right hand passing 

https://www.zotero.org/google-docs/?eDCkgw
https://www.zotero.org/google-docs/?pXSDOc
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the disk to the left hand. The MMDT's scores are based on the speed of completion, not the 

quality of task performance. The MMDT also does not vary hand grasps, measure control 

systems, use tools, and is relatively expensive (~$350 USD). However, the MMDT does assess 

in-hand manipulation and shows good test-retest reliability with an ICC range of 0.79 to 0.87. 

Despite its quick evaluation time and good reliability, the MMDT might be limited in 

comprehensively evaluating all aspects of current or future prostheses.  

15. Nine-Hole Peg Test [40]: 

The Nine-Hole Peg Test (NHPT) is a functional assessment tool initially created to measure an 

impaired hand’s speed of motor function. However, it has been adapted for use with upper-limb 

prostheses. The test requires participants to individually pick up nine pegs from a container and 

place them into corresponding holes on a board, with scoring dependent on completion speed (it 

does not consider quality of task execution). An alternative scoring method is provided which  

consists of the amount of pegs a participant can place within a designated time limit, typically 50 

or 100 seconds. Despite its simplicity, speed, and high reliability—evidenced by a test-retest ICC 

of 0.92 to 0.95, and an inter-rater ICC of 0.93 to 0.98—the NHPT underperforms against our 

evaluation criteria. It only assesses in-hand manipulation over time, neglecting multiple grasp 

patterns, control system assessment, manipulation of diverse objects, tool usage, or patient 

feedback. In terms of validity, the NHPT performed poorly, given its inability to 

comprehensively evaluate the functionalities of hand prostheses. While the NHPT is time 

efficient and therefore a common choice clinically, it is likely unable to comprehensively 

evaluate the dexterity and control system capabilities of modern prostheses.  

https://www.zotero.org/google-docs/?ZJlw7s
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16. Prosthetic Hand Assessment Measure [41]: 

The Prosthetic Hand Assessment Measure (PHAM) quantifies traditionally qualitative 

performance metrics for upper limb prostheses. Using a custom PVC frame with four LED-

marked sections, it assesses prosthetic functionality at various arm angles. Participants move one 

of four basic objects (e.g., a cylinder representing a glass) between sections, depending on 

activated LEDs, using grip patterns like power, tripod, pinch, or key. The PHAM employs five 

inertial measurement units and a custom piezoresistive mat to record movement details, which 

are then analyzed using custom equations to assess metrics like 3D deviations in the chest and 

shoulder, 2D translational displacement, and completion rate [41]. As for its psychometric 

properties, the PHAM has yet to undergo reliability testing, though it achieved mostly 'excellent' 

scores in our validation criteria. Though comprehensive, the PHAM's reliance on specialized 

equipment, high cost (~$500 USD), intricate administration, and scoring, coupled with its 

untested reliability, might limit its broader adoption. 

17. Purdue Pegboard [42], [43], [44]: 

The Purdue Pegboard Test (PPT) is an evaluation measure designed to measure gross 

movements of fingers and finger dexterity. The board used in the test features four cups at the 

top and two vertical rows of 25 small holes down the center. The two outer cups hold 25 pins 

each, the cup to the immediate left contains 40 washers, and the one to the right of the center 

holds 20 collars. The test starts with the participant using their right hand to insert as many pins 

as they can into the right row within 30 seconds, followed by the left hand placing pins into the 

left row for 30 seconds. Subsequently, both hands insert pins into both rows within another 30 

second period. The final task requires the participant to assemble as many pins with washers and 

collars as they can using both hands within 60 seconds. The test produces five scores: the 

https://www.zotero.org/google-docs/?mUylMt
https://www.zotero.org/google-docs/?DLZ4tW
https://www.zotero.org/google-docs/?tk1B7J
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number of pins inserted by the right hand, the left hand, both hands, the sum of these three, and 

the number of assembled pins. In our evaluation, the PPT received a moderate score. While it is 

exceptional at assessing finger dexterity and indirectly measures multiple grasp patterns, the PPT 

does not directly evaluate control systems, tool usage, or provide a method for patient feedback. 

It does show excellent test-retest and inter-rater reliability, with ICCs of 0.91 for both. In terms 

of validity, while the PPT effectively evaluates finger dexterity and in-hand manipulation, it falls 

short in providing a comprehensive assessment of prostheses dexterity and control. However, the 

PPT is likely a good evaluation tool for clinicians who wish to effectively evaluate finger 

dexterity. 

18. Refined Clothespin Relocation Test [45], [46]: 

The Refined Clothespin Relocation Test (RCRT) was developed to evaluate individuals’ 

proficiencies in using a prosthesis, specifically their compensatory movements and the time 

taken to perform a grasping and repositioning task. Initially researched in a motion capture 

laboratory, the RCRT has been adapted for clinical application [46]. The test requires patients to 

relocate three clothespins from a horizontal plane to three different locations on a vertical pole 

set at low, medium, and high levels. Unlike traditional tests, the RCRT does not employ a 

conventional scoring system. Instead, it compares the performance of prosthesis users to a 

control group of able-bodied individuals. Despite its simplicity and its ability to assess in-hand 

manipulation and the path of motion for clothespin relocation, the RCRT performed poorly 

against our evaluation criteria. It does not evaluate multiple grasp patterns, control systems, 

varying objects, tool usage, or offer a method for patient feedback. Furthermore, despite being 

established in 2016, the RCRT has no published reliability testing. For our validity assessment, 

the RCRT falls short in providing a comprehensive evaluation of current or future prostheses. 

https://www.zotero.org/google-docs/?aMnuWM
https://www.zotero.org/google-docs/?C2G33T
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Due to its limitations and the lack of robust reliability data, the RCRT may face limited use in 

clinical and research applications. 

19. Southampton Hand Assessment Procedure [47], [48]: 

The Southampton Hand Assessment Procedure (SHAP) is specifically designed to evaluate the 

functionality and efficiency of upper limb prostheses, comprising six abstract objects and 14 

Activities of Daily Living (ADL) tasks. All tasks are timed by the individual taking the test in an 

attempt to reduce the reliance on the observer or clinician's reaction times. The objects, placed on 

a dual-sided board with a blue felt side for abstract tasks and a red plastic side for ADL tasks, are 

timed and recorded by the assessor. These timings are then normalized to a score of 100 using a 

method devised by Light, Chappell, & Kyberd [47]. The scoring software, available for purchase 

through the SHAP website, associates each of the 26 tasks with one of six prehensile patterns, 

enabling the creation of a SHAP Functionality Profile—a numerical assessment of hand function 

highlighting areas of extraordinary skill or potential impairment. Notably, SHAP scores can 

exceed 100 for exceptionally quick task completion, while scores under 100 may indicate 

functional impairment. While the SHAP performed well in our evaluation, it lacks a method for 

patient feedback, and has two significant drawbacks: a trial takes at least 45 minutes to complete, 

and it costs over $2500USD for the equipment and license to the proprietary scoring software. 

However, with ICC values of 0.93 and 0.89 for test-retest and inter-rater reliability, respectively, 

the SHAP is considered very reliable. It also performed well in our validity assessment, 

indicating that it can accurately measure the dexterity of current and future prostheses. However, 

due to its lengthy administration time, absence of control system assessment, and high cost, its 

clinical and research use will likely be limited.  

https://www.zotero.org/google-docs/?vfBBJw
https://www.zotero.org/google-docs/?fT5ssZ
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20. Sollerman Hand Function Test [49], [50], [51]: 

The Sollerman Hand Function Test (SHFT) is an evaluative tool designed to measure the 

functionality of adult hands impaired due to injury or disease, but has been adapted for upper-

limb prosthesis evaluations. It assesses the performance of seven distinct hand grips: pulp pinch, 

lateral pinch, tripod pinch, five-finger pinch, diagonal volar grip, transverse volar grip, spherical 

volar grip, and extension grip. The SHFT consists of 20 items, each encompassing 20 subtasks, 

each of which is rated on a scale of zero to four. Scores are determined based on the time taken 

to complete the task, the quality of task execution, and the assessor's perception of the task's 

difficulty. The SHFT scored highly in our evaluation criteria, only lacking a control system 

assessment and a method for patient feedback. The SHFT also boasts excellent reliability, with a 

test-retest ICC of 0.96:0.98 and an inter-rater ICC of 0.98. However, it is important to note that 

the test-retest reliability was predominantly evaluated on stroke patients [51]. In our validity 

assessment, we ascertain that the SHFT can accurately evaluate the dexterity of various hand 

grasps with current and future prostheses. The SHFT may be a good test for dexterity in a 

research environment, but would benefit from a reliability evaluation specifically with 

prostheses, the inclusion of a patient questionnaire, and an incorporated assessment of control 

systems.  

21. Sequential Occupational Dexterity Assessment [52], [53]: 

The Sequential Occupational Therapy Dexterity Assessment (SODA) is an assessment tool 

originally designed to evaluate hand function in individuals with rheumatoid arthritis. However, 

it has been adapted for use with upper-limb prosthetics. The SODA consists of 12 tasks, each 

rated from zero to four based on performance and zero to two based on perceived difficulty, 

contributing to a total evaluation score. A significant challenge in adapting the SODA for 

https://www.zotero.org/google-docs/?mlegjf
https://www.zotero.org/google-docs/?V9Z5HB
https://www.zotero.org/google-docs/?rehkOY
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prosthetic users is that six tasks necessitate the use of both hands, yet only one hand is scored. 

This approach is predicated on the presumption that rheumatoid arthritis would symmetrically 

affect both hands, thereby yielding identical scores. However, this may not be applicable to the 

vast majority of people with limb deficiencies, who have a single prosthetic limb. The SODA 

met most of our evaluation criteria, except for control system assessment, tool usage, needing at 

least 30 minutes to administer, and a method for patient feedback. The reliability of the SODA 

remains a point of contention in our view. It has an internal consistency α of 0.91, but the test-

retest reliability was assessed using the Pearson correlation coefficient (r) instead of the ICC and 

lacks any testing for inter-rater reliability. While the SODA did receive an r value of 0.93, the 

ICC value would offer a more accurate representation of reliability because it accounts for the 

difference of the means of measures [54]. As for validity, the SODA shows promise but requires 

further adaptation for prosthetics before it can be used clinically.  

22. Timed Measure of Activity Performance in Persons with Upper Limb Amputation [55]:  

The Timed Activity Performance in Persons with Upper Limb Amputation (T-MAP) was 

developed to provide a timed measure for the functional outcomes of persons with upper limb 

amputation. Although the T-MAP can also assess performance without a prosthesis, this aspect 

was not considered in our review. The T-MAP incorporates five tasks: drinking water, face 

washing, food preparation, eating, and dressing. Therapists assess both the time taken and the 

level of independence displayed during each activity. The independence metric uses a 3-point 

scale: 1 indicating dependency, 2 for verbal assistance required, and 3 for independent action, 

with or without aid. By aggregating the independence ratings and times, overall scores for both 

parameters are derived. In our evaluation, the T-MAP performed exceptionally well, only 

lacking a patient feedback mechanism. It boasts a test-retest reliability ICC of 0.93, but lacks 

https://www.zotero.org/google-docs/?Ky2MOW
https://www.zotero.org/google-docs/?Yl5cku
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inter-rater reliability data. On most validity aspects, the T-MAP achieved an 'Excellent' rating. 

Overall, while the T-MAP provides insights into the time it takes for someone with a limb 

deficiency to perform daily activities, its sole focus on timing limits its depth of analysis. 

23. Unilateral Below Elbow Test [56]: 

The Unilateral Below Elbow Test (UBET) evaluates bimanual activities in both prosthesis 

wearers and non-wearers (for this review, we will be excluding the non-wearers portion). The 

UBET employs four age-specific categories, reflecting the developmental stages of hand 

function (2–4, 5–7, 8–10, and 11–21). Each category contains nine tasks, utilizing everyday 

household objects relevant to that age's hand development level. UBET's dual rating system, 

'Completion of Task' and 'Method of Use', allows for assessing the overall task completion 

quality and recognizing functional disparities among different control systems. However, 

UBET's limitations include the need for an OT during administration, its lengthy procedure, an 

age ceiling of 21, and the absence of integrated patient feedback. In terms of reliability, the 

'Completion of Task' has an inter-rater ICC ranging from 0.77 to 0.87, while 'Method of Use' 

shows a test-retest reliability ICC between 0.70 and 0.85, and a good Cohen’s kappa value (equal 

relevance to an ICC) of 0.68 to 0.82 for inter-rater reliability. In validity metrics, the UBET 

predominantly scores as 'excellent'. Overall, the UBET serves as a useful tool for pediatric 

research applications. 

24. University of New Brunswick Test of Prosthetics Function [20], [57]: 

The University of New Brunswick Test (UNBT) is an evaluative methodology created to 

measure upper-limb prosthetic function in those with limb loss aged two to 21. The UNBT, 

capable of evaluating both body-powered and myoelectric prostheses, categorizes participants 

into four age groups: 2-4, 5-7, 8-12, and 13-21. All age groups include three subtests featuring 

https://www.zotero.org/google-docs/?DpUysF
https://www.zotero.org/google-docs/?2oIAb2
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ten tasks each. These tasks are assessed on two aspects: spontaneity and skill of prosthetic 

function. Both elements are scored on a 0-4 scale, and the scores for each category are tallied at 

the end of each subtest. The UNBT also provides a therapy recommendation chart based on the 

scores obtained in each category. In our evaluation criteria, the UNBT performs exceptionally 

well, falling short only in the relatively high cost of $500, absence of a questionnaire—likely due 

to patient age—, and a rather lengthy administration time of at least 30 minutes. The UNBT also 

demonstrates good reliability, with a test-retest ICC of 0.74:0.79, an inter-rater ICC of 0.72:0.73, 

and an internal consistency α of 0.74. In terms of validity, the UNBT is among the most 

comprehensive tests we reviewed for evaluating the dexterity and control systems of modern and 

future prostheses. The UNBT may be a great option for use in a research laboratory but is likely 

too long to feasibly administer in a clinical setting. 

25. Wolf Motor Function Test [58]: 

The Wolf Motor Function Test (WMFT) is a diagnostic tool initially designed for assessing 

upper limb dexterity and strength in stroke recovery patients, but it has been adapted for use with 

prostheses. The WMFT, originally consisting of 21 items and tasks, is now typically used with 

17 items and tasks, with each task capped at a maximum of 120 seconds. The first six objects are 

used for timed functional tasks; items seven through fourteen are used to measure strength, and 

the remaining objects assess movement quality. Each item is scored on a scale of zero to five, 

and the final score is the aggregate of all item scores. In our evaluation criteria, the WMFT 

scored well, falling short only in control system assessment, the absence of a patient feedback 

questionnaire, and a relatively long administration time of at least 30 minutes. Although the 

WMFT demonstrates excellent reliability results, primarily with stroke patients, with a test-retest 

ICC of 0.97, an inter-rater ICC of 0.92:0.99, and an internal consistency α of 0.91, it would 

https://www.zotero.org/google-docs/?v038oe
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benefit from further reliability testing with prostheses. Our validity assessment also gave the 

WMFT high marks. However, its administration time may restrict clinical use and it should 

likely incorporate a control systems assessment, along with updated reliability testing, before 

widespread implementation could occur in a research setting. 

2.4: Discussion 

This review revealed that in the current state of upper-limb prosthetic research, a 

significant discrepancy exists between the pace of mechatronic development and the available 

evaluation methodologies. Among the reviewed tests, there is a limited ability to 

comprehensively measure the performance of upper-limb prostheses in terms of directly 

quantifying both multi-grasp dexterity along with the impact of varying control systems. This 

highlights the need for urgent action to establish standardized, comprehensive evaluation 

methodologies suitable for both clinical and research settings. However, addressing this issue is a 

nuanced challenge since the success of a test can often be influenced by competing interests. 

Clinical environments, typically overseen by physical therapists, occupational therapists, and 

certified hand therapists, often face tight schedules that blend evaluation with treatment. Here, 

quick tests like the BBT, MMDT, and NHPT are likely preferred. Yet, their current forms 

inadequately capture the capabilities of modern prostheses, particularly in multi-grasp dexterity. 

Conversely, research laboratories tend to lean toward exhaustive tests like the AHAP, AM-ULA, 

SHAP, and UNBT. However, these tests’ extensive setups, niche objects, significant costs, and 

intricate procedures have hampered widespread implementation. Therefore, while validated tests 

are available, their limitations have resulted in inconsistent adoption that has also hindered a 

unified and standardized evaluation framework. This lack of standardization and validated 

evaluation measures has caused multiple problematic consequences. Notably, new prosthetic 
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devices tend to be assessed using methods devised by their own developers, introducing potential 

bias and undermining validity. Furthermore, the lack of a unified, standard assessment process 

has resulted in redundancy among current validated tests, further complicating the evaluation 

process. One example of this was demonstrated by Burger et al., who found that the ACMC and 

UNBT are equally capable of evaluating myoelectric prostheses [20]. 

An essential component lacking in 24 of the 25 previously mentioned validated tests is an 

integrated mechanism to gather patient feedback. We maintain that patient feedback, often 

collected via questionnaires and surveys, forms a crucial part of a comprehensive upper-limb 

prosthesis evaluation [59], [60]. Currently, self-reported surveys and task-based assessments are 

designed independently, leaving assessors to combine and interpret data from separate, 

potentially incompatible sources. Research, such as the study by Burger et al., has underscored 

the importance of questionnaires for yielding invaluable insights and revealed the limitations of 

exclusively depending on clinical tests [20]. There are deeper underlying predictors of 

performance, often first identified by patients, that extend beyond just the quality of the 

prosthesis or its control system. Factors such as socket fit, heat or sweat management, skin 

irritation, suspension or harnessing, and overall discomfort not only impact an individual’s 

ability to use and effectively operate their prosthesis but also determine its consistent use (if it is 

not comfortable, the prosthesis will not be used) [61], [62], [63]. Furthermore, the psychosocial 

impact of a prosthetic device on a person’s self-image, confidence, and social interactions can 

only be assessed through patient feedback, informing design improvements and support services 

[62], [64], [65]. Patient feedback is indispensable in evaluating the prosthesis’s overall 

effectiveness, and should be included to provide a holistic view that not only considers the 

physical and mechanical aspects but also addresses the psychological and social implications. 

https://www.zotero.org/google-docs/?x1g9Rq
https://www.zotero.org/google-docs/?SIVVJX
https://www.zotero.org/google-docs/?6GxGFT
https://www.zotero.org/google-docs/?2qHfVJ
https://www.zotero.org/google-docs/?D8Qhec
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2.5: Conclusion 

This narrative review assessed upper-limb prosthetic dexterity and control system 

assessment techniques. The primary objective was to analyze the essential characteristics and 

psychometric attributes of these evaluations and identify any existing gaps in the field. The 

analysis revealed a dichotomy in current clinical assessments for upper-limb prosthetics. Many 

commonly used tests are quick and easy to administer but offer limited insights, often failing to 

capture the full range of dexterity and control system capabilities of advanced prosthetics. 

Conversely, comprehensive tests provide extensive data but are lengthy, costly, and complex, 

limiting their widespread use. Furthermore, an integrated method for patient feedback is 

currently absent in nearly all testing methods. Thus, both clinical and research environments 

urgently require the creation or refinement of tests to more accurately evaluate the dexterity and 

control systems of modern upper-limb prosthetics. 
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Chapter 3: Using the Anthropomorphic Hand Assessment Protocol  

A majority of this chapter is submitted to be published in BMC Biomedical Engineering: 

Siegel JR, Harwood JK, Lau AC, Brenneis DJA, Dawson MR, Pilarski PM, Schofield JS. A 

Performance Evaluation of Commercially Available and 3D-Printable Prosthetic Hands using the 

Anthropomorphic Hand Assessment Protocol, BMC Biomedical Engineering. 4640dab0-08cb-

4033-9beb-f3d94ddd7ffa 

3.1: Background 

To gain a practical and comprehensive understanding of modern prosthetic devices and 

available evaluation methods, this study employed the Anthropomorphic Hand Assessment 

Protocol (AHAP). Posing a research question about the impact of 3D printing on prosthetic 

development facilitated the investigation of the AHAP in a research setting. This question 

necessitated a standardized, validated, and informative task-based evaluation method, as it is 

essential for accurately and fairly assessing 3D-printed prostheses against clinically prescribable 

and commercially available (CPCA) devices. Thus, this study not only provides valuable insights 

into the efficacy of 3D-printed prostheses compared to CPCA devices but also underscores the 

importance of robust evaluation protocols and sheds light on their potential shortcomings for 

advancing prosthetic technology. 

Additive manufacturing, or 3D printing, began to influence prosthetics in 2012, when the 

first 3D-printed prosthesis, “Robohand”, was introduced [66]. Since 2012, the field has 

continuously evolved, bringing to market a variety of open-source 3D-printed prosthetic models. 

This method significantly reduces production costs, with 3D-printed prostheses starting as low as 

$19USD in raw materials and parts, in stark contrast to clinically prescribable and commercially 

available devices that can often cost upwards of $20,000 USD [67], [68], [69]. The affordability 

and accessibility of 3D printing have also made prosthetics research more inclusive, enabling 

https://www.zotero.org/google-docs/?WFU7og
https://www.zotero.org/google-docs/?MFRCzz
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studies across labs with varying funding levels and promoting a diverse research ecosystem. This 

technology not only facilitates rapid prototyping, allowing for the swift design, production, and 

testing of prosthetic components but also supports the customization of designs to meet 

individual anatomical needs and preferences. Such flexibility is key from a research and design 

perspective when exploring prosthetic functionality and enhancing user comfort. Despite these 

advancements, 3D printing technology in prosthetics is still maturing, and comprehensive 

research into the dexterity and functionality of 3D-printed prosthetic hands, as juxtaposed with 

CPCA prostheses, remains in the nascent stages.  

Previous research in prosthetics has often been compartmentalized, with studies typically 

focusing on either 3D-printed or CPCA prosthetic hands in isolation. For example, Llop-Harillo 

et al. and Cabibihan et al. performed work to evaluate the performance of a variety of 3D-printed 

hands [69], [70]. In contrast, Belter et al. and Kannenberg et al. have independently explored the 

efficacy of CPCA prosthetic hands [71], [72].  The varied directions taken in prosthetics research 

have created a significant knowledge gap concerning the systematic evaluation and 

benchmarking of both 3D-printed and CPCA prostheses within the same standardized testing 

framework. This study aims to fill this void and contribute to this evolving landscape by 

conducting an extensive evaluation that simultaneously assesses both types of prosthetic hands 

during grasping tasks with physical objects that are representative of those likely encountered by 

users in their daily activities. 

3.2: Methods 

3.2.1: Testing Methods:  

The Anthropomorphic Hand Assessment Protocol (AHAP) was the employed evaluation 

metric. As described in Chapter 2, this specialized and validated procedure was developed to 

https://www.zotero.org/google-docs/?NSiH5G
https://www.zotero.org/google-docs/?DZMQWH
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assess the multi-grasp dexterity of hand prostheses through grasping and holding common items 

[13]. The AHAP involves 26 specific tasks using 25 household objects and encompasses 10 

different grip patterns: hook grip, spherical grip, tripod pinch, extension grip, cylindrical grip, 

diagonal volar grip, lateral pinch, pulp pinch, index pointing/pressing, and platform [13]. The 

AHAP tasks and grips are shown in Figure 3. The AHAP's reliability is notable, scoring a test-

retest reliability intraclass correlation coefficient (ICC) of 0.839, an inter-rater reliability ICC of 

0.969, and an internal consistency Cronbach’s alpha of 0.846 [13], [14]. This study included 

three open-source 3D-printed prosthetic hands—HACKberry Hand, HANDi Hand, and BEAR 

PAW—and three frequently prescribed, CPCA prosthetic hands—Össur i-Limb Quantum, RSL 

Steeper BeBionic Hand V3, and Psyonic Ability Hand. Additionally, the AHAP results from 

these six hands were then combined with previously published AHAP scores from four 

additional 3D-printed hands: Dextrus v2.0, IMMA, InMoov, and Limbitless [13].   

 

Figure 3. AHAP Tasks and Grips 
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Execution of the AHAP followed the established protocol described in [21]. This 

involved a lead investigator who conducts the testing and scoring, and three test investigators 

who are responsible for operating the prosthesis. Each test investigator performed three trials, for 

a total dataset of nine trials per prosthesis (3 test investigators x 3 trials each = 9 total trials). The 

standard AHAP procedure required replicating the test with multiple trials and three separate test 

investigators to account for potential variability in the way objects might have been manipulated 

[21]. Before starting the testing protocol, the lead investigator briefed the test investigators on the 

proper grip type for each object and allowed a one-minute familiarization period. Each AHAP 

trial commenced with the lead investigator presenting one of the 26 objects to a test investigator 

in a specific orientation. For each grip type (except index pointing/pressing), the prosthesis was 

initially positioned with the palm facing upwards. Upon securing the object, the prosthesis was 

required to sustain its grip on the object for a duration of three seconds (the grasping phase). This 

was followed by a 180° pronation to a palm-down position (clockwise for left-handed prostheses 

and anti-clockwise for right-handed prostheses), again trying to maintain its grip for an 

additional three seconds (the maintaining phase). Further descriptions of the grasping and 

maintaining phases for each grip type and posture can be found in the original AHAP 

instructions by Llop-Harillo et al. [21]. 

Following the AHAP protocol [21], during the grasping and maintaining phases for each 

object the lead investigator scored the prosthesis’s performance. Accordingly, a score of 1 was 

received if the object was held with the specified grip for the allotted time. A score of 0.5 was 

given if the prosthesis held the object for the designated time but did not follow the specific grip 

requirements described by the AHAP. Finally, a score of 0 was received if the prosthesis was 

unable to hold the object at all. Then, if there was no movement of the object within the hand 

https://www.zotero.org/google-docs/?1m1CQV
https://www.zotero.org/google-docs/?f29a29
https://www.zotero.org/google-docs/?J45RaH
https://www.zotero.org/google-docs/?175uQD
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during the maintaining phase, a score of 1 was awarded. If the object moved but did not drop, 

then a score of 0.5 was received, and a score of 0 was given if it was not able to maintain the 

object. A score of 0 may also be assigned at the lead investigator’s discretion, without attempting 

the grip, when it was deemed likely that an attempt would cause functional damage to the hand.  

Scores were separated by phase: grasping or maintaining. The scores for each prosthetic 

hand were further separated into 10 categories for grasping and nine categories for maintaining 

classified by grip type/posture. These scores were averaged across the three test investigators 

such that individual grasping and maintaining comparisons could be made between hands. 

Finally, an overall grasping ability score (GAS) was given for each hand by averaging all scores.  

3.2.2: Hands Tested 

A brief description for each of the six tested hands is provided below. Technical data has 

also been summarized in Table 4. Data in this table were tested and published by the respective 

manufacturers of each hand. 

Table 4. Technical Data of the Six Tested Prosthetic Hands 

Hand Mass (g) 

Active 

Digit 

Flexion 

Active 

Thumb 

Rotation 

Closing 

Speed (s) 

Pinch  

Grip 

Force (N) 

Power 

Grip 

Force (N) 

Max  

Static 

Load (kg) 

i-Limb 

Quantum 
528 ✔ ✔ 0.8 35* 136* 90 

BeBionic 

Hand V3  
614 ✔ ✖ 1.0 12.5 140 45 

Ability 

Hand  
500 ✔ ✔ 0.2 9.3 66.0 35.8 

HACKberry 

Hand  
223 ✔** ✔ 0.3 3.0 6.0 2 

HANDi 

Hand *** 
256 ✔ ✔ 0.8 0.3 1.5 0.6 

BEAR  

PAW  
177 ✔ ✔ 0.7 2.0 7.2 - 

*Grip forces are no longer stated in spec sheets for the i-Limb Quantum so these values are estimated 

from the similar i-Limb Ultra Revolution model [73] 

https://www.zotero.org/google-docs/?qELriv
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** For HACKberry hand: 1st motor flexes index, 2nd motor flexes D3-D5, and Thumb flexion is passive 

*** For HANDi Hand: used Dymond D47 servo motors instead of the original Hitec HS35-HD motors 

 

Ӧssur i-Limb Quantum 

 

Figure 4. Össur i-Limb Quantum 

The Össur i-Limb Quantum [73], [74], [75] is a CPCA prosthetic hand. Built with 

titanium digits, the i-Limb Quantum weighs 658 g, has a static limit finger carry load of 48 kg 

and a hand load static limit of 90 kg. It is equipped with five independently motorized fingers 

and a powered thumb rotation with manual override. Using the My i-Limb™ iOS apps, it has up 

to 36 selectable grips, both pre-programmed and customizable.  

 

 

 

 

 

 

https://www.zotero.org/google-docs/?R0W4kj
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RSL Steeper BeBionic V3 

 

 

Figure 5. RSL Steeper BeBionic V3 

The RSL Steeper BeBionic Hand V3 [76], [77], [78] has been commonly prescribed as a 

hand prosthesis since 2010 [76]. Built with carbon fiber digits, the BeBionic V3 weighs 588 g, 

has a static limit finger carry load of 25 kg and a hand load static limit of 45 kg. The hand's 

individual motors located in each finger and at the thumb base enable the user to have five 

degrees of actuation (passive thumb rotation) and 14 different grips and hand positions [76].  

 

 

  

https://www.zotero.org/google-docs/?pOdZxl
https://www.zotero.org/google-docs/?kY956N
https://www.zotero.org/google-docs/?dQsXlA
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Psyonic Ability Hand 

 

 

Figure 6. Psyonic Ability Hand 

The Psyonic Ability Hand [79], [80] is a CPCA prosthetic hand. It is equipped with 

fingertip sensors that detect pressure during gripping and send vibrations to the user's arm, 

offering some tactile feedback. With its carbon fiber shell, the Ability Hand weighs 520 g and 

has a maximum grip force of 66 N. The Ability Hand has five independently motorized fingers 

and a powered thumb rotation with manual override. The hand comes pre-programmed with 32 

grip patterns, including 19 predefined options. The Ability Hand is compatible with third-party 

EMG pattern recognition systems, EMG direct control systems, linear transducers, and force-

sensitive resistors along with integration with iOS and Android mobile apps for adjustment of 

settings and updates.  

https://www.zotero.org/google-docs/?k1uiWA
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HACKberry Hand 

 

Figure 7. HACKberry Hand 

The HACKberry Hand [81], developed by Japanese startup Exiii, is an open-source 3D-

printable bionic prosthetic hand. The HACKberry hand is made of polylactic acid (PLA), weighs 

475 g, and can support loads up to 2 kg. Equipped with three motors, it has partially-motorized 

long fingers and powered thumb rotation. The third, fourth, and fifth fingers are coupled, 

allowing them to flex and extend as a group. Additionally, it has passive thumb flexion, allowing 

it to meet the index finger for a pinch grip. When attached to its arm component, it has passive 

wrist flexion and rotation. The HACKberry hand does not come with pre-programmed grips, 

however they can be defined at the user's discretion so long as it remains within the range of 

motion of the finger joints. 

https://www.zotero.org/google-docs/?KKAQQl
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HANDi Hand 

 

Figure 8. HANDi Hand 

The Humanoid, Anthropometric, Naturally Dextrous Intelligent (HANDi) Hand [82] is a 

3D-printed multi-articulating hand. It was developed at the Bionic Limbs for Improved Natural 

Control Laboratory (BLINC Lab). The hand can be used in conjunction with the Bento Arm, a 

five-degree-of-freedom robotic arm designed for myoelectric training and research applications 

[83]. Made of PLA, the HANDi Hand weighs 256 g and has a maximum grip force of 4.2 N. Six 

integrated Dymond D47 servo motors allow for individual finger articulation, with separate 

thumb rotation and flexion. Rotary potentiometers in the joints and force-sensitive resistors in the 

fingertips can provide finger position and force information to machine learning algorithms. 

Further, a USB webcam is integrated into the palm, providing visual information about the 

hand’s workspace. The HANDi hand must be programmed by the user as it does not come with 

pre-programmed grips. 

https://www.zotero.org/google-docs/?Awdj89
https://www.zotero.org/google-docs/?MP3uQs
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BEAR PAW 

 

Figure 9. BEAR PAW 

The Bionic Engineering and Assistive Robotics Pediatric Assistive Ware (BEAR PAW) 

is a 3D-printed pediatric prosthetic hand developed at the UC Davis Bionic Engineering and 

Assistive Robotics Laboratory (BEAR Lab) [84]. Modeled after the anatomical proportions of an 

8-year-old child and printed using PLA, it has a weight of 177 g with a maximum grip force of 

7.216 N. The BEAR PAW has five independently motorized fingers and a powered thumb 

rotation. The hand comes pre-programmed with 10 grip patterns, and additional grips can be 

created by the user. 

Dextrus v2.0, IMMA, InMoov, and Limbitless 

Llop-Harillo et al. published AHAP data for four open-source adult 3D-printed hands 

(Dextrus v2.0, IMMA, InMoov, and Limbitless) [70]. Printed either using PLA or Ninjaflex®, 

they ranged in weight from 131 g to 201.5 g, but did not publish grip force or static load values. 

These four adult hands were all underactuated systems with a range from 14 to 17 degrees of 

https://www.zotero.org/google-docs/?43gcjQ
https://www.zotero.org/google-docs/?749Iqe
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freedom and 1–6 degrees of actuation. The testing for these hands was done using the custom-

made Able-Bodied Adapter presented by Llop-Harillo and Pérez-González in 2017 [85].  

 

3.2.3: Data Analysis:  

The data analysis was designed to allow for the group-based comparison of overall grasping 

scores between the 3D-printed and CPCA hands, followed by an assessment of grasping versus 

maintaining scores within these specific groups. Subsequently, pairwise grip comparisons were 

conducted within each subgroup. This procedure is depicted in Figure 10, with further 

descriptions of each comparison provided below. 

 

Figure 10. Statistics Logic Flow Diagram 

3.2.3.1: Overall GAS Score Evaluation  

The Mann-Whitney U-Test was utilized to compare the overall performance (GAS 

scores) between CPCA and 3D-printed prosthetic hands. The Mann-Whitney U-Test was chosen 

to accommodate the small sample size, non-parametric data, and to fit the assumption of a 

bimodal distribution, as a normal distribution could not be assumed for the GAS scores [25]. The 

Mann-Whitney U-Test operates by converting actual data points into ordered ranks to form a 

permutation distribution, from which it calculates the p-value [28]. It was also confirmed, using 

https://www.zotero.org/google-docs/?IKaP8b
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our data characteristics, that the prerequisites for the Mann-Whitney U-Test were met [28]. This 

included ensuring that the observations within and across groups were independent and that the 

response variable was ordinal or continuous [28].  

3.2.3.2: Comparing Grasping vs Maintaining Scores   

It was also investigated whether there were differences between grasping and maintaining 

scores for both the 3D-printed and CPCA hands as individual groups. To do this, two additional 

Mann-Whitney U-Tests were conducted. In consideration of conducting a series of related tests, 

the Bonferroni Correction was used to keep the family-wise error rate below 5%. Consequently, 

the inclusion of these two Mann-Whitney U-Tests, alongside the overall GAS score comparison, 

established a test-wise significance threshold of 1.67% [29].  

3.2.3.3: Pairwise Grip Comparisons  

Finally, Friedman’s Test (a non-parametric alternative to a Two-Way ANOVA model 

without an interaction term), followed by the Nemenyi Test (if applicable) were used to 

determine which specific grips the hands may have struggled with [30], [31]. Similar to the 

Mann-Whitney U-Test, Friedman’s Test works by converting the data into ordered ranks and 

using a permutation distribution to calculate the p-value (indicating if there were differences 

among grips at a significance threshold of 5%). The Nemenyi Test, designed as a non-parametric 

pairwise comparison method, enabled the identification of specific grip patterns that exhibited 

lower performance, provided that Friedman's Test indicated significant differences [30]. 
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3.3: Results  

3.3.1: AHAP Results   

Table 5 presents the average overall GAS, grasping, and maintaining scores along with 

their standard deviations for each prosthetic hand, as measured using the AHAP. The scores in 

Table 5 are expressed as a percentage of the maximum achievable score [10]. 

Table 5. AHAP Scoring Results 

 

3.3.2: Data Analysis Results  

3.3.2.1: Overall GAS Score Evaluation:  

The analysis indicated a statistically significant difference in overall GAS scores between 

the CPCA and 3D-printed prostheses, with data inspection indicating lower performance by the 

Type Hand GAS (%) Grasping (%) Maintaining(%) 

CPCA 

Össur i-Limb Quantum 90 ± 2 85 ± 1 96 ± 3 

RSL Steeper BeBionic V3 77 ± 0 77 ± 0 79 ± 1 

Psyonic Ability Hand 95 ± 0 97 ± 1 94 ± 1 

3D-Printed 

HACKberry Hand 53 ± 2 64 ± 0 36 ± 5 

HANDi Hand 66 ± 2 77 ± 1 53 ± 3 

BEAR PAW 68 ± 1 77 ± 3 57 ± 0 

Dextrus v2.0 48 ± 4 61 ± 3 34 ± 6 

IMMA 57 ± 2 77 ± 1 37 ± 4 

InMoov 49 ± 1 57 ± 1 40 ± 2 

Limbitless 50 ± 3 63 ± 2 37 ± 4 

Color Scale:   
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3D-printed prostheses. The initial assumption under the null hypothesis was that both groups of 

prostheses (3D-printed and CPCA) showed identical underlying distributions. Figure 11 displays 

the Mann-Whitney U-Test results, including a P-value of 0.008333. This permitted rejecting the 

null hypothesis using a test-wise significance level of 1.67% (post Bonferroni Correction).  

GAS Score Comparison Between CPCA and 3D-Printed Prostheses 

 

Range 

Clinical: 18 

3D-printed: 20 

Median 

Clinical: 90 

3D-printed: 53 

Test Statistic 21 

P-Value 0.0083 

Figure 11. Overall GAS Score Mann-Whitney U-Test Results:  

CPCA hands significantly outperformed 3D-Printed 

3.3.2.2: Comparing Grasping vs Maintaining Scores:  

The outcomes of these analyses demonstrated statistically significant disparities within 

the 3D-printed hands, also at a test-wise significance level of 1.67%, indicated by a P-value of 

0.0011 and a test statistic of 49. Conversely, the comparisons within CPCA prosthetic hands did 

not reveal statistical significance, as shown by a P-value of 0.50 and a test statistic of 4. The 

findings of these tests are detailed in Figure 12. For these tests, the null hypothesis assumed that 

the scores for grasping and maintaining were identical within each type of prosthetic hand—first 

examining this assumption for 3D-printed hands, and then separately for CPCA hands. 
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Figure 12. Comparing Grasping vs Maintaining Scores: 3D-Printed hands particularly struggled during the 

maintaining phase of the AHAP. CPCA hands had consistent results between grasping and maintaining. 

 

3.3.3.3: Pairwise Grip Comparisons  

Differences Among Specific Grip Patterns 

Figure 13 presents the outcomes of the Friedman's Tests, highlighting statistically 

significant differences in the grip patterns within both the grasping and maintaining scores for 

the 3D-printed prosthetic hands, with P-values of 4.11e-05 and 1.14e-05, and test statistics of 

35.91 and 37.03, respectively. For the CPCA prosthetic hands, the results demonstrated 

statistically significant differences within the grasping scores across different grips, as indicated 

by a P-value of 0.033 and a test statistic of 18.16. However, the maintaining scores of CPCA 

hands did not exhibit significant variations across grip types, evidenced by a P-value of 0.24 and 

a test statistic of 10.45. 
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Identifying Specific Difficult Grips for 3D-Printed Hands  

The Nemenyi Test results highlighted significant disparities in the grasping scores of the 

3D-printed hands, and can be found in Figures 14. Specifically, the Diagonal Volar grip 

demonstrated considerable differences compared to the Hook, Index Pointing/Pressing, Platform, 

and Tripod Pinch grips. Additionally, for maintaining scores, the Index Pointing/Pressing grip 

was significantly different from the Cylindrical Grip, Extension Grip, and Spherical Grip. For the 

other grip types evaluated within the 3D-printed hands, there were no statistically significant 

differences. 

Identifying Specific Difficult Grips for CPCA Hands 

Unfortunately, while Friedman's Test indicated statistically significant differences among 

the grasping scores for the CPCA hands, the subsequent Nemenyi Test P-values were statistically 

insignificant. Therefore, it could not specify which grip pairs exhibited these differences. 

However, inspection of Figure 13 suggests that the Extension and Platform grips underperformed 

compared to other grips. Finally, because Friedman's Test was unable to show differences among 

the maintaining scores of the CPCA hands, it excluded them from the Nemenyi Test analysis. 
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Figure 13. Grip-wise Comparison using Friedman’s Test:  

3D-Printed Hands struggled with certain grips during both the grasping and maintaining phase. CPCA 

hands only struggled with certain grips during the grasping phase. 

 

Figure 14. Specific Pairwise Comparison using the Nemenyi Test showed the 3D-printed hands struggled with  

Diagonal Volar grip during the grasping phase along with the Cylindrical Grip, Extension Grip, and 

Spherical Grip during the maintaining phase. 
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3.4: Discussion: 

The analysis of CPCA and 3D-printed prosthetic hands, conducted using the AHAP, 

highlighted significant differences in their multi-grasp dexterity and performance. Specifically, it 

was observed that the 3D-printed prosthetic hands had lower scores compared to their CPCA 

alternatives. Furthermore, the performance gap observed during the maintaining phase is 

particularly significant because, during this phase, the AHAP only requires the hand to securely 

manipulate objects without imposing specific grip requirements.  

To ensure the secure handling of an object, the sum of all contact forces and the resulting 

friction forces must balance to zero. Given this principle, the inability of the 3D-printed hands to 

succeed in the maintaining phase suggests potential issues such as insufficient friction, 

inadequate grip force, or geometric limitations preventing the effective reorientation of contact 

forces. This suggests that the factors contributing to the lower performance of the 3D-printed 

prosthetic hands are rooted in their design or construction. This is likely related to the primary 

challenge in the development of 3D-printed prostheses: balancing cost-effectiveness with the 

quality of materials and components. This often necessitates making strategic choices to 

maintain affordability but can compromise functionality. For instance, opting for cost-effective 

motors often compromises their achievable torque output, which directly impacts the prosthetic's 

ability to securely hold and manipulate objects, thereby contributing to lower maintaining scores. 

Additionally, it is essential to acknowledge that the level of dimensional precision achievable by 

a 3D printer may not always match that of mass-produced commercial prostheses. These 

dimensional differences can have implications for the fit and functionality of the prosthesis, 

underscoring the need for ongoing improvements in 3D printing technology. Durability and 

strength are also crucial, as commercial prostheses are designed for more rigorous use and are 

constructed from tested robust materials. It was observed that the 3D-printed hands were limited 
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in strength, being unable to support the weight of certain objects (skillet lid, wooden blocks with 

rope, and skillet). However, there are also clear opportunities for impactful enhancements 

through the cost-effective addition of certain features. For example, the observed slipping of 

certain objects (large marker, small marker, and golf ball) from the HACKberry hand was not 

due to a lack of grip strength but rather to insufficient friction. Consequently, adding rubberized 

grips or gloves to the fingers and palm could be a relatively simple yet effective method to 

significantly enhance friction and, by extension, the usability of the prosthesis. Another notable 

example is the difference in transmission mechanisms of the CPCA compared to the 3D-printed 

hands. The CPCA hands all typically have locking mechanisms with low backlash, so that when 

power is turned off the hands still hold their position, a useful feature for conserving battery as 

well as providing additional mechanical stability in the joint. None of the examined 3D-printed 

options currently employ these mechanisms and this may be another key feature that could be 

explored in future versions of 3D-printed hands to improve their maintaining scores. 

Given that these findings demonstrate CPCA prostheses achieved significantly higher 

GAS scores than the 3D-printed hands, it suggests that these two types of devices may currently 

be best suited for distinct end uses. CPCA prostheses are evidently more practical for everyday 

use, given their ability to achieve a wider range of grip positions and superior performance in 

securely manipulating objects. Conversely, 3D-printed prosthetic devices, despite their 

limitations in grip capabilities, present a significantly more affordable option. With production 

costs as low as $19 USD [69], they stand in stark contrast to the often prohibitive expenses 

associated with CPCA devices, which often exceed $20,000 USD [67], [68]. Furthermore, the 

accessibility of 3D-printed prosthetic technology supports research to be conducted in labs of 

most funding levels, fostering a more inclusive research environment. This affordability is 

https://www.zotero.org/google-docs/?gmvMmp
https://www.zotero.org/google-docs/?fOmLui
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complemented by the technology's capability for rapid prototyping, allowing researchers to 

quickly design, print, and test different prosthetic components, accelerating the pace of 

innovation and development. Open-source 3D-printed devices also benefit from non-proprietary 

firmware, allowing for more control over their devices. Additionally, researchers can tailor 

designs to fit various anatomical needs or specific user preferences, a crucial aspect in studying 

prosthetic functionality and comfort. This study underlines the need for ongoing research and 

development in prosthetic technology, aiming to bridge the gap between affordability and 

functionality. Nevertheless, the potential of 3D printing in this field is immense, and recognizing 

these limitations through this and subsequent research will contribute to refining the design and 

functionality of both 3D-printed and CPCA prosthetic devices. 

While this study offers valuable insights into the performance of modern prosthetic 

hands, it does have limitations. The sample size for our study was limited, and the investigation 

concentrated on a specific subset of CPCA and 3D-printed prosthetic hands. For CPCA hands, 

this focus was primarily dictated by the challenges associated with acquiring these devices, often 

related to their high costs. Furthermore, there is a vast array of 3D-printed hands available, and 

the ones we tested do not encompass all existing models. The selection was based on a limited 

subset chosen for the availability of documentation and open-access print files. It would be 

beneficial for future research to include a broader range of prosthetic hand technologies, 

especially those utilizing emerging designs and materials, particularly highlighting the potential 

of innovative devices from companies such as Unlimited Tomorrow and Open Bionics, known 

for their CPCA, 3D-printed prostheses [86], [87]. Unfortunately, their cost, programming 

interfaces, and limited availability excluded them from this study.  

https://www.zotero.org/google-docs/?zmbFFW
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Additionally, certain limitations in the AHAP must be acknowledged [21]. Specifically, 

the grasping phase criteria may under-represent actual dexterity, as the strict guidelines for a 

correct grip do not always align with practical, clinical scenarios where various secure grasping 

methods could be employed to manipulate an object. The AHAP also does not have a measure of 

the ease of attaining a prescribed grip, an essential component of daily use. Additionally, the 

AHAP does not distinguish between grasping pressures, allowing hands with superior grip 

strength to achieve a higher maintaining score by simply applying excessively high gripping 

forces, a result that could be undesirable during many activities of daily living.  

The impressive dexterity demonstrated by both the CPCA and 3D-printed prostheses was 

evaluated without adequate consideration for control systems. As dexterity improves, there is a 

consequent need for more advanced control systems, which underscores the necessity for 

accurate and precise assessment methods. Technologies such as electromyography (EMG), force 

myography (FMG), electrical impedance tomography (EIT), electroencephalography (EEG), 

mechanomyography (MMG), sonomyography (SMG), and functional magnetic resonance 

imaging should be considered significant for body information monitoring [88], [89]. These, 

along with future technologies, are crucial for ensuring the effective integration and control of 

prosthetic limbs, necessitating their thorough evaluation.  

Finally, the AHAP scores hand performance on an ordinal scale, which constrains the 

range of statistical inference methods that can be applied and necessitates the use of non-

parametric methods. These methods, while appropriate, typically offer less statistical power 

compared to a parametric alternative. As a result, some grasps that may appear to differ greatly 

in their respective scores may not be considered significantly different by the Nemenyi Test. For 

example, during testing there appeared to be variances in the performance of the pulp pinch grip; 

https://www.zotero.org/google-docs/?ZX0v6r
https://www.zotero.org/google-docs/?askFzE
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however, these differences could not be statistically confirmed as significant through the 

Nemenyi Test. This suggests a need for further investigations, encompassing the need for 

additional standardized assessments to accurately identify performance shortcomings and devise 

effective strategies for their improvement, as it could reveal specific design enhancements 

necessary to improve the functionality of 3D-printed and CPCA prosthetic hands. 
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Chapter 4: Online Survey to Refine Task-Based Evaluation 

Methods 

A significant portion of this section will be presented/published at the Myoelectric 

Control Conference in August 2024.  

4.1: Background 

Chapters 1-3 established that assessments for upper-limb prosthetic devices are critically 

important while highlighting a significant research gap in this area. Despite the rapid 

advancements in mechatronic technologies for upper-limb prosthetics, the literature review in 

Chapter 2 revealed that, since 1948, only 25 task-based evaluation measures have been reported 

and validated [3]. This gap between technological progress and the slow evolution of 

standardized assessment measures underscores the urgent need for universally accepted and 

continuously updated evaluation frameworks. Chapter 3 specifically underlines that as prosthetic 

hands become more sophisticated, the necessity for improved and more accurate assessments 

intensifies. Furthermore, with dexterity capabilities continually increasing, there arises a need for 

more advanced control systems, necessitating precise and accurate assessment methods. 

Technologies such as EMG, FMG, EIT, EEG, MMG, SMG, and functional magnetic resonance 

imaging, among others, are considerable options for body information monitoring [88], [89]. 

These technologies, along with other emerging and future innovations, demand comprehensive 

and meticulous evaluation to verify their effectiveness and suitability for prosthetic control. 

The challenge of bridging this gap is further compounded by the varying priorities across 

professional settings. Clinical settings, which are often under time constraints, may prefer more 

rapid tests for their efficiency in assessing patient outcomes. However, this may come at the 

expense of the depth of data collected. On the other hand, research settings may opt for more 

comprehensive tests which, despite their thoroughness, face challenges in wider spread adoption 

https://www.zotero.org/google-docs/?U3CdNQ
https://www.zotero.org/google-docs/?LfWz5o


55 

 

due to their extensive setups, accessibility of testing materials, significant costs, and more 

complex protocols. The goal of this study was to gather insights on current task-based evaluation 

methods in the context of the unique needs and expectations across the diversity of practitioners 

that may interact with individuals prescribed upper limb prostheses. To do so, an online survey 

was conducted with a wide array of individuals across the professional spectrum, including 

physical and occupational therapists, prosthetists, medical practitioners, and academic 

researchers. 

4.2: Methods 

4.2.1: Survey Design  

This online survey was strategically designed to gather data on professionals’ 

experiences, preferences, and practices related to upper-limb prostheses and task-based 

functional measures. The study was approved by the University of California, Davis Institutional 

Review Board. Recruitment was performed through email via the Bionic Engineering and 

Assistive Robotics Laboratory’s professional networks. Once participants agreed to take part in 

the study, they were provided with a link to an anonymous survey hosted on Qualtrics. This 

began with an introduction outlining the study's objectives, confidentiality assurances, detailed 

instructions, and contact information for any follow-up questions. Consent to proceed led 

participants through a questionnaire that required no more than 15 minutes to complete. The 

survey incorporated a variety of question types, including multiple-choice, checkboxes, and 

questions that allowed respondents to order their preferences. This design facilitated the easy and 

efficient capture of detailed responses across a range of topics. The questionnaire was structured 

to progress through a series of questions aimed at anonymously characterizing each participant's 

profession, experience, training, and exposure to individuals with upper-limb prostheses. 
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Following this initial characterization, the survey focused on identifying which validated task-

based measures participants were aware of and actively used. Finally, participants were asked to 

prioritize a list of factors they deemed most important in a task-based measure for upper-limb 

prosthetic assessment.  

4.2.2: Data Analysis  

Binning and response counts were employed as the primary analytical methods. Data 

collected from the survey were first separated (binned) by profession, allowing for a detailed 

analysis of the perspectives of different professionals. Response counts were utilized to quantify 

the prevalence of specific views and practices among the participants, providing a 

straightforward method to identify the most used task-based measures and the factors considered 

most important for evaluating upper-limb prosthetic devices. 

4.3: Results 

In this thesis, initial validation data is presented from N=30 participants, whose 

professional backgrounds are outlined in Table 6. Further data will be gathered during the 

MyoElectric Control Conference in August 2024. The distribution of participants by profession 

was as follows: 5 physical/occupational therapists (PT/OTs), 4 certified prosthetist/orthotists 

(CPOs), 14 medical doctors (MD/DOs), and 7 who are primarily researchers (PRs). Additionally 

documented was the median duration of practice in their respective fields by having them select 

from a list of time ranges: PT/OTs and CPOs professionals had a median range of experience 

between 10 to 15 years; MD/DOs participants reported a median range of 12.5 to 17.5 years; and 

for those primarily involved in research (PRs), the median experience ranged from 15 to 20 

years. The survey also required participants to select from a list highlighting the frequency range 

of interaction with upper limb prosthesis users. The median rate of patient interactions revealed a 
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spectrum of engagement frequencies: PT/OTs and PRs typically interacted with patients once 

every 2 to 5 months; CPOs reported at least one patient interaction per week; and MD/DOs 

professionals engage with patients at least once per month. 

Table 6: Respondent Background 

Profession Respondents 
Median Time 

Practicing 

Median Patient 

Interaction Rate 

Physical/Occupational 

therapist 
5 10 – 15 years Once every 2-5 months 

Certified 

Prosthetist/Orthotist 
4 10 – 15 years At least once per week 

Medical Doctor 14 12.5 – 17.5 years At least once per month 

Primarily Researcher 7 15 – 20 years Once every 2-5 months 

 

Table 7 highlights the results from a survey question that prompted participants to select 

task-based measures, from a list of 25 (identified in Chapter 2 [3]), that they were familiar with 

and would likely use with patients in their professional practice. The Box and Block Test (BBT) 

was identified as the most favored test across all professions for patient use. This finding is 

particularly significant considering the test's brevity and limited scope in assessing functional 

capabilities. Despite these constraints, the Box and Block Test is valued for its comprehensive 

validation with numerous patient populations, endorsement through peer review, straightforward 

administration, affordability, and ease of learning. Conversely, more involved evaluations such 

as the Southampton Hand Assessment Procedure (SHAP), Activities Measure for Upper-Limb 

Amputees (AM-ULA), and Gaze and Movement Assessment (GaMA) were primarily chosen for 

research purposes. It is important to note that a significant portion of the MD/DOs reported a 

lack of familiarity with many of the tests listed. Several doctors indicated in their responses that 

they would prefer to delegate the responsibility of administering these tests to PT/OTs. 

https://www.zotero.org/google-docs/?np3rGB
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Table 7: Perspectives on Currently Available Tests 

Profession 
Top Rated Tests to be used with a Patient – Percentage of Respondents 

* Indicates tie 

Physical/ 

Occupational 

therapist 

1: Box and Block Test (BBT) – 71.43% 

2*: Action Research Arm Test (ARAT) – 50.00% 

2*: Jebsen Hand Function Test (JHFT) – 50.00% 

2*: Nine-Hole Peg Test – 50.00% 

Certified 

Prosthetist/ 

Orthotist 

1: Box and Block Test (BBT) – 50.00% 

2*: Assessment of Capacity for Myoelectric Control (ACMC) – 33.33% 

2*: University of New Brunswick Test of Prosthetic Function (UNBT) – 33.33% 

Medical 

Doctor 

1*: Box and Block Test (BBT) – 21.42% 

1*: Jebsen Hand Function Test (JHFT) – 21.42% 

1*: Nine-Hole Peg Test (NHPT) – 21.42% 

2*: Purdue Pegboard Test (PPT) – 14.29% 

2*: Unilateral Below Elbow Test (UBET) – 14.29% 

Primarily 

Researcher 

1*: Southampton Hand Assessment Procedure (SHAP) – 44.44% 

1*: Box and Block Test (BBT) – 44.44% 

2*: Activities Measure for Upper-Limb Amputees (AM-ULA) – 42.86% 

2*: Gaze and Movement Assessment (GaMA) – 42.86% 

 

Table 8 shows the results when participants selected from a list of maximum time ranges 

they felt was acceptable to administer a task-based measure in their practice. Additionally, Table 

8 highlights the top three criteria they viewed as important when selecting a task-based measure, 

underscoring a universal preference for validated and peer-reviewed tools. Clinical practitioners 

reported a significantly shorter maximum testing time compared to their research-focused peers, 

highlighting a prioritization of efficiency in clinical settings. This emphasis on time efficiency is 

reflected in the ranking of the total administration time as a key factor for its selection among 

clinical professionals. Despite these differences, there's a unanimous agreement on the 
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importance of using tests that effectively monitor patient progress, illustrating a common 

objective to employ assessments that are both practical and beneficial for patient care across 

diverse professional landscapes. 

Table 8: Desired Characteristics for Evaluation Methods 

Profession 
Median Max 

Time for Test 
Ranking of Most Important Factors 

Physical/ 

Occupational 

therapist 

Between 10-

20 minutes 

1: The test has been validated and peer-reviewed 

2: Efficacy of monitoring patient progress 

3: Total administration time 

Certified 

Prosthetist/ 

Orthotist 

Between 15-

25 minutes 

1: The test has been validated and peer-reviewed 

2: Total administration time 

3: Comprehensive analysis of multi-grasp dexterity and 

impact of varying control systems 

Medical 

Doctor 

Between 5-10 

minutes 

1: The test has been validated and peer-reviewed 

2: Total administration time 

3: Efficacy of monitoring patient progress 

Primarily 

Researcher 

Between 30-

60 minutes 

1: The test has been validated and peer-reviewed 

2: Efficacy of monitoring patient progress 

3: Comprehensive analysis of multi-grasp dexterity and 

impact of varying control systems 

 

4.4: Discussion 

This study unveiled insightful findings regarding the prevailing views on task-based 

evaluation methods for upper-limb prostheses. Notable variations were observed in how 

frequently different professional groups engage with patients equipped with upper-limb 
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prosthetic devices. It is essential to mention that these interactions ranged from weeks to months, 

highlighting a considerable variance among professionals. However, a potential limitation of this 

study was the methodology used to contact respondents—email outreach within the Bionic 

Engineering and Assistive Robotics Laboratory’s network of researchers and clinicians 

specializing in upper-limb absence. This approach might have led to an overestimation of 

interaction frequency, as it may not accurately represent the engagement levels of the average 

practitioner. Despite this limitation, the importance of addressing the prosthetic needs and 

managing patient expectations cannot be overstated, especially considering the challenges posed 

by the advancing technology in upper-limb prosthetics. These challenges are compounded by the 

mobility requirements of the upper-limb and the vital role that hands and arms play in our daily 

activities. These findings also shed light on the "upper extremity dilemma [90]," where 

prosthetics are becoming more technologically advanced and specialized. However, the 

relatively infrequent encounters with upper-limb prosthetic users make it difficult for many 

clinicians to expand their knowledge and expertise [91]. This gap necessitates a high level of 

specialized care for a group of patients seen less frequently by practitioners, leading to potential 

challenges in meeting their specific needs [92]. To bridge this gap, validated task-based 

measures and a more universally applicable analysis framework could play a crucial role. Such 

tools would provide practitioners with objective data, facilitating more informed decision making 

and ultimately enhancing care for patients using upper-limb prosthetic devices.  

Categorizing the data from 30 participants by profession revealed distinct preferences in 

testing goals and methods. Although all groups emphasized the necessity of validated and peer-

reviewed tests, notable differences emerged: clinical settings prioritize quick evaluations next, 

with the box and block test—likely favored for its sub-5-minute completion time—ranking high 

https://www.zotero.org/google-docs/?tpdJn3
https://www.zotero.org/google-docs/?c6mAcW
https://www.zotero.org/google-docs/?WVzESc
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among physical and occupational therapists, prosthetists/orthotists, and medical doctors. 

Notably, the maximum time reported for testing in these clinical groups was significantly shorter 

than that for research focused professions. Furthermore, professionals across these fields 

consistently rank the total time required to administer a test as one of the top three criteria for 

determining its effectiveness. In contrast, research environments valued the comprehensive 

analysis which likely explains the preference for the more intensive Southampton Hand 

Assessment Procedure, though the box and block test does remain in use for this group. 

Nevertheless, professionals unanimously agree on the importance of tests that effectively 

monitor patient progress. These findings highlight the shared and unique priorities across 

professions, underscoring the need for a balanced approach in developing and selecting upper-

limb prosthetic evaluation methods to accommodate the quick assessment preferences of clinical 

practitioners and the detailed analytical needs of researchers.  
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Chapter 5: Discussion and Future Directions 

5.1: Discussion 

This thesis underscores the necessity of standardized, reliable, and validated task-based 

evaluation measures for the advancement of next-generation prosthetics and improved patient 

outcomes. It highlights a significant gap between the rapid technological advancements in upper-

limb prosthetics and the slow evolution of assessment measures. Despite the rapid progress in 

prosthetic technology, only 25 task-based evaluation measures have been validated since 1948, 

as detailed in Chapter 2. A critical examination reveals a dependence of many researchers on 

non-standardized tests, which may compromise validity and fail to meet the comprehensive 

needs of the clinical and research communities.  

Chapter 3 of the thesis illustrates the lag in assessment measures compared to the rapid 

advancements in prosthetic technology. It details applying the Anthropomorphic Hand 

Assessment Protocol (AHAP) to evaluate both open-source 3D-printed and commercially 

produced prosthetic hands, effectively bridging the gap between theoretical concepts and 

practical applications in prosthetic assessment. This analysis revealed that as prosthetics become 

more sophisticated, there is a pressing need for more refined and accurate assessment methods 

that can adequately analyze the advancements in control systems and the enhanced dexterity of 

multi-grasp functions.  

Chapter 4 introduces preliminary findings from an online survey of diverse practitioners, 

offering insights into the specific needs for upper-limb prostheses and guiding future 

enhancements in evaluation methods. This chapter illuminates the current state of evaluation 

practices and pinpoints improvement areas. It makes a significant contribution to the 
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development of universally accepted evaluation standards for upper-limb prostheses, reflecting a 

comprehensive approach to understanding and advancing prosthetic assessment. 

5.2: Future Directions 

The primary challenge in current testing methodologies for upper-limb prosthetics is the 

lack of standardization, compounded by the varying testing requirements of professionals. Rather 

than creating adaptable tests that can be refined or expanded, many research groups produce 

new, study-specific tests that lack universal applicability. This has led to the development of tests 

that may be limited in the information they can provide, like the NHPT or BBT, failing to 

encapsulate the complexity of daily tasks, or data rich, but at the expense of complexity of 

implementation, such as the SHAP or AM-ULA. To overcome these issues, a dual or modular 

testing approach is suggested. In clinical settings, a straightforward, user-friendly test should be 

used to prioritize patient progress, multi-grasp dexterity, and the impact of different control 

systems. In contrast, research settings require a more comprehensive test to thoroughly evaluate 

a prosthesis's functionality. Both testing approaches must share key elements to allow for the 

alignment and comparison of clinical and research data, which is vital for fostering 

communication between clinicians and researchers and ensuring access to consistent, relevant, 

and comprehensive information. Furthermore, the standardized and modular test proposed must 

fulfill the criteria set out in Chapter 2's evaluation guidelines and the needs identified in Chapter 

4. Implementing standardized, validated task-based evaluation measures is essential and urgently 

needed to drive progress and underpin advancements in upper-limb prosthetics. 
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Appendix 
Dexterity and Control System Scoring 
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Additional Considerations Scoring 
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Reliability Scoring 
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Validity Scoring 

 




