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Abstract—Individuals with upper limb amputations rely on 
prosthetic devices to perform activities of daily living. 
However, these technologies are often reported as being 
difficult to use. Prior studies have used a variety of testbeds to 
assess the usability of prosthetic devices. However, there is no 
defined strategy for selecting the most effective batteries. This 
study developed a task selection strategy and a test battery to 
assess usability of upper-limb prosthetic devices. A 
combination of methods was applied, including a constrained 
literature review, sensitivity analysis, and review of 
fundamental upper-limb movements. Findings suggest that 
the clothespin relocation task (CRT) and Southampton hand 
assessment protocol (SHAP) are the most sensitive testbeds 
for usability assessment of upper-limb prosthetic devices and 
these tasks require similar limb movements to high frequency 
ADLs.  
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I. INTRODUCTION 
Limb amputation can cause severe functional disability 

for performance of activities of daily living (ADLs). There 
are more than 2.1 million persons with limb loss in the 
United States [1]. About 35% of these cases were upper 
limb amputations. Upper limb amputee patients use 
prosthetic devices on a regular basis to perform ADLs. 
Without these devices, ADLs may not be possible or may 
require additional effort and time [2]. However, existing 
devices are often reported to be challenging to use, leading 
to poor utilization and rejection [3]. In a study assessing the 
usability of different prosthetic devices, it was found that 
53% of passive hand users, 50% of body-powered hook 
users, and 39% of myoelectric hand users rejected prosthetic 
hands [4]. 

A. Upper-limb prosthesis control methods  
Upper-limb prostheses can be categorized in three main 

groups, including passive, body powered, and externally 
powered (myoelectric) devices [5]. A passive prosthesis has 
no movable parts and its configuration cannot be adjusted. 
Body powered devices, or cable-operated limbs, work with 
a harness and a cable around the opposite shoulder of the 
injured arm. The patient can pull the cable to open the 
prosthetic hand (hook) by shoulder movements. 
Myoelectric devices, use two main types of configurations  
based on electromyography (EMG; muscle activation 
signals), including: (1) direct control (DC); and (2) pattern 
recognition (PR) control schemes [6]. In the DC, the 
magnitude of an EMG signal captured from one agonist-
antagonist muscle pair proportionally controls the speed of 
a servo-motor [7]. Most DC systems use two independent 

EMG sites to control one degree-of-freedom (DOF) of 
prosthesis movement, such as hand open/close. A great deal 
of intentional effort is required for a DC configuration when 
more than two DOFs needs to be controlled. In addition, the 
DC-based prosthesis control generally produces slow 
movements. Due to these limitations, only 25% of upper-
limb amputees use prostheses with DC mode control for 
performing ADLs [8]. The PR approach involves EMG 
pattern classification that identifies user intent based on 
activation patterns of residual muscle when transradial 
amputees imagine “executing” a motion of the missing 
limb. Based on user intent, the controller selects a 
corresponding servo-motor and controls the motor speed 
proportionally to the sum of the EMG intensity across all 
monitored muscle signals. PR algorithms have been widely 
investigated in prior studies as an advanced EMG control 
method [9]. The main disadvantage of the PR approach is 
that the controller must be trained for learning patterns of 
individual muscle activation and to make association of 
patterns with desired motions. In addition, the PR controller 
only allows users to move one joint at a time, while natural 
limb motions are usually multi-joint movements 
coordinated with high precision and versatility. 

B. Activities of daily living 
ADLs include most fundamental and essential functions 

to sustain one’s life such as self-feeding, work, 
homemaking, cleaning, bathing, dressing, grooming and 
leisure. Modern prosthetic devices can help amputees 
perform ADLs with a mechanical wrist consisting of an 
active or passive rotator that enables the 
pronation/supination of a hand [10]. To assess their 
performance, researchers have used measures such as task 
completion time and average number of transported items. 
However, previous studies on usability evaluation of upper-
limb prosthetic devices have not identified the logic behind 
their selection of ADL testbeds except that they are 
standardized tests for upper-limb extremity use or 
rehabilitation [11]. There have been no studies on the 
relationship between human limb movements and the 
selected test tasks.  

C. Problem statement 
Although amputee patients are able to perform ADLs 

with prostheses, there are several usability issues with these 
technologies. In order to effectively assess the usability of 
prosthetic devices, there is a need to define appropriate test 
batteries. The selected tasks should not only represent ADLs 
and different limb motions but should be sensitive enough 
to reveal device usability issues or differences among 
multiple devices. Therefore, the objective of the present 
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study was to identify a test battery for assessing usability of 
upper-limb prosthetic devices. The identified tasks and the 
proposed approach may be useful for future usability 
assessments of technologies aimed at reducing rejection 
rates. The proposed test approach can be incorporated 
during device design and development processes. 

II. METHOD 

A. Available ADL test beds 
Four standard ADL test beds have been used in prior 

research, including (1) Box and blocks test (B&B), (2) 
Jebsen-Taylor test of hand function (JHFT), (3) Clothespin 
relocation task (CRT), and (4) Southampton hand 
assessment protocol (SHAP). These tasks have been chosen 
to assess hand, wrist and elbow functions and replicate 
activities that could be reasonably completed with physical 
prosthetic devices. In this study, we conducted an analysis 
on these four testbeds in order to identify the task battery 
that is most sensitive to reveal usability differences among 
prosthetic devices and that best represents human limb 
movements in ADLs. 

B. Constrained literature review 
A literature review was conducted using the protocol for 

preferred reporting items for systematic reviews and meta-
analysis with extension for scoping reviews (PRISMA-ScR) 
[13]. The initial search was conducted in November, 2019. 
Two databases including the Web of Science (WoS) and 
Compendex were systematically searched to find relevant 
research published since 2005 (the year in which DARPA 
initiated the “Revolutionizing Prosthetics” program [14]). 
Search terminology submitted to these databases included: 
("prosthesis" or "prosthetic") and ("box and block" or 
"jebsen" or "clothepin" or "southampton"). Inclusion 
criteria for the literature review were: (1) peer-reviewed 
journal publications or conference proceedings, (2) English 
language papers, and (3) studies that presented comparisons 
of prosthetic devices (e.g., DC vs. PR controllers) or 
usability evaluations of devices.  

Initially, 71 studies were identified based on researcher 
review of paper titles resulting from the database searches. 
These papers were further evaluated for relevance through 
abstract review. Finally, the full text of articles considered 
to be relevant (based on both title and abstract) was 
reviewed by at least two researchers from our team. Among 
the initial search results, 17 studies were found to meet the 
inclusion criteria. Each study was classified in terms of the 
four ADL test beds (i.e., B&B, JHFT, CRT, and SHAP). 

III. RESULTS 

A. Comparison of ADL testbeds used in prosthetic device 
usability assessments 
The Four ADL testbeds (i.e., B&B, CRT, JHFT, and 

SHAP) are compared in Table � in terms of their 
characteristics, task description, and performance index. 
While B&B and CRT only include transporting tasks, JHFT 
and SHAP involve several ADL activities. Quantitative 
performance indices include the number of transported 
items or the time to complete a task. Results revealed that 
while the B&B, CRT, and JHFT are simple and easy to 
perform, the SHAP is a very detailed testbed including 
several tasks that can be elaborate and time-consuming.  

B.  Sensitivity analysis of ADL test beds for assessing 
usability of prosthetic devices 

 An analysis was conducted in order to identify the 
testbeds that were most sensitive in usability assessment of 
prosthetic devices. Findings from this analysis are shown in 
Table �. The studies were categorized based on the testbed 
used, prosthetic device configuration, dependent measures, 
and whether findings were significant (� � ����). From the 
studies that used statistical analysis, 4 used B&B, one used 
JHFT, 6 used CRT, and 8 were focused on the SHAP. It was 
found that the CRT and SHAP were the most sensitive 
testbeds (i.e., resulted in more significant findings: CRT: 
83% and SHAP: 87.5%) used in prior studies to compare the 
usability of different prosthetic devices.  

C. Overlap between fundamental movements and ADLs 
To identify the testbeds that are closely related to human 

upper-limb movements, we compared required movements 
of the CRT and SHAP tasks with fundamental upper-limb 
movements. For this comparison, seven upper-limb 
movements were selected including (a) Shoulder abduction-
adduction; (b) Shoulder flexion-extension; (c) Shoulder 
internal-external rotation; (d) Flexion-extension of the 
elbow; (e) Pronation-supination of the forearm; (f) Flexion-
Extension of the wrist; and (g) Radial-Ulnar deviation [15]. 
For example, to perform the CRT, the following upper-limb 
movements are required: (a), (b), (c), (d), (f), and (g). To 
further assess the testbeds in terms of matching ADLs, we 
considered the example of a driving task (Table III). Driving 
was selected as the task poses high psychomotor demands. 
Furthermore, the combination of advanced (vehicle) 
automation technologies and EMG- based human-machine 
interfaces (HMIs), such as prosthetic devices, may make 
ADLs, like moving within a community (or driving), more 
accessible for special populations. Driving includes the four 
basic tasks of: (1) steering, (2) turn signal activation, (3) 
emergency light activation, and (4) changing gears (manual 
shifting), which requires upper-limb movements [16]. For 

TABLE I.  A COMPARISON OF ADL TEST BEDS 
Point of 

Comparison B&B JHFT CRT SHAP

Characteristics - Simple & Commonly 
used 
- 2-5 mins to complete 

- 15-45 mins to complete 
- No specific training is 
required 

- Several degrees of freedom (DOFs) 
- A rehabilitation tool 
- Four clothespins of different 
resistances (1, 2, 4, and 8 lbs) 

- One of the most elaborate hand 
impairment evaluation test  
- Very detailed  
- Can be lengthy and tiring 

Task description - Transporting (one by one)  
- Number of tasks: 1  

- Example of tasks: writing a 
short sentence, simulated 
feeding, picking up cans 
- Number of tasks: 7 

- Transporting pins from a horizontal 
to a vertical bar 
- Number of tasks: 1 

- Transporting 
- ADL 
- Number of tasks: 20 

Quantitative 
performance 

index 
The number of blocks that 
are successfully moved in a 
fix time interval 

Time to complete a task 
The time execution from the starting 
neutral position to the final neutral 
position 

Time score (0-100): 0 
corresponds to absence of hand 
function and 100 to a healthy 
hand function 
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example, for the task of vehicle steering, at a minimum, the 
upper-limb movements of (b), (c), (d), and (e) are required. 
The CRT, SHAP-Task 19 (rotate a screw), and SHAP-Task 
20 (door handle) also require movements (b), (c), (d) and (e) 
and would be appropriate for testing prosthetic user 
capability for steering. Similar to that, for the task of 
controlling a turn signal, the CRT, SHAP-Task 8 (button 
board), and SHAP-Task 16 (lifting a tray) all require similar 
upper-limb movements (i.e., f and g) and could be useful for 
testing special population capability to use an indicator.  

IV. DISCUSSION 
 Previous studies on usability evaluation of prosthetic 

devices used a variety of testbeds, such as B&B, CRT, 
JHFT, and SHAP. However, no structured approach has 
been developed for selecting the most effective test 
batteries. This study identified a task selection strategy and 
test batteries for effectively assessing usability of prosthetic 
devices in terms of specific ADLs. The findings of the 
literature review and sensitivity analysis revealed that the 
CRT and SHAP are the most sensitive ADL testbeds for 
usability analysis of upper-limb prosthetic devices. 
Furthermore, in order to ensure that a testbed accurately 
represents a target ADL (e.g., driving), it is recommended 
that comparison be made of the fundamental limb 
movements of the ADL and those required by the testbed. 
For example, our study suggested that in order to evaluate 
the usability of upper-limb prosthetic devices for the task of 
vehicle steering, the CRT and SHAP (Tasks 19 and 20) can 
be appropriate tests due to similar upper-limb movements. 

 Conducting lab experiments with special populations 
(e.g., individuals with upper limb amputations) can be 
difficult, time-consuming, and costly. The approach 
introduced in this study can be useful to select the most 
relevant test batteries and can increase the efficiency of 
usability testing in this domain. With this approach, an 
experimenter can focus on specific test tasks that are directly 
related to a target ADL. Thus, there may be a savings of time 
and cost that might otherwise be committed to unnecessary 
tests. Another major finding of this study was that relying 
on only one test might not be sufficient to model an ADL. 
For example, even though the SHAP is a frequently used 
test battery, it provides very little information on 
compensatory movements, and it is a time-based metric that 
does not provide other types of performance measures, such 
as the number of transported items. Thus, a combination of 
test tasks should be adopted, based on the degree of overlap 
of required movements with target ADL movements with 
the objective of minimizing the number of tasks while still 
supporting a comprehensive device usability assessment 
[26]. In addition, some prior studies have modified test tasks 
to fit their specific research needs (e.g., targeted B&B, 
refined CRT, and Southampton adaptive manipulation 
scheme), which can be another approach to achieve an 
improved testbed [27].  

 This study had some limitations. First, the approach and 
the identified testbed were based on a constrained literature 
review focusing on previous studies. The findings of this 
study need to be further validated using laboratory 
experiments and user testing. Second, although the selected  

TABLE II. SENSITIVITY ANALYSIS

ADL 
test bed Ref. Prosthetic device configuration Dependent variable Results 

B&B 

[17] PR, DC Transporting performance (The number of items moved) NS 

 [18] PR, DC Transporting performance (The number of items moved) p<0.05 

 [19] 
CSP-PE (Common Spatial Patterns - Proportional 
Estimator), CDE (Context Dependent Estimator) The number of blocks moved p<0.001 

 [20] 
Prosthetic hand for able bodied subjects with 

differenct levels of delay Average blocks moved p<0.05 

JHFT  [21] PR, DC Time to Complete Task (TCT) NS 

CRT 
  

[17] PR, DC Transporting performance (The number of items moved) p=0.02 

 [18] PR, DC Transporting performance (The number of items moved) NS 

 [22] PR, DC CRT Successful Pins p<0.0001 

 [27] PR, DC Combination of the average time to complete a task and the 
average subjective grade of the compensations  p<0.001 

[21] PR, DC CRT Successful Pins p=0.009 

 [19] CSP-PE and CDE TCT p<0.001 

SHAP 

 [17] PR, DC Time score (0-100) p=0.041 

 [18] PR, DC SHAP score p<0.05 

 [21] PR, DC SHAP score p=0.024 

 [23] PR, DC SHAP score NS 

 [12] Anatomic hand, Prosthesis simulator Time to place coins from right to left (One of SHAP tasks) p<0.001 

[7] An experimental orthosis, unconstrained arm TCT 
p<0.05, 
p<0.05, 
p<0.001 

[24] Anatomic hand vs. Prosthesis simulator Time & performance p<0.001 

[25] IH2 Azzurra artificial hand controller  SHAP score p<0.05 

NOTE: NS= Not significant  

Authorized licensed use limited to: Texas A M University. Downloaded on September 20,2021 at 14:01:33 UTC from IEEE Xplore.  Restrictions apply. 



databases (i.e., WOS and Compendex) are the most 
common databases for science and engineering, it is 
possible that some relevant studies were not available 
through these databases and, consequently, were not 
included in our review. Finally, the sensitivity analysis 
should be further analyzed using a meta-analysis approach 
in order to validate the findings.  
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TABLE III.  OVERLAP BETWEEN FUNDAMENTAL MOVEMENTS OF DRIVING AND ADL TEST BEDS 

                                 Upper limb movement 
Task                                                                       

Shoulder Elbow Forearm Wrist Hand 
(a) (b) (c) (d) (e) (f) (g) 

Driving 

Steering a wheel ×     × × 
Controlling a turn signal indicator × × × × ×   
Pressing an emergency light   ×     
Changing a gear shift      × × 

CRT Moving an object     ×   

SHAP 

1~6. Moving an object   ×   ×  
7. Pick Up Coins × × ×  × ×  
8. Button Board × × ×  ×   
9. Simulated Food Cutting    × × × × 
10. Page Turning ×  × × × ×  
11. Jar Lid ×  ×  × × × 
12. Glass Jug Pouring ×  ×  × × × 
13. Carton Pouring    × × × × 
14. Lifting a Heavy Object    × × × × 
15. Lifting a Light Object    × × × × 
16. Lifting a Tray ×  × × ×   
17. Rotate Key × ×  × × ×  
18. Open/Close Zip × × × ×  ×  
19. Rotate A Screw ×     × × 
20. Door Handle      ×  

NOTE: (a) Shoulder abduction-adduction; (b) Shoulder flexion-extension; (c) Shoulder internal-external rotation; (d) Flexion-extension of the 
elbow; (e) Pronation-supination of the forearm; (f) Flexion-Extension of the wrist; (g) Radial-Ulnar deviation. 
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