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Factors Associated with Interest in Novel Prosthetic Interfaces
Engdahl SM1, Chestek CA1, Kelly B2, Davis A2, Gates DH1,3

Department of Biomedical Engineering1, Orthotics & Prosthetics Center2, School of Kinesiology3, University of Michigan, Ann Arbor, MI

INTRODUCTION
Surgically invasive interfaces for upper-limb prosthetic control may 
enable the use of highly sophisticated prostheses. These interfaces 
include targeted muscle reinnervation (TMR) (Kuiken, 2009), 
peripheral nerve interfaces (PNI), which are electrodes implanted 
in the residual limb to record directly from the peripheral nervous 
system (Urbanchek, 2012), and cortical interfaces (CI), which are 
electrode arrays implanted in the brain to record directly from motor 
neurons (Chestek, 2011). Because these interfaces involve some 
degree of medical risk, it is important to understand what factors 
influence an individual’s decision to try one. The goal of this work 
was to explore factors associated with interest in surgically invasive 
interfaces for prosthesis control.

METHOD
Subjects: Two hundred thirty-two (232) adults with upper-limb loss 
completed an anonymous survey. 

Survey Instrument: The survey included questions about basic 
demographics, prosthesis usage, and satisfaction with functional 
abilities. Participants also read short descriptions of myoelectric 
control (MYO), TMR, PNI, and CI. They then indicated the 
likelihood (on a five-point Likert scale from “very unlikely” to “very 
likely”) that they would try each interface if it offered any of six 
different functions. 

Data Analysis: Chi-squared and Mann-Whitney U tests were 
used to explore the bivariate relationships between 16 factors 
and whether participants were interested (i.e., responded “likely” 
or “very likely”) or not interested in a particular interface. These 
factors included age, time since amputation, gender, level of limb 
loss, unilateral or bilateral limb loss, congenital or acquired limb 
loss, whether limb loss occurred on the dominant arm, frequency 
of pain in the residual limb, necessity of prosthesis use in daily 
life, whether a prosthesis is used in daily life, type of prosthesis 
that is most frequently used, satisfaction with most frequently 
used prosthesis, whether a myoelectric prosthesis is used (at any 
frequency), satisfaction with overall functional ability, education, 
and whether participant has lower-limb loss.

Factors with a significant bivariate relationship were included in 
a logistic regression model to predict participant interest in that 
interface. Receiver operating characteristic (ROC) curves were used 
to describe each model’s ability to correctly predict the outcome 
measure.

RESULTS
Each logistic regression model included only a few (three to five) 
significant factors. The only factor that was significant in all four 
models was whether the limb loss was unilateral or bilateral 
(p≤0.001). Age (p<0.001) and whether limb loss was acquired 
or congenital (p≤0.012) were significant predictors in all three 
models involving surgically invasive interfaces. Odds ratios (Table 
1) indicate that greater interest was associated with unilateral limb 
loss, younger age, and acquired limb loss. All four models had good 
discriminatory power (area under ROC curve≥0.770). 

MYO TMR PNI CI

Unilateral/Bilateral 6.335 3.021 3.920 2.799

Age n.s. 0.959 0.956 0.945

Acquired/Congenital Limb 
Loss

n.s. 3.287 3.773 9.346

Table 1. Odds ratios for the most common significant factors in each 
regression model. Reference categories for the dichotomous variables are 
listed second.

DISCUSSION
This study identified several key factors related to interest in 
surgically invasive interfaces for prosthetic control. First, unilateral 
limb loss was associated with increased interest. The risks involved 
with the invasive interfaces may be particularly threatening to 
individuals with bilateral limb loss who do not have an intact limb 
to rely on in case of a complication. Younger ages and acquired limb 
loss were also associated with increased interest. This may suggest 
that some individuals would be more interested in the interfaces if 
the technology could be implemented at the time of amputation. 
However, the factors contributing to each participants’ view of the 
interfaces are likely much more complex than can be described in 
a single survey. A variety of other factors should be considered as 
well, such as medical history, lifestyle, and psychosocial state. 

CONCLUSION
Novel interfaces for upper-limb prosthetic control may be accepted 
most readily by individuals who are young, have unilateral limb 
loss, and/or have acquired limb loss.

CLINICAL APPLICATIONS
It is recommended that individuals with interest in novel prosthetic 
interfaces are involved in testing and assessment of future 
devices. Additional knowledge that is gained from this process 
may eventually help encourage individuals who are currently not 
interested to consider these interfaces. 

REFERENCES
Kuiken T. J Am Med Assoc 2009;301(6):619–28.
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Pattern Recognition Control of Powered Prosthetic Arms by Novice and 
Experienced Users—A Preliminary Study
Brantly NW, Feuser AE, Stark GE, Hargrove LJ, Lock BA
Coapt, LLC

INTRODUCTION
Pattern-recognition control of powered prosthetic arms was 
introduced to the commercial market in late 2013 and continues 
to gain acceptance. Pattern recognition offers the advantages of 
intuitive control of a greater number of prosthesis movements 
without the use of mode switching. However, users still require 
training and practice to achieve optimal control, and some 
demonstrate better outcomes than others. In this preliminary study, 
we sought to better understand the impact of prior experience on 
real-time performance with a pattern-recognition control system.

METHOD
Subjects: Seven individuals with intact limbs (four males and three 
females, ages 24 to 36) and five individuals with transradial limb 
difference (three male and two female, ages 25 to 60) participated 
in the study.

Apparatus: A subject information form and EMG data-acquisition 
system with pattern-recognition software and testing system were 
used in this study.

Procedures: Prior pattern-recognition control experience was 
estimated from subjects’ self-reported usage. A cuff with eight 
equidistant bipolar electrode pairs was donned on the upper 
forearm approximately 2 cm distal to the elbow. A software interface 
guided the collection of EMG activity for forearm supination/
pronation, hand open, and key grip. A pattern-recognition 
controller was calibrated and subjects completed ten repetitions of 
a real-time virtual posture-matching task (Simon, 2011). The time 
to reach target postures and path efficiency for each repetition were 
recorded.

Data Analysis: Results of the posture-matching task were averaged 
for each repetition and pooled for the first five repetitions and the 
last five repetitions. Intact-limb subjects were sorted into three 
groups based on amount of prior experience: extensive (n=2), some 
(n=2), and none (n=3). Subjects with transradial limb difference 
were rank ordered by amount of prior experience to compare 
results due to the larger variation in experience.

RESULTS
For intact-limb subjects, average completion times for virtual tests 
were higher for subjects with less experience for both early (1–5) 
and later (6–10) repetitions (Figure 1). There was a decrease in 
completion time between early and later testing for all groups, 
with novice users demonstrating the largest decrease. Path 
efficiency remained largely static from early to later testing for 
experienced users but increased for novice users. For all subjects 
with transradial limb difference, completion time decreased from 
early to later testing repetitions, with the largest change happening 
between the first and second repetitions. No relationship was seen 
between prior experience and real-time control performance for 
subjects with limb difference. 

Figure 1. Results of real-time performance tests on intact-limb subjects. 
Error bars denote ± SD. 

DISCUSSION
Clear trends were apparent in the data from intact-limb subjects. 
Novice users appeared to be slower (longer completion times) and 
more careful (higher path efficiencies) than experienced users. 
The lack of clear trends in the data from subjects with transradial 
limb difference suggests that an increased sample size and analysis 
with respect to multiple variables (e.g., time since amputation, 
prior prosthesis experience, etc.) is needed to determine how 
prior experience influences performance and which other user 
characteristics also contribute most significantly to success.

CONCLUSION
These results indicate a difference in learning effects and 
performance strategies for novice and experienced pattern-
recognition users. Prior experience affects performance in pattern 
recognition tasks, but this relationship may be strongly mediated 
by other factors in individuals with limb difference.

CLINICAL APPLICATIONS
Pattern-recognition control offers in an improvement in upper-
limb prosthesis functionality for many users. Novice users may 
be disappointed by pattern recognition results during preliminary 
assessment and use; however, this study’s results indicate that 
control improves with practice. More information is needed to 
assess which individuals require additional training or would 
benefit most from pattern-recognition control.

REFERENCES
Simon AM. J Rehabil Res Dev 2011;48(6):619–28.
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Technical, Clinical, and Functional Considerations for the Development of 
3D-Printed Upper-Limb Prostheses 
Zuniga JM1, Major MJ2, Peck JL3, Srivastava R4, Pierce J1, Stergiou N1

University of Nebraska at Omaha, Department of Biomechanics1; Northwestern University Feinberg School of Medicine, Department of 
Physical Medicine and Rehabilitation2; CHI Health Creighton University Medical Center3, Omaha; Innovative Prosthetics & Orthotics4

INTRODUCTION
The development of 3D printing for the manufacturing of 
prostheses and orthoses has resulted in cost-reduction strategies, 
better accessibility, and customization of prosthetic designs. 
The widespread use of 3D printing and the existence of myriad 
prosthetic designs available on the Internet allows clinicians 
and researchers from different disciplines to manufacture their 
own devices. Given the dearth of studies discussing the practical 
application of 3D-printed upper-limb prostheses, the current 
paper describes the technical and clinical considerations for the 
implementation of these devices in rehabilitation and research 
settings. Specifically, considerations on fitting procedures, 
assembly, durability, regulatory implications, and patient functional 
outcomes are discussed.

METHOD
Subjects: Eleven children (five girls and six boys, 3 to 15 years of 
age) participated in this study and were fitted with a 3D-printed 
transitional wrist-driven and elbow-driven prosthesis. 

Apparatus and Procedures: Gross manual dexterity was assessed 
using the Box and Block Test, and wrist strength was measured 
using a dynamometer. This testing was conducted before and 
after a period of 24±2.61 weeks of using a 3D-printed transitional 
prosthesis. The 11 children (five girls and six boys; 3 to 15 years 
of age) who participated in the study were fitted with a 3D-printed 
transitional partial hand (n=9) or an arm (n=2) prosthesis. 

Data Analysis: Separate two-way repeated measures ANOVAs 
[2 x 2; hand (affected versus non-affected) x time (before and 
after)] were performed to analyze function and strength data. An 
alpha value of 0.05 was considered statistically significant for all 
comparisons.

RESULTS
There was a significant hand by time interaction for the function 
[F(1,10)=6.42; p=0.03, ηp2=0.39], but not for the wrist flexion 
strength [F(1,7)=0.67; p=0.44, ηp2=0.02], or for the wrist extension 
strength [F(1,7)=0.05; p=0.40, ηp2=0.1]. There were significant 
main effects of function for the hand [F(1,10)=52.41; p=0.01, 
ηp2=0.84] and the time [F(1,10)=37.31; p=0.01, ηp2=0.79]. There 
were significant main effects of strength for time [F(1,7)=6.56; 
p=0.38, ηp2= 0.48]. 

DISCUSSION AND CONCLUSIONS
The increase in manual gross dexterity suggests that the Cyborg 
Beast 2 3D-printed prosthesis can be used as a transitional device to 
improve function in children with traumatic or congenital upper-
limb differences. The lack of significant increases in strength of the 
affected limb after using the prosthesis may be related to the small 
sample size and the large variability in force production among 
children participating in the present study.

Although durability constraints are factors to consider when using 
3D-printed prostheses, the practicality and cost-effectiveness 
represent a promising new option for clinicians and their patients 
(Zuniga et al, 2016; Zuniga, et al, 2015; Kate et al, 2017). 

CLINICAL APPLICATIONS
The use of 3D-printed transitional prostheses may improve 
manual gross dexterity in children after several weeks of using 
it. 3D-printed transitional prostheses may play an important role 
in patient rehabilitation by familiarizing patients to the use and 
function of the prosthesis.

REFERENCES
Zuniga JM, Peck J, Srivastava R, Katsavelis D, Carson A. J Prosthet 

Orthot 2016;28(3):103–108.
Zuniga JM, Carson AM, Peck JM, Kalina T, Srivastava RM, Peck K. 

Prosthet Orthot Int 2017;41(2):201–09.
Zuniga JM, Katsavelis D, Peck J, et al. BMC Res Notes 2015;8(1):10.
Ten Kate J, Smit G, Breedveld P. Disabil Rehabil Assist Technol 

2017;12(3):300–14.

Table 1. Mean (±SD) for function and strength measurements before and 
after one to six months of using the 3D-printed hand prosthesis. 
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Older Individuals with Congenital Upper-Limb Difference and Secondary 
Conditions: A Needs Assessment
Latour D1,2

Handspring1, Middletown, NY; A.T. Still University2, Mesa, AZ

INTRODUCTION
Many individuals who experience acquired limb loss report that 
they were given little to no information from medical professionals 
(Amputee Coalition, n.d.). Recently, Sheehan and Gondo (2014) 
reported on the effect of limb loss in the United States, recognizing 
that each well-trained member of the specialized amputee 
rehabilitation team has a specific and important role in the care 
and recovery of people with limb loss. They cited the need for 
interventions to address secondary conditions affecting physical 
and mental health, since current standard medical treatments often 
exclude psychosocial interventions. The authors emphasized that 
“those with limb loss in America have been forgotten in the health 
care system” because there is no active medical surveillance. 

METHOD
Subjects: Four males, one female, aged 55 to 71 years, all presenting 
with congenital unilateral upper-limb difference and all using 
diverse prosthetic technologies. 

Apparatus: Interview, McGann Client Feedback Form, QuickDASH. 

Procedures: Ninety-minute focus group experience with pre- and 
post-group interviews; focus group topics based upon themes 
derived from review of literature. 

Data Analysis: Thematic

RESULTS
Emerging themes from the discussion were expected. Each 
participant complained of secondary conditions. Everyone stated 
that he or she had not been warned of the likelihood nor had 
they been advised or educated about preventative techniques prior 
to their experience with Handspring; all participants expressed 
interest in learning more but stated that accessing services was 
challenging. Each participant stated that he or she felt isolated at 
different times; all participants have pursued the desire to “fit in” 
yet perceive that differently. None have participated in support 
groups, and everyone perceives himself or herself as “better off” than 
others with physical differences. Individuals shared experiences 
of psychosocial-emotional turmoil that included teacher and/
or coach bullying and equally described overcoming adversities. 
During the session, participants revealed self-perceptions, related 
to each other, and respectfully challenged each other. Several 
changed their statements after hearing the experiences of others. 
All expressed concern for individuals of younger generations who 
present with upper-limb loss/difference and stated a desire to 
interact in future programs to “warn them” and to “help them.”

Age Sex Side Px Initial 
GDI

F/U
GDI

Initial 
McGann

F/U
McGann

70.9 M L PF 29.5 25 70.8% 78.3%

64.6 F R PF
A,
A-S

18.18 15.15 66.67% 75.2%

62.5 M L E-P  
A-S

13.64 11.4 76.9% 85%

59.8 M L E-P  38.63 38.63 64.2% 70.6%

52.1 M R E-P 56.8 45.1 65.38% 83.2%

Table 1. Individual Participant Data

DISCUSSION
Individuals with upper-limb loss/difference often require specialized 
services that may be difficult to access. In addition, these individuals 
are likely to experience secondary conditions that include pain, 
overuse and perceptions of isolation, and social stigma. A needs 
assessment specifically focused on the challenges experienced by 
this population offers insight into program needs that will improve 
access and interventions to overcome these obstacles. The program 
proposal is based upon the expressed needs as vocalized by the 
target population and offers a pathway to inform the clients of 
secondary conditions with strategies toward prevention and access 
to peer interaction. 

CONCLUSION
Older individuals with congenital upper-limb difference present 
with unique needs that have been unaddressed.

CLINICAL APPLICATIONS
This needs assessment includes relevant information for intervention 
that includes peer support as well as addressing psychosocial and 
physical secondary conditions.

REFERENCES
Gambrell CR. J Prosthet Orthot 2008;20(3):126–32. 
Murray CD. Disabil Rehabil 2009;31(7):573–81.
Sheehan TP, Gondo GC. Phys Med Rehabil Clin N Am 2014;25(1): 

9–28. 
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Factor Analysis of Upper-Limb Prosthetic Acceptance from Retrospective 
Prosthetic Clinician Survey
Stark G
Georgia Institute of Technology, Atlanta, Georgia

INTRODUCTION
Upper-limb prosthetic acceptance seems to be relatively 
unchanged from 1958. where it was measured to be 75 percent 
for transradial, 61 percent for transhumeral, and 35 percent for 
shoulder disarticulation levels. A practitioner survey from 2013 
by the author found this to be largely unchanged, at 79.6 percent, 
57.8 percent, and 32.8 percent, respectively. An upper-limb 
meta-analysis showed that the most significant factors affecting 
prosthetic rejection using a median rating were function, comfort, 
ease of use, weight, heat, lack of sensory feedback, inconvenience, 
lifestyle, dissatisfaction with technology, irritation, and availability 
of services. An earlier survey by the author condensed these 
factors of rejection to amputation level, functional advantage, and 
comfort, and included confidence of the prosthetist, availability of 
therapy, and support of the patient context. Also, it was speculated 
that the value of factors influencing rejection of prostheses may 
not be simply the converse of those accepting the prosthesis but 
different scales.

METHOD
A retrospective case survey was created using a third  party web-
based survey provider that was posted from March 15, 2017, to 
April 1, 2017, using postings on the OANDP-L listserv to recruit 
participants. Prosthetists were asked to recall up to their last 
three upper-limb fittings. There were 75 respondents with 209 
retrospective cases. Based on the number of upper-limb fitting, 
participants were participants classified: 12 specialists, 20 experts, 
27 intermediates, and 16 novices. The participants were asked to 
assess various retrospective factors, including prosthetic level, type 
of control, patient gadget tolerance, patient functional expectation, 
comfort tolerance, patient value of cosmesis, confidence of 
prosthetist, availability of therapy, experience level of therapist, daily 
wear time, patient description of prosthesis, and patient assessment 
of cosmetic quality. Participants included 24 finger/transcarpal, 17 
wrist disarticulation, 110 transradial, four elbow disarticulation, 47 
transhumeral, six shoulder disarticulation, and one interscapular 
thoracic, reflecting a common distribution. Eighty-four participants 
had body-power control, 72 had external power, 27 had passive, 
and 26 had hybrid control.

RESULT S
The clinician self-assessments predominantly showed highly 
favorable, and perhaps skewed, outcomes with respect to 
functional expectation, gadget tolerance, prosthetic confidence, 
contextual support, patient wear time, patient proficiency, cosmetic 
acceptance, and description of the prosthesis. Areas of more 
normalized distribution appeared to be upper-limb experience for 
therapists, patient experience, and prosthetic description. Using 
Pearson’s coefficient, there were statistically significant relationships 
at p (one-tailed) <.01 level between the patient acceptance level 
and patient experience, gadget tolerance, functional expectation, 
comfort tolerance, prosthetist confidence, and patient cosmetic 
description and a negative p<.05 relationship with experience of 
the therapist. The relationships were true of the number of hours 
worn. A very strongly predictive relationship of R2 Linear=.564 
F(10,197)=25.513 with all of the factors listed above. However 
a systematic multi-variable reduction found a strong significance, 
R2Linear=.556, F(3,204)=85.302, with the patient acceptance 

level, gadget tolerance, and patient experience, which may not have 
practical clinical relevance.

DISCUSSION
The skewed distribution of prosthetist self-assessment for 
functional expectation, gadget tolerance, comfort, pros the tic 
confidence, contextual support, and patient proficiency, wear 
time, and prosthetic description this retrospective may be 
indicative of a group halo or optimism bias. Also, this calls into 
question the validity and reliability of the sample and relevance 
to the application. However, the negative relationship between the 
expertise of therapist and proficiency of the patient may indicate 
that the therapist may mitigate this bias and influence a clearer 
understanding of functional outcome. The strong statistically 
predictive relationship between the ten identified factors suggests 
these may provide an indicator of acceptance. However additional 
direct patient understanding seems to be needed to draw a narrower 
focus as to the most significant factors for clinical use.

CONCLUSION
More research needs to be done directly done with upper-
limb prosthesis users with respect to acceptance rather than 
the convenience sample of prosthetists. As a group, clinicians 
seem to present a higher assessment of their abilities due to an 
optimism bias. External evaluation b y a therapist seems crucial to 
understanding true patient functional performance However, this 
current work may help to establish which factors seem to have the 
greatest relationship for acceptance for subsequent research.

REFERENCES
Berger N. Artificial Limbs 1958;5(1):57–72.
Biddess E, Chau T. Am J Phys Med Rehabil 2007;86(12):977–87.
Stark G. AOPA, 2014.
Burrough S. Orthot Prosthet 1985;39(2):40–47.
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Comparison of Voluntary Open and Closing Terminal Devices Using the Box 
and Blocks Test
Carey SL1, Knight AD2, Highsmith MJ3

University of South Florida, Department of Mechanical Engineering1, Department of Chemical and Biomedical Engineering2, School of 
Physical Therapy and Rehabilitation Sciences3, Tampa, FL

INTRODUCTION
Voluntary opening (VO) and voluntary closing (VC) are common 
terminal devices used with upper-limb body-powered prostheses. 
The VO device requires scapular abduction to open the hook, while 
the VC device remains open and closes with scapular abduction. 
Previous studies have used the modified box and blocks test to 
provide normative motion capture data for upper-limb motion 
(Herbert, 2014), to measure prosthetic function after TMR surgery 
(Hebert, 2012), and to assess upper-limb terminal devices using a 
prosthetic simulator (Haverkate, 2014). The purpose of this study 
was to examine the differences in the VO and VC devices using the 
modified box and blocks test with motion-capture data in order to 
better inform prosthetic users.

METHOD
Subjects: Nine able-bodied (AB) males, and one AB female, (18 to 
45 years old), and six males and one female with a left unilateral 
transradial amputation (TRA), (37 to 57 years old) participated.

Apparatus: At the start of each session, 29 passive reflective markers 
were attached to the subject’s body. An eight-camera infrared Vicon 
motion-capture system (Englewood, CO) was used to track the 
position of the markers. The VO prehensor used in this study was 
a Hosmer Hook (Campbell, CA) prosthesis and the VC prehensor 
was a TRS Inc. (Boulder, CO) Grip 3 prosthesis.

Procedures: All AB subjects participated in three sessions: using VO 
simulator, VC simulator, and without a prosthetic simulator. The 
subjects with a TRA completed the test with the VO prehensor and 
with the VC prehensor device. For the modified box and blocks test 
(Herbert, 2014), 16 blocks were placed in four rows on one side of 
the box with a partition in the middle. The subjects were asked to 
move one block at a time to the other side of the box in a specified 
order for one minute.

Data Analysis: Joint angles were calculated from marker locations 
using Visual 3D (C-Motion, MD). The mean of the curve and peak 
values of the normalized data were analyzed. A non-directional, 
two-tailed, t-test was used to compare the use of different 
prehensors (VO vs. VC). The alpha value was set to 0.05 and the 
level of significance at P<0.05.

RESULTS
AB subjects had slightly greater torso ROM while completing 
the task. Both AB and subjects with the VO prehensor tended to 
perform the task slightly rotated to the right, whereas while using 
the VC prehensor, subjects showed little to no rotation at all

Overall, AB subjects used torso movement the most with little to 
no movement in their shoulder and elbow. When the amputee 
subjects used the VC prehensor, they performed the task using 
predominately elbow movement, and predominately shoulder 
movement with the use of a VO prehensor (Table 1).

Shoulder Flexion Elbow Flexion

AVG STDEV AVG STDEV

AB MAX 45.76 10.50 42.64 7.39

MIN 6.63 5.60 28.50 6.56

ROM 39.13 8.94 14.14 9.24

VC MAX 45.02 5.85 46.70 9.54

MIN 10.44 8.38 21.80 19.03

ROM 34.58 8.80 24.90 23.13

VO MAX 51.35 12.70 29.84 9.32

MIN 9.76 12.67 14.50 12.71

ROM 41.59 15.02 15.33 17.46

Table 1. Shoulder and elbow flexion of abled-bodied (AB), voluntary 
closing (VC), and voluntary opening (VO).

DISCUSSION
The difference in the use of shoulder or elbow flexion is indicative 
of direct correlation with the cable tension and how the tension is 
maintained with the two different prehensors.

CONCLUSION
During the box and blocks task, subjects used mostly elbow 
movement when using the VC prehensor and mostly shoulder 
movement when using the VO prehensor. Understanding the 
kinematics during this timed test may help better inform prosthetic 
users regarding terminal device choices.

CLINICAL APPLICATIONS
It is important for users to be informed of the choices regarding 
terminal devices how they perform and what kind of compensatory 
motions may be necessary to operate them.

REFERENCES
Herbert JS, et. al. J Rehabil Res Dev 2014;51(6)918–32. 
Hebert JS, Lewicke J. J Rehabil Res Dev 2012;49(8)1163–74.
Haverkate L, Smit G, Plettenberg DH. Prosthet Orthot Int 

2016;40(1):109–16.
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Use of the Southampton Hand Assessment Procedure in Conjunction with 
Motion Analysis in Evaluating Externally Powered Partial-Hand Prostheses
Wanamaker AB1, Whelan LR2, Farley J2, Chaudhari AMW1

The Ohio State University1, Columbus, OH; Touch Bionics by Össur2, Columbus, OH

INTRODUCTION
There are almost two million individuals living with limb loss in the 
United States, with 35 percent involving the upper limb (Zielger-
Graham. 2008). Partial-hand loss represents the majority of upper-
limb amputations, with 90 percent occurring at the wrist or distal. 
While partial-hand limb loss can impact daily living tasks, an 
externally powered partial-hand prosthesis can potentially restore 
user function. The amount of functional gain and mechanism of 
improvement are unclear. The Southampton Hand Assessment 
Procedure (SHAP) is a standardized assessment that measures hand 
function utilizing both abstract objects and activities of daily living 
(Light, 2002), but it may not fully capture some of the adaptations 
users perform in order to accomplish their tasks. The objective of 
this investigation was to identify how individuals with partial-hand 
amputations perform the SHAP with and without their prosthesis, 
as well as to assess kinematics during tasks.

METHODS
Recruited participants included adults with a five or four-digit 
partial-hand amputation (thumb intact), and who had good skin 
integrity, strength, and motion of remaining joints of the residual 
limb. Individuals participating must have had a minimum of ten 
hours of occupational therapy with their prosthesis. Participants 
performed the data collection protocol twice, with and without their 
prosthesis (order randomized). Two trials were completed for each 
SHAP task, with the best used for analysis. Kinematic analysis was 
completed on the jar lid opening task. Three-dimensional motion 
capture (Vicon) was used to determine joint range of motion (ROM) 
at the shoulder, elbow, and wrist. Healthy two-handed participants 
completed the protocol with their dominant and non-dominant 
hands for comparison. Conditions were statistically compared 
using a mixed-effect model with a within-subject (prosthesis vs. 
no prosthesis; dominant vs. non-dominant) and between-subjects 
(amputee vs. two-handed) design with an alpha level of 0.05.

RESULTS 
Six male amputees (35.7±15.5 years; 3 four-digit, 3 five-digit) and 
6 male controls (25.5±3.9 yrs) completed testing after providing 
Institutional Review Board (IRB)-approved informed consent. Five 
of the six amputee participants showed improvement in the SHAP 
Index Scores, though this change was not statistically significant. 
The four-digit subgroup demonstrated no significant SHAP 
differences. The five-digit subgroup had significantly different 

scores in four of the six categories and trended toward differences 
in two categories (Table 1). 

Kinematic analysis of “jar lid opening” indicated that amputees had 
joint ROM similar to healthy controls when using their prosthesis 
but had much larger ROM without their prosthesis (Table 2). The 
four-digit group scored better during this task according to the 
SHAP without their prosthesis; however, their movement pattern 
was more normative with their device. 

Category Prosthesis Non-Prosthesis P-Value

Spherical 77.7 (2.3) 37.0 (2.6) 0.002

Tripod 53.3 (18.0) 14.7 (10.7) 0.07

Power 67.7 (12.7) 14.7 (4.0) 0.02

Lateral 70.7 (18.1) 11.7 (0.6) 0.03

Extension 46.0 (25.5) 10.0 (6.1) 0.09

Tip 77.0 (10.4) 31.7 (19.4) 0.03

Index (Overall) 71.7 (13.7) 25.3 (5.9) 0.02

Table 1. Best SHAP scores 5-digit amputees (n=3) with and without 
prosthesis. Results presented as group mean (SD).

CONCLUSION
While the whole group analysis showed no significant differences, it 
is important to note that five of six amputees scored higher with the 
prosthesis. The four-digit group could successfully complete every 
task and completed them with similar scores for both conditions, 
though the ROM used to complete the task was more “normal” with 
their prosthesis than without. Individuals in the five-digit group 
were unable to complete at least 13 tasks without their prosthesis 
and showed improvement in all tasks that were actually completed. 
The ROM used in completing tasks was significantly lower when 
wearing a prosthesis. A limitation to this study is population size 
resulting in a weak power to detect differences in scores across 
conditions. Additional amputees are currently being recruited to 
improve upon these preliminary results.
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Outcome Prosthesis Non-Prosthesis Dominant Non-Dominant

Shoulder 
ROM

Flexion/Extension 17.7±7.3 32.9±18.6 * 9.7±8.1 * 15.9±5.4

Adduction/Abduction 17.4±9.4 29.3±18.2 ^ 17.0±6.0 h 12.4±3.2 h ^

Int/Ext Rotation 16.8±8.6 a 47.2±22.9 a ^ * 12.0±4.3 * 21.7±9.3 ^

Elbow  
ROM

Flexion/Extension 19.0±15.9 35.0±20.9 ^ 21.9±11.3 14.8±2.5 ^

Adduction/Abduction 6.8±4.0 16.2±16.7 4.8±2.5 7.5±2.6 

Supination/Pronation 32.0±17.3 35.6±16.0 24.5±8.1 19.6±13.6

Wrist  
ROM

Flexion/Extension 20.7±22.3 25.6±44.1 21.3±8.0 29.1±15.1

Ulna/Radial Deviation 9.9±8.5 17.5±10.5 8.4±2.9 h 19.6±8.2 h

Hand Rotation 6.1±6.3 12.1±13.5 8.4±2.6 6.9±2.2

Table 2. Ensemble averages (SD) of ROM outcomes for two-handed and amputee groups. Units in degrees. a indicates p<0.05 for prosthesis vs non-prosthesis, 
h for dominant vs non-dominant, * for non-prosthesis vs dominant, ^ for non-prosthesis vs non-dominant.
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Impact of Wrist Control on Pattern Recognition Grip Selection for 
Individuals with a Transradial Amputation
Simon, AM1,2, Turner K1, Miller, LA1,2, Kuiken, TA1,2, Hargrove, LJ1,2

Shirley Ryan AbilityLab1, Chicago, IL; Northwestern University2, Chicago, IL

INTRODUCTION
Multiarticulating hand prostheses provide individuals with a 
transradial amputation the ability to grasp a variety of objects. 
Controlling these hands with pattern recognition may provide 
more intuitive control although it is currently unknown how many 
different grip patterns users can reliably select and control using 
their natural and intuitive muscle patterns.

The addition of wrist control is important for self-care and many 
activities of daily living. Individuals with a transradial amputation 
can potentially gain function from using commercially available 
powered or passive wrist rotators and passive wrist flexors. 

The goal of this study was to evaluate grip selection accuracy in a 
pattern-recognition system trained with and without wrist control.

METHOD
Six individuals with a unilateral transradial amputation (mean 
[SD] age: 35.6 [4.8] years; time since amputation: 2.1 [0.9] years) 
provided written informed consent to participate in this study. 

Participants were asked to perform a series of 15 motions including 
four motions of the wrist (pronation, supination, flexion, and 
extension), ten motions of the hand (hand open and nine different 
grip patterns), and rest. Each muscle contraction was held for 
three seconds and repeated eight times. Eight channels of surface 
electromyography (EMG) were recorded from the residual limb 
during these motions. Half the data was used for training the 
system and half the data was used for testing the system.

Three pattern recognition systems (Englehart and Hudgins, 2003; 
Kuiken, 2009) were trained:

• Grips Only: System trained with hand motions only. 

• Grips and One Degree of Freedom (DOF) Wrist: System trained 
with hand motions, wrist pronation, and wrist supination.

• Grips and Two DOF Wrist: System trained with hand motions, 
wrist pronation, wrist supination, wrist flexion, and wrist 
extension.

For each system, the number of grips was increased from one to 
nine. As grip number increased, all combinations of grips were 
tested, and the highest classification accuracies were recorded.

RESULTS
Figure 1 shows the results of the three trained pattern-recognition 
systems. The system trained with grips only had the highest 
classification accuracy up to six grips trained. Increasing pattern-
recognition system complexity to include wrist motions showed a 
decrease in accuracy, but there was no difference in results between 
adding one or two DOF at the wrist. Overall, results showed that 
the optimal number of grips was around three with or without wrist 
control. At four or more grips, classification accuracy with wrist 
control dropped below 90 percent.

Figure 1. Classification accuracy results for three pattern recognition 
systems with increasing number of grips trained.

DISCUSSION
As expected, classification accuracies decreased as system 
complexity (i.e., number of trained grips) increased. Adding one 
DOF at the wrist (pronation and supination) decreased accuracies 
by 7.4 percent for one grip trained to 4.9 percent for three grips 
trained compared to the system trained with grips only. Interesting, 
adding two DOF at the wrist (pronation, supination, flexion, and 
extension) did not further decrease accuracy. 

This study reported on offline results. Further research is necessary 
to determine if similar trends exist during real-time control of these 
motions.

CONCLUSION
The results demonstrate participants showed 90 percent accuracy 
with a system trained with either four grips with no wrist control or 
three grips and two DOF control at the wrist using their unaltered 
natural muscle patterns.

CLINICAL APPLICATIONS
As more multiarticulating hands and powered wrists become 
available, it is important to identify how well users can control 
these devices. These data show the impact that pattern-recognition 
control of wrist motions has on similar control of multiple grips.
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Comprehensive Prosthetic Rehabilitation for Complex, High-Level,  
Upper-Limb Amputation Cases
Spring S, Smurrwalters L, Ryan T, Conyers D
Advanced Arm Dynamics

INTRODUCTION
Individuals with complex, high-level upper-limb (UL) amputations 
often present with unique challenges to prosthetic rehabilitation 
(PR). Case studies for two individuals receiving holistic care in an 
outpatient UL PR setting are presented. 

Case 1 is a 55-year-old, RHD, M, s/p high-volt electrocution 
injury with traumatic right forequarter and short left transhumeral 
amputations, and multiple large skin grafts on trunk.

Case 2 is 52-year-old, RHD, M, s/p right traumatic shoulder 
disarticulation from a farming accident with history of left UL 
spasticity from GSW to head as a child. 

Learning objectives include strategies for: (1) component 
selection; (2) fitting; (3) therapeutic interventions; and (4) impact 
of care model on outcomes. These two patients have complex 
medical presentations, and our research and experience indicate 
positive results in UL PR are possible within an appropriate care 
environment. “Fundamental to a successful rehabilitation program 
is the coordination of interdisciplinary care that not only crosses 
multiple medical specialties and disciplines, but also promotes 
ongoing education, research, quality improvement and readiness” 
(Pasquina et al, 2016).

Review of research and our organization’s aggregate outcome data 
indicate we can expect positive results for such complex cases. 
Dabaghi-Richerand, et al, (2014) reported “better function among 
those patients who used the prosthesis for a longer period per day, 
leading to a lower rate of rejection.” Analysis of our organization’s 
clinical aggregate data from patients with above-elbow amputation 
average prosthesis wear time is nine hours/day, (CAPROQ-R, 
n=118). Comparison of our patients’ results with major UL 
amputation reveal lower perceived disability (DASH, n=35) versus 
study of similar patient presentations receiving care in other settings 
(Davidson, 2004).

METHOD
Each subject participated in specialized multidisciplinary UL PR 
standard of care procedures, specific to each presentation.

Case 1 presented for initial prosthetic evaluation two months 
after amputation. His goals were to be independent with self-care 
and driving. His presentation demanded creative suspension, 
harnessing, and therapeutic strategies.

Case 2 presented for initial prosthetic evaluation four months after 
amputation. His goals were to be independent in self-care and 
meeting his needs when home alone for extended daytime periods. 
His presentation demanded careful consideration in prosthesis 
componentry, design, and innovative therapeutic intervention. 

Onsite collaborative prosthetic and occupational therapy 
intervention incorporating team members’ expertise led to a plan of 
care to positively meet the individual’s stated goals.

RESULTS
Each patient demonstrated progress in patient perception of 
functional improvement and functional performance. The UL PR 
team’s ability to optimize outcomes to items such as component 
selection, fitting strategies, therapeutic interventions, psychosocial 
needs, and objective assessment of progress to short and long-term 
goals impacted these results.

DISCUSSION
Esquinazi (2006) stated, “Experience from each major military 
conflict has underscored the value of forming Centers of Excellence 
for amputee care. These centers espouse the need for interaction 
of multiple specialties and incorporating basic rehabilitation 
principles to provide holistic care to amputees.”

The experiences of the case study patients further support the value 
of a comprehensive, patient-specific, specialized UL PR care model.

CONCLUSION
The importance of a specialized clinical team’s consistent and long-
term commitment to providing this level of care and analysis of 
outcomes to improve future intervention cannot be overstated.

CLINICAL APPLICATIONS
Experienced clinicians skilled in creating strategies to overcome 
complex clinical presentations are necessary to maximize patient 
comfort, fit, suspension, function, and rehabilitative success.
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INSTRUCTIONS 
• Read through the article and answer the multiple-choice questions provided below. There is only ONE correct answer to each 

question. 

Factors associated with interest in novel prosthetic interfaces 
 
Question 1:  Is it TRUE or FALSE that cortical interfaces are 
electrode arrays implanted in the brain to record directly from 
motor neurons? 
 

A: TRUE  
B: FALSE 
 

Question 2: Which statement is incorrect with regard to the 
results of the novel prosthetic interfaces? 
 

A: Factors with a bivariate relationship were included in a 
logistic regression model to predict participant interest 
in a specific interface. 

B: Older age and acquired limb loss were associated with 
increased interest.  

C: It is important to understand what factors influence an 
individual’s decision to try an interface as these 
interfaces involve some degree of medical risk. 
 

 

Pattern recognition control of powered prosthetic arms by 
novice and experienced users – a preliminary study 
 
Question 3: Which statement is incorrect with regard to pattern 
recognition control? 
 

A: Pattern recognition offers the advantages of intuitive 
control of a greater number of prosthesis movements 
without the use of mode switching. 

B: Participants’ self-reported usage was used to estimate 
prior pattern-recognition control experience. 

C: It was apparent from the data that experienced users 
appeared to be more careful than novice users.  

 
Question 4: Which statement is correct with regard to the 
results of pattern recognition control? 
 

A: A relationship was seen between prior experience and 
real-time control performance for subjects with limb 
difference. 

B: There was a decrease in completion time between early 
and later testing for all groups.  

C: For intact-limb subjects, the average completion times 
for virtual tests were lower for subjects with less 
experience for both early and later repetitions.  
 
 
 
 
 
 
 
 

Technical, clinical, and functional considerations for the 
development of 3D-printed upper-limb prostheses 
 
Question 5: Which of the following statements is incorrect 
with regard to the development of 3D-printed upper-limb 
prostheses? 
 

A: There are few prosthetic designs available on the 
Internet, making it difficult for clinicians and 
researchers to develop their own devices.  

B: The development of 3D printing for the 
manufacturing of prostheses and orthoses has 
resulted in cost-reduction strategies.   

C: The practicality and cost-effectiveness of 3D-printed 
prostheses  represents a promising new option for 
clinicians and their patients.  

 
Question 6: Is it TRUE or FALSE that the use of 3D-printed 
transitional prostheses may improve manual gross dexterity 
in children after several weeks of using it? 
 

A: TRUE  
B: FALSE 

 
Older individuals with congenital upper-limb difference and 
secondary conditions: a needs assessment 

 
Question 7: Choose the correct statement with regard to 
individuals with congenital upper-limb differences: 
 

A: All participants stated that they had been advised 
and educated about preventative techniques prior 
to their experience with Handspring. 

B: Individuals with upper-limb loss/difference have 
easy access to the specialised services that they 
require.  

C: Secondary conditions that individuals are likely to 
experience include pain, overuse and perceptions of 
isolation and social stigma.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Factor analysis of upper-limb prosthetic acceptance from 
retrospective prosthetic clinician survey 
 
Question 8: Choose the incorrect answer with regard to the 
analysis of upper-limb prosthetic acceptance:  
 

A: The factors affecting prosthesis rejection include 
amputation level, functional advantage and comfort.  

B: The various retrospective factors that participants were 
asked to assess include prosthetic level, type of control 
and patient assessment of cosmetic quality.  

C: As a group, clinicians seem to present a lower 
assessment of their abilities due to the pessimism bias.  

 
Comparison of voluntary open and closing terminal devices 
using the box and blocks test 
 
Question 9: Choose the incorrect statement with regard to the 
comparison of voluntary open and closing devices: 
 

A: Voluntary opening and closing are common terminal 
devices used with upper-limb body-powered 
prostheses 

B: The subjects used mostly elbow movement when using 
the voluntary opening prehensor and mostly shoulder 
movement when using the voluntary closing prehensor.  

C: The voluntary opening device requires scapular 
abduction to open the hook while the voluntary closing 
device remains open and closes with scapular 
abduction. 
 

Question 10: Which statement is correct with regard to the 
comparison of voluntary open and closing devices? 
 

A: Able-bodied subjects had slightly less torso range of 
motion while completing the task. 

B: Both abled-bodied and subjects with the voluntary 
opening prehensor tended to perform the task slightly 
rotated to the right.  

C: Subjects with the voluntary opening prehensor had 
slightly greater torso range of motion while completing 
a task. 

 
Use of the Southampton hand-assessment procedure in 
conjunction with motion analysis in evaluating externally 
powered partial-hand prostheses 
 
Question 11: Choose the correct statement with regard to the 
method of evaluating the participants through the Southampton 
Hand Assessment Procedure (SHAP): 
 

A: Individuals participating must have had a minimum of 
twelve hours of occupational therapy with their 
prosthesis. 

B: Healthy two-handed participants completed the 
protocol only with their dominant hand.  

C: Individuals had to perform the data collection protocol 
twice with and without their prosthesis.  
 

 
Question 12: Choose the incorrect statement with regard to 
the Southampton Hand Assessment Procedure (SHAP): 
 

A: There were no significant differences in the whole 
group analysis, but five of the six amputees scored 
higher with the prosthesis. 

B: Kinematic analysis of “jar lid opening” indicated 
that amputees had joint range of motion similar to 
healthy controls when using their prosthesis, but 
had much larger range of motion without their 
prosthesis.  

C: The five-digit group were able to complete all of the 
tasks without their prosthesis.  
 

Impact of wrist control on pattern recognition grip 
selection for individuals with a transradial amputation 

 
Question 13: What is the aim of the wrist control on pattern 
recognition grip selection study? 
 

A: To identify how individuals with partial hand 
amputations perform tasks with and without their 
prosthesis. 

B: To evaluate grip selection accuracy in a pattern-
recognition system trained with and without wrist 
control.  

C: To examine the differences between wrist 
prostheses used. 

 
Question 14: Choose the incorrect statement with regard to 
the wrist control study: 
 

A: The system trained with grips only had the highest 
classification accuracy up to six grips trained. 

B: Results showed that the optimal number of grips 
was around four with or without wrist control.  

C: Classification accuracy with wrist control dropped 
below 90% at four or more grips. 

 
Comprehensive prosthetic rehabilitation for complex, high-
level upper-limb amputation cases 
 
Question 15: Which of the following statements are correct 
with regard to rehabilitation for complex, high-level, upper-
limb amputation cases? 
 

A: Each subject participated in generalised 
multidisciplinary upper-limb prosthetic 
rehabilitation standard of care procedures.  

B: The clinical team’s consistent and long-term 
commitment to providing this level of care and 
analysis of outcomes to improve future intervention 
cannot be overstated.  

C: The patients demonstrated no progress in patient 
perception of functional improvement and 
performance.  
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