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Abstract 
 

Conventional prosthetic control strategies have utilized electromyography to provide 



Introduction & Background 
 
Currently, the function of lower limb prosthetic components is controlled by the 

kinematics of the prosthetic user.  While this control strategy does restore limited function to 
the prosthetic user, it fails to provide full function to the user in an intuitive and energy efficient 
manner.  Electromyography (EMG), the process of gath���Œ�]�v�P���•�]�P�v���o�•���(�Œ�}�u�����v���]�v���]�À�]���µ���o�[�•���u�µ�•���o����
contractions, has previously been used in upper limb prosthetic components to provide the 
user with intuitive control of the prosthesis.  As prosthetic technology continues to develop, 
EMG is being incorporated into the control of lower limb prosthetic devices, providing 
�������]�š�]�}�v���o���]�v�(�}�Œ�u���š�]�}�v�������}�µ�š���š�Z�����‰�Œ�}�•�š�Z���š�]�����µ�•���Œ�[�•���]�v�š���v�š���Á�Z���v�����u���µ�o���š�]�v�P�X 

The process of incorporating EMG into a prosthetic system is a challenging task.  The 
conventional method has been to targe�š���•�‰�����]�(�]�����u�µ�•���o���•�����v�����š�Z���v���š�}�����•�•�]�P�v���������Z���u�µ�•���o���[�•��
activity to a specific task, e.g. muscle contractions of bicep muscle yielding flexion of a 
prosthetic elbow.  While this control method allows the user to perform discrete functions, it 
can become quite cumbersome and limiting as more joints are involved and simultaneous 
movement is required.  Furthermore, targeting specific muscles requires extensive time and 
���(�(�}�Œ�š���š�}���(�����Œ�]�����š���������‰�Œ�}�•�š�Z���š�]�����•�}���l���š���Á�]�š�Z���������Z���]�v���]�À�]���µ���o�[�•���µ�v�]�‹�µ�����u�µ�•���o�����•�]�š���•�X�����������]�š�]�}�v���o�oy, 
�š�Z�����•�µ�������•�•���}�(�������š���Œ�P���š���������D�'���•�Ç�•�š���u���]�•���Z�]�P�Z�o�Ç�������‰���v�����v�š���}�v���š�Z�������o�]�v�]���]���v�[�•�������]�o�]�š�Ç���š�}���������µ�Œ���š���o�Ç��
locate the appropriate muscles for proper control of the prosthesis.  Because lower limb control 
requires synergistic knee and ankle function instead of discrete muscle functions for safe 
ambulation, the laborious and specific nature of targeting muscles is an impractical solution for 
clinical application as more lower limb prosthetic components begin to incorporate EMG as a 
control strategy. 

One solution that is currently being used in an effort to reduce the clinical burden of 
locating and incorporating electrodes into prostheses is to use an electrode grid.  The intent is 
that the grid will be able to detect overall patterns of muscle activation that each prosthetic 
user utilizes for different tasks, and the prosthesis will then be able to determine the 
appropriate function to initiate.  Additionally, as a grid is not unique to any particular prosthetic 
user, it could be more easily implemented into prosthetic designs.   However, in order for the 
electrode grid approach to be a viable solution, it must be able to provide real-time clinical 
performance that is equal to that of the conventional targeted electrode approach.  Tkach et al. 



As more research has begun to investigate the use of EMG data in the function of lower 
limb prostheses, it is important to understand fully the influence of electrode placement on the 
quality of EMG data.  The previous studies on EMG collection for lower limb prosthetic 
applications have yet to compare targeted electrodes and generic electrode grids.  This study 
seeks to investigate the performance of a novel EMG system using a grid electrode pattern in 
comparison with a conventional EMG system using a targeted electrode pattern.  The generic 
electrode grid system utilized in this study was the Mechanical Electrical Interface (MEI) system 
developed at the Center for Bionic Medicine (Reissman, Halsne, Lipschutz, Miller, & Kuiken, 
2015). In this system, the electrodes were integrated into a gel liner during the fabrication of 
the gel liners and were linked to a custom attachment on the distal end of the gel liner. The 
distal attachment included magnets that coupled with magnets in the distal end of the socket, 
providing both suspension of the prosthesis and an interface for the internal electrical circuitry.  
The targeted electrode system used commercially available electrodes, MyoWare Muscle 
Sensor electrodes, to allow for comparison of muscle signal quality obtained by the two 
electrode systems.  The targeted electrode system also utilized a gel liner and distal custom 
attachment.  As the MyoWare electrodes included onboard circuitry, the distal attachments for 
the targeted liners did no



the MEI distal end connector was only used for suspension purposes since the electronic 
components were contained within the MyoWare sensors.  Each subject was fit with a separate 
gel liner for each condition.  Both subjects utilized an Otto Bock C-leg for each condition, and 
the C-leg settings were tuned to each subject for optimal gait mechanics.  A single prosthetic 
socket was fabricated per subject and used for both of the electrode conditions.   



custom gel liner was fabricated with the electrodes and lead wires inside the gel of the liner 
creating 8 bipolar muscle signal recordings. This condition utilized the full MEI system. EMG 
data was amplified and recorded at 1000 Hz. 
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Results 
MEI system - Electrode Grid   

For both participants, motion artifact peaks were present across all channels at Heel 
Contact (HC) and at Toe Off (TO) phases of gait (Figures 3 and 4).  The largest motion artifact 
peaks were primarily seen consistently in Channels 1 and 2 as well as in Channels 5 and 6.  This 
may be significant since these two channel pairs were located opposite each other on the liner 
and thus on the �•�µ���i�����š�[�•���Œ���•�]���µ���o���o�]�u���X�����������]�š�]�}�v���o�o�Ç�U�����Z���v�v���o�•���í���˜���î�����}�v�š���]�v�����������•�����}�v����
motion artifact peak in the Foot Flat phase of gait directly after Heel Contact for both 
participants. 

Important to note, Channel 8 for Subject B had to be removed from the data set due to 
excessive noise.  







Discussion 
 
EMG Issues 

It is a difficult task to eliminate motion artifact from the EMG signals of a transfemoral 
limb while the subject is walking.  Both the MEI and MyoWare EMG systems recorded various 
amounts of motion artifact during walking with a passive leg.  For both systems, the motion 
artifact peaks seen in Figures 3-6 at Heel Contact and Toe Off were most likely created by the 
subjects pistoning inside the prosthetic socket as they walked.  However, what is unknown is 
whether the motion artifact was occurring between t�Z�����o�]�v���Œ�����v�����š�Z�����•�µ���i�����š�[�•���•�l�]�v���}�Œ�������š�Á�����v��
the socket and the outside surface of the liner.  



activation for all four channels.  



For subjects with particularly mobile tissue, it was difficult to consistently don the liner 
in the same orientation each time.  This appeared to affect the reliability of consistent 
electrode dome placement and thus potentially added variability to the EMG data that was 
collected.  Additionally, it was noted that the liners stretched differently depending on who was 
donning the liner and in which direction the liner was donned (i.e. whether the subject rolled 
the liner onto their residual limb as opposed to having the researcher roll the liner onto the 
subject while facing the subject).  Despite attempting to accurately place the targeted 
electrodes on the indicated muscle sites, this amount of variability in donning very likely 
reduced the accuracy of the targeted locations in matching the originally marked locations.  It is 
possible that the targeted electrode data was more affected by the inconsistency in electrode 
dome location than was the electrode grid.  However, this outcome was not measured in this 
study.  A potentially useful area for future research could be to investigate the effects of 
donning variability and various donning techniques on the consistency of EMG data collection 
and EMG signal quality, and whether or not donning variability significantly affects EMG signals 
in prosthetic applications.  

 
MyoWare targeted electrode system setup:  Determining the appropriate location for 

�š�Z�����š���Œ�P���š���������o�����š�Œ�}�����•���Á���•�������o���v�P�š�Z�Ç���‰�Œ�}�����•�•�X�����d�Z�����(�]�Œ�•�š���•�š���‰���Á���•���š�}���‰���o�‰���š�����������Z���•�µ���i�����š�•�[��
musculature.  The researchers in this study found this process to be more difficult on some 
individuals than on others.  Additionally, the author notes that palpation alone does not afford 
clinicians the ability to know exactly where the optimum targeted electrode location is based 
on recommended standards (Hermens, 2000).  Furthermore, the appropriate inter-electrode 
distance between the two electrodes of the MyoWare sensors had to be determined with the 
gel liner donned on the patient.   This is due to the variability of the stretch placed on the gel 
liner when donning.  If the electrodes were not marked on the liner while the liner was donned 
on the patient, the electrode placements would not have matched the MyoWare sensors.  This 
was also somewhat of an issue for the ground electrode dome locations due to the short lead 
wires for these electrode domes.  Though the issue of inter-electrode distance may not 
necessarily be an issue for all electrode systems, the variability in the amount of stretch a liner 
possesses may create other challenges.  

One of the difficulties encountered during this study was in the setup of the electrodes 
in each liner.  The electrode domes needed to have stems long enough to extend through the 
gel in order to attach to the electrode snap.  If the stem of the electrode dome was too short, 
tightening the electrode too much would cause the dome to sink into the gel and lose contact 
with the skin.  Thus, longer-stemmed domes had to be ground to custom lengths that were 
dependent on their location in the gel liner and how thick the gel was at that particular 
location.  This requirement of unique electrode dome stem length is an additional 
consideration that may need to be accounted for in future prosthetic componentry designs. 

 
MEI electrode grid system manufacturing issues:  One important difference between 

the MEI system and the MyoWare system is that all electronic components were contained 
within the MEI system liners.  The complex fabrication process required to make the MEI gel 
liners presented several unique challenges: 



�x T-nut application:  When tightening electrode domes into the gel liners, it was found 
that the domes would poke into the gel liner and pull gel out of the liner around the 
dome, thus breaking down the integrity of the gel liner.  In order to prevent this, t-nuts 
were added to the gel liners to act as a backing for the electrode domes.  However, if 
the t-nuts were not placed exactly perpendicular to the surface of the gel liner during 
the fabrication process, the electrode domes would be seated at an angle with respect 
to the surface of the gel liner.  This resulted in gapping between the surface of the 
���}�u���•�����v�����š�Z�����P���o���o�]�v���Œ���Á�Z�]���Z�����Œ�����š�������š�Z�����‰�}�•�•�]���]�o�]�š�Ç���}�(���‰�]�v���Z�]�v�P���š�Z�����•�µ���i�����š�•�[���•�l�]�v��
between the gel liner and the electrode domes.  Similar to the MyoWare setup, the 
electrode domes required additional shortening in order to be connected to the t-nuts 
and not extend above the surface of the gel liner.  Another issue with the use of the t-
nuts was that the gel liners had insufficient thickness with which to insulate the t-nuts, 
resulting in additional signal noise. 

�x Gel degradation:   As domes were tightened into each t-nut, the gel was degraded and t-
nuts easily became loose inside the gel.  Loosening of the t-nut within the gel resulted in 
unreliable signals as the lead to each t-nut was strained during tightening of the 
electrode domes into the liner.  Once the t-nut had become loose inside the gel of the 
liner, the researchers had no ability to re-secure the t-nuts to prevent damage to the 
electrode leads. 

�x Electrode location:  As noted above, some of the most distal electrodes were located 
�}�À���Œ���]�v�À���P�]�v���š�]�}�v�•���}�Œ�����]�•�š���o���•�����Œ���š�]�•�•�µ�����}�v���š�Z�����•�µ���i�����š�•�[���Œ���•�]���µ���o���o�]�u���•�X���������µ�����š�}���š�Z�����(�����š��
that these electrodes were fabricated into the gel liner in the MEI system, the clinicians 
did not have any capability to adjust the electrode location during the fitting process in 
order to avoid the compromised tissue.  This issue was not present in the MyoWare 
system due to the nature of targeting the electrode locations and the inherent ability to 
avoid any scar tissue or invaginations.  

 
 

Limitations 
 

 This study was preliminary and has several limitations that should be considered.  The 



Conclusions & Significance 
 

 The goal of this research study was primarily to perform an initial comparison between 
the performance of an electrode grid system and a targeted electrode system in a prosthetic 
setup.  This study showed that both electrode systems were capable of detecting repeatable 
muscle patterns but that there is still improvement required to reduce the amount of motion 
artifact captured during EMG data collection.  Additionally, this study revealed that there are 
various clinical challenges associated with incorporating either a novel electrode grid system or 
a conventional targeted electrode system into gel liners.  These clinical challenges make it 
difficult to reliably and efficiently obtain useful EMG data for use with prosthetic devices.  While 





Introduction 
Spinal cord injuries occur when any damage has been done to the spinal cord.[1]  Spinal cord injuries 

may be classified as complete or incomplete and temporary or permanent.[2] Thirty one percent of spinal cord 
injuries are at the cervical level; further broken down to 14.8% at C5, 11% at C6, and 5.4% at C7, as reported 
by King.[3]  A spinal cord injury at the cervical level will result in a certain degree of loss of function of the 
upper extremity, requiring an assistive device to help improve grasping techniques for functional independence.  

Typically, a person with a SCI at C6 or C7 level has the ability to operate a wrist driven flexor hinge 
orthosis (WDFHO) to complete various activities of daily



3.  Harness 
As previously mentioned, the harness design 

uses features of a standard transradial Bowden 
cabling system and also went through a few 
variations (Figure 3). Due to limited range of 
motion for persons with a spinal cord injury, 
there was concern that a Figure of 8 harness 
would be too difficult to don. A figure of 9 
harness was trialed with a TRS Elf Strap. 
Unfortunately, the Elf strap did not provide 
enough support for the cabling system, so a 
figure of 8 harness was required. Initially, a 
northwestern ring was used but the straps slid 
around the ring too much. So, a TRS Baha 
buckle was used, which was more successful 
than a northwestern ring. 

A functional prototype is pictured in Figure 
4a; however, this version has no wrist joint. 
Figure 11b shows subject SCI 2 wearing this device and opening the thumb. The final device design used by 
subjects in the study had a wrist joint and a Baha buckle.  
 
Functional Evaluation of Orthosis 
Methods 

The plan was to recruit up to 5 able-bodied subjects for design development—taking outcomes to help 
establish “normative data.” Then the plan was recruit 2 subjects with SCI to continue with design development. 
Finally, up to 5 more SCI subjects were to be recruited for outcomes measures. Two outcomes measured were 
decided upon, by a process of elimination, based on the goals of the study: the Box and Blocks test and the 
Jebsen-Taylor Hand Function test were selected to best assess device function. Both measures have been tested 
on the spinal cord injury population and both have normative data associated with them. Box and Blocks is 
recommended for use for the spinal cord injury population[5]. Jebsen-Taylor is reasonable to use in research for 
a person 3+ months post injury.[6] As the orthosis was being tested in the lab at RIC, quality of life outcomes 
were disregarded; however, these issues can be evaluated in further trials. 
 
Results 

re died subjects fore distin-Ta in  Bloa asse 
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Background 

Most current commercially available transfemoral prostheses utilize passive knee and 
ankle components. While passive components are more common, there are some powered lower 
limb prosthetic components that are commercially available including the Ossur Power Knee and 
the BionX BiOM ankle. These components utilize mechanical sensors (i.e. load cells, 
inclinometers, inertial motion units, etc.) to determine when powered assistance should be 
provided. Using powered components can enable people to walk with increased gait efficiency 
by providing net positive work similar to muscles in intact limbs. Powered components can 
perform the majority of the work while ascending stairs step over step and ascending ramps. 
These benefits may translate into reduced joint damage over time. Research is currently being 
done to develop new powered knee and ankle components as well as improve the control of these 
components. One method of improved control may be the addition of inherent muscle sih8.1(a8lsJ
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currently involves dissecting the major nerves two to four centimeters proximal to the cut end of 
the bone. The quadriceps muscles are detached just proximal to the patella to retain some of the 
tendinous portion. The medial hamstrings are cut two to two and a half cm distal to the cut end of 
the femur, while the biceps femoris is transected at the level of the bone cut.  The adductor 
magnus is first sutured to the lateral aspect of the residual femur via drill holes. The quadriceps 
are then sutured to the posterior aspect of the femur via posterior drill holes. The hamstring 
muscles are anchored to the posterior aspect of the adductor magnus or quadriceps.6 In the 
Dundee technique, all muscles are sectioned at the level of the skin cut (~8cm distal to the bone 
cut). The adductors and medial hamstrings are anchored to anterior medial drills holes. Vastus 
lateralis and lateral hamstrings are sutured anterior lateral. The quadriceps are then brought over 
the end of the femur and attached to the hamstrings.5 Surgical technique may vary for several 
reasons including surgical training, time of amputation and cause of amputation. In the case of a 
traumatic amputation, the surgeon may have less time to plan, less experience with amputations 
and/or damage to other structures within the residual limb. Based on the amputation method 
followed, muscle contraction strength, location and direction of pull may vary.  

In addition to surgical technique effecting muscle belly location, thigh composition has 
been found to change in people with amputations with muscle decreasing and fat increasing 
following amputation.7-10 Without hamstring fixation, the hamstrings experience 70% atrophy.







 



In addition to scaling the vertical muscle location by the contralateral trochanter to knee 
center measurement to simulate if the limb were intact, muscle locations were examined by 
scaling the vertical location by the residual limb length (Appendix K). When the vertical muscle 
locations were scaled by residual limb length for the subjects with a transfemoral amputation, 
there were no statistically significant differences between the vertical location and the vertical 
location scaled by trochanter to knee center of the subjects with intact limbs with the exception 
of VM (p=0.03).  

Measurements of muscle locations while wearing a liner were not statistically 
significantly different from those found without a liner on with the exception of the vertical 
location  scaled by residual limb length of ST (p= 0.01) (Appendix L). There was also a 
significant difference between the measurements taken from the distal end of the residual limb 
for ST and BF (p=0.01 and 0.02 respectively). The average donning variability for the three liner 
donning instances for all subjects across all muscles was 1.1 cm (0.9 cm horizontal, 0.5 cm 
vertical).  

Discussion:  

To our knowledge, this is the first study to report on generalized muscle locations in 
individuals with a transfemoral amputation.  

Determining the area of greatest contraction was more difficult in subjects with a 
transfemoral amputation than it was in subjects with intact limbs. When palpating the subjects 
with a transfemoral amputation’s residual limb the muscle location was sometimes shifted 
medially or laterally compared to what would be typical in an intact limb. Generally, when the 
muscles were shifted it was all of the quadriceps muscles being shifted in the same direction, 
which is likely due to surgical technique. It was also difficult for some subjects to complete the 
desired contractions, likely due to muscle disuse given the length of time since amputation. 
Having subjects complete the desired contraction bilaterally would sometimes improve the 
subject’s ability to achieve the contraction. One subject also had scar tissue that made palpation 
of the area of greatest contraction more difficult. Subjects with more redundant tissue were also 
generally more difficult to palpate specific muscles. Even with these challenges, all of the 
desired muscles were able to be found with reasonable confidence. This process of determining 
muscle locations could be difficult and time consuming. Using the generalized muscle locations 
found in this study as a starting location would potentially decrease difficulty in targeting 
muscles in people with a transfemoral amputation.   

Generalized muscle locations were able to be determined with increased variation in 
muscle location in the vertical direction compared to the horizontal direction when measuring 
from the greater trochanter. It was noted when taking measurements while the subject was 
wearing a liner that the vertical muscle location was often located in the area of the seal on the 
seal-in liner. This observation along with the potential future application of our data for the 



development of a liner led us to examine muscle locations in reference to the distal end of the 
residual limb. When variation was examined as referenced from the distal end, variation in the 
vertical direction was decreased. This finding could be due to surgical technique of resecting the 
nerve ending two to four centimeters from the cut end of the bone or the method of attaching the 
muscle following amputation. Additionally, the fact that the distance from the trochanter down to 
the area of greatest contraction is further than the distance from the distal end to the same area 
may affect the variation. 

 We found that the vertical location varied linearly with both residual limb length and 
distance from greater trochanter to knee center. There was a stronger linear relationship between 
residual limb length and vertical location which may be due to the change in muscle attachment 
location or amount of limb that was amputated. Muscle locations were scaled to account for 
residual limb size. The vertical muscle location was scaled by the distance from the greater 
trochanter to the knee center on the contralateral side to simulate if the subject still had an intact 
residual limb. Additionally, the vertical muscle location was scaled by the distance from greater 
trochanter to the distal end of the residual limb to simulate the current muscle attachment 
location. Variation was similar in the two instances. All scaled horizontal muscle locations 
varied by an average of 6%. When vertical muscle locations were scaled by contralateral knee 
center, the average variation was 



Muscle locations were also examined while subjects with a transfemoral amputation were 
wearing an Ossur Iceross Seal-In liner. There were no statistically significant differences in 
horizontal location between measurements with and without the liner on. Hamstring muscles 
showed variation in vertical location in several of the measurement techniques. This variation 
could be attributable to the method of donning that could bring the posterior tissue more 
proximal as the liner is rolled up. The marks ma







Appendix C: Limb measurements for subjects with a transfemoral amputation. 

 Contralateral 
limb 

measurements 
Residual limb measurements 

Subject 
ID 

Trochanter to 
knee center 
(cm) 

RL length 
(cm)* 

% limb 
remaining* 

Circumference at 
horizontal reference 
(cm) 

Distal circumference 
(cm) 

TF1 42.5 24 56% 43 37.5 

TF2 41.5 24.3 58% 42.9 39.5 

TF3 41 26 63% 34 24 

TF4 41.5 27 65% 45.2 41 

TF5 41.5 27.8 67% 47.7 33.4 

TF6 42 29.5 70% 46 41 

TF7 52 37.8 73% 53.3 36 

TF8 39.8 29 73% 48 43.8 

 TF9 36.2  30  83% 49.3  39 



Appendix E: Area of greatest contraction for all six muscles (RF, VL, VM, ST, BF, and AM) of all subjects 
with a transfemoral amputation referenced to the greater trochanter. 

����

Appendix F: Average location of the area of greatest contraction for subjects with a transfemoral 
amputation.  

��

Appendix G: Area of greatest contraction for all six muscles of all subjects with a transfemoral amputation 
referenced vertically from the distal end and horizontally from the greater trochanter. 

��



Appendix H: Pearson correlation values between vertical location of the area of greatest contraction and limb 
length measurements. 

Correlations between vertical muscle 
location and: 

RF VL VM ST BF AM 

Contralateral trochanter to KC length 0.69 0.66 0.61 0.74 0.73 0.84 
Uncompressed residual limb length 0.94 0.94 0.98 0.86 0.88 0.92 
Compressed residual limb length 0.94 0.95 0.99 0.86 0.91 0.91 
��

Appendix I: Sample plot for VM comparing residual limb length to vertical location of area of greatest 
contraction. 

��

Appendix J: Scaled muscle locations for both subjects with a transfemoral amputation and subjects with 
intact limbs referenced to the greater trochanter. Horizontal locations are scaled by the horizontal reference 
circumference. Vertical locations are scaled by the distance from greater trochanter to knee center.  
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Appendix K: Scaled muscle locations for both subjects with a transfemoral amputation and subjects with 
intact limbs. 

  Scaled 
location by: 

RFx RFy VLx VLy VMx VMy STx STy BFx BFy AMx AMy 

T
ra

ns
fe

m
or

al
 

Contralateral 
KC 

77% 
[4%] 

38% 
[12%] 

88% 
[7%] 

43% 
[8%] 

67% 
[5%] 

42% 
[10%] 

36% 
[6%] 

48% 
[6%] 

18% 
[8%] 

48% 
[9%] 

53% 
[7%] 

33% 
[7%] 

Residual limb 
length 

77% 
[4%] 

57% 
[13%] 

88% 
[7%] 

64% 
[9%] 

67% 
[5%] 

65% 
[10%] 

36% 
[6%] 

73% 
[8%] 

18% 
[8%] 

72% 
[9%] 

53% 
[7%] 

50% 
[8%] 

A
bl

e-
bo

di
ed

Contralateral 
KC 

78% 
[3%] 

56% 
[6%] 

90% 
[3%] 

70% 
[5%] 

64% 
[3%] 

75% 
[8%] 

38% 
[3%] 

68% 
[5%] 

17% 
[6%] 

65% 
[8%] 

54% 
[2%] 

45% 
[7%] 

��

Appendix L: Scaled muscle locations both with and without a liner on for subjects with a transfemoral 
amputation.  
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may better allow amputees to perform many daily complex tasks like opening a lid of a jar or 

cutting food (3) (4) (5). 

Multifunctional hands provide additional grip options for amputees, but being able to 

truly utilize the additional functions can be challenging, and the controls in these latest 

myoelectrical prostheses appears to be the weak link. For upper-limb amputees, there are 

traditionally very few ways to be able to control externally powered prostheses. If myoelectrical 

control is used as the input, then traditionally you would use direct control, a pair of 

electromyographic (EMG) electrodes placed over the agonist-antagonist muscle belly to control 

both directions of movement of the motor used in the prosthetic component. Additionally, other 

control strategies like co-contraction or double open can act as triggers or mode switches which 

can be utilized to alternate between multiple motors in the system but can be awkward for the 

user (6), (7). 

Targeted Muscle Reinnervation (TMR) is another recent advancement that can assist in 

prosthetic control, where a broader spectrum of EMG information of additional individual 

muscle activity is made available but requires different control strategy to fully capture and take 

advantage of this added information (8).  With TMR, nerves in the residual limb are redirected 

and transplanted to denervated donor muscle sites, which will reinnervate in time and provide 

new purposeful connections with the muscles they now control. The newly targeted muscles 

enable amputees to gain additional simultaneous control over prosthetic components (9). Even 

with this additional EMG data that TMR can deliver, traditional two-site myoelectric control are 

unable to fully harness this additional information and thus do little to help the users control the 

more complex multifunctional prosthetic hands or effectively control multiple simultaneous 

movements (2). 
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One innovative and emerging prosthetic control system, called Pattern Recognition (PR), 

was developed to address some of the current short comings of traditional externally powered 

prosthetics. PR uses multiple EMG signals as well as algorithms to gather and classify the 

muscles activity. This additional EMG information, coupled with the PR algorithms, has the 

potential to allow the prosthetic user much greater control over higher DOF prostheses while also 

feeling more intuitive to operate (10). 

With the introduction of TMR, PR and increasing multiple-DOF devices, another 

challenge is �K�R�Z���E�H�V�W���W�R���T�X�D�Q�W�L�I�\���W�K�H���X�V�H�U�¶�V���D�E�L�O�L�W�\���W�R���K�D�U�Q�H�V�V���W�K�L�V��advanced technology. One way 

is to use a real-time virtual reality (VR) test that uses a multiple-DOF classifier that provides real-

time closed-loop performance measures to capture how well test subjects complete arm motions. 

One such test is the Target Achievement Control Test (TAC Test). (
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device, users performed functional outcomes with each device and pre-study/post-study VR TAC 

testing.  

The initial research study protocol and subject questionnaire were developed, ,

test
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The test subjects were measured and fitted with an appropriate fitting Iceross silicone 

liner 
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deviate or lengthen the wrist/ hand with ease. 

 Pictures along with documentation were used to capture the initial setup for each subject 

and much care was taken to ensure that the liner was donned in the same orientation and the 

correct PR color coded wire snaps attached to the corresponding electrode for each visit. In 

figure 3, an example PR lsetupnnd the 
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Subjects 
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Results 
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Lastly, the SHAP test has the subject perform 26 timed tasks, fourteen of which fall into 

ADL-like tasks and eight abstract object tasks repeated with light and heavy objects that can be 

classified into six prehensile patterns with an overall index of function score of 0 (minimum) to 

100 (maximum) based on non-amputee controls.(14) The SHAP had an average Index of 

Function Score of 29.67 ± 5.51 with the 1-DOF system, while the average MAH score was 19.33 

±5.77 (graph 3).  

The Hand/Wrist Evaluation Questionnaire handout, along with the numbered responses 

in graph form for both 1-DOF and MAH on all three research subjects, can be found in Appendix 

A and B. Although the results on the surveys were insightful, they were never intended to be 

statistically relevant to this study. However, the subjects scoring and responses do give 

subjective information that can be useful in future research and developments. 
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Conclusions 
 

Both the 1-DOF and MAH wrist/ hand systems could be controlled by �&�R�D�S�W�¶�V��

commercially available PR system and subjects were able to perform all of the outcome tests. 

The multifunctional Michelangelo hand was more challenging to control for the test users, and 

this can be seen in the results of the timed outcome tests. There may be a couple reasons for this. 

We were working with early enhanced versions of the commercially available software for the 

Michelangelo hand and some minor software optimization settings needed to be adjusted during 

the course of our testing which may have restricted the hand�¶s full potential. One subject 

specifically struggled with the system during multiple sessions as this was resolved, which may 

have frustrated him enough to lose confidence in the system overall. 

Some limitations in the study were 
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Appendix A. 

SBIR Hand/ Wrist Evaluation Questionnaire 
 

For administrative use only: 

 
Study Staff Member: ______________                                        Date survey completed: ______________  
 
Subject Code: ______________ _____                                             
 
Comparison to your previous device(s): 

______________________________________ 

Please circle one:     Lab trial �±  1    2    3   TD �±  A   B   C 
 
 
Test subject instructions:  
Please complete the following survey based on your experience with the control system you have 
been using for the most recent test period. If you require additional room for your comments, 
please continue on the back of this survey.  
Please answer the following questions by circling the number which most accurately represents 
your opinion, for example, circling #5 would indicate that you strongly agree with the statement. 
Selecting #3 would indicate no opinion. 

1. The prosthetic hand responded as I expected.  
 
Strongly Disagree          1          2          3          4          5           Strongly Agree  N/A  
Comments: _______________________________________________________________________  
 
2. I felt that I had to watch the hand when I was moving it.  
 
Strongly Disagree          1          2          3          4          5           Strongly Agree  N/A 
Comments: _______________________________________________________________________  
 
3. It was easy to make the prosthetic hand move when I wanted.  
 
Strongly Disagree          1          2          3          4          5           Strongly Agree  N/A  
Comments: _______________________________________________________________________  
 
4. There were a lot of unintended movements of the prosthetic hand.  
 
Strongly Disagree          1          2          3          4          5           Strongly Agree  N/A  
Comments: _______________________________________________________________________  
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5. I was frustrated using the prosthetic hand.  
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15. I felt fatigued after using the system. 
 
Strongly Disagree          1          2          3          4          5           Strongly Agree  N/A 
Comments: _______________________________________________________________________  
 
16. I would like to continue to use this control at home.  
 
Strongly Disagree          1          2          3          4          5           Strongly Agree  N/A  
Comments: _______________________________________________________________________  
 
 
 
Additional comments:  
______________________________________________________________________________  

______________________________________________________________________________  

______________________________________________________________________________  

______________________________________________________________________________  

______________________________________________________________________________ 

Following the final trial please answer the following questions: 
 
I preferred  
 
Please circle one:     Lab trial �±   1     2     3 
 
Please provide comments on why you selected this trial:  
 

______________________________________________________________________________  

______________________________________________________________________________  

______________________________________________________________________________  

______________________________________________________________________________  
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Appendix B.     
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My prosthetic research residency project involved the development and testing of a novel connector to 
attach a lower limb prosthesis to the user. This connector, the Magnetic Locking Interface (MLI), attaches a 
lower limb prosthesis to the user through a prosthetic liner. Various types of connectors and locking 



hope to publish the results of this study in a peer-reviewed journal. Additionally, we plan to present this work at 
1 or more conferences that are relevant to the prosthetics community. 
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