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A Novel Robust and Low-Cost Anthropomorphic Myoprosthesis: Utilizing an 
Articulated Soft Robotic System and Convolution Kernel Compensation-Based Non-
Invasive EMG Decoding for Bionic Restoration of Upper Limb Function to Amputees

Lucrative Design and Engineering of an Anthropomorphic Prosthesis

1
The joints of the human hand responsible for coordinating the key 
synergistic and kinematic behaviors were analyzed:

Analytical Approach for Bio-Inspired Mechanics

2 A proprietary soft-polyarticulated CAD model was designed and 
developed (3D-printed):

A visual model of all major joints of the 
human hand and fingers that enable 
robust and dextrous movement.  
T = thumb; I = index; L = little; R = 
ring; M = middle (fingers). MCP = 
metacarpal; ROT = rotation; PIP = 
proximal; DIP = distal; ABD = 
abduction; IP = interphalangeal (joints).

Three hand patterns resulted from PCA:

PC1: MCP opening closure of the hand.

PC2: PIP-based flexion and extension.

PC3: thumb rotation and abduction.

Fabrication of a Biomimetic Prosthesis Design
The CAD models of the prosthesis include the major joints of the human hand. 
Prototyping began with a rigid model before printing the fully flexible version.

Both soft and articulated robotics were used to replicate the muscular/soft tissue 
and rigid (bone) aspects of the human hand that confers its high dexterity. Durable 
and cheap Arduino-based hardware was used. The total build cost was $379.89.

High-Fidelity Deciphering of User-Intent and Providing User Biofeedback

3
Novel method for decoding electromuscular activity in amputees’ residual limbs 
to gestural prosthetic action. The algorithm was trained on 1.3MM EMG 
samples sourced through MGH:

4
A haptic actuator on the soft robotic gripper parts of the 
prosthetic phalanges was developed to relay pressure:

Kalman Filter and Algorithm for sEMG Decoding
A gradient convolution kernel compensation (gCKC) algorithm was 
developed to estimate motor unit action potential trains (MUAPs):

where       is the inverse of    ’s autocorrelation matrix, and       is a cross-
correlation matrix whose true value is estimated by the algorithm. The gCKC 
decomposes/decodes EMG with an industry-leading 94.6% accuracy:

MU spike trains: firings are vertical lines; black = firings, red = excitation level. they are reconstructed by the gCKC 
algorithm. The decomposed signals can then easily be decoded into high precision movements completed by the prosthesis.

Non-Invasive Pneumatic Touch Restoration

A novel haptic actuation-based system was developed to relay pinch force, 
pressure, and overall touch feedback from the prosthesis to the user.

• The wiring diagram and image above show that pressure sensors were embedded in 
the prosthesis’ fingers and palm using a compliant silicone mold and flexible resin. 
Based on the levels of pressure that were recorded by the sensor, the haptic actuator 
inflates and maintains a certain pressure via pulse width modulation. 

• The input sensor values can then be predicted along with the haptic input values. 
These then relay a vibration back onto the amputee which is the same as the 
pressure being applied by the prosthesis onto an object. This sensing system enables 
high-precision pressure-sensitive movements on the prosthetic device.

Haptic force feedback was sensed with a high statistical significance (average r = 0.992 +/- 0.0410), and 
a 97% overall accuracy. Muscular activity was used to determine force levels exerted by the prosthesis.

Pilot Clinical Tests with the Prosthesis Demonstrate Robustness and Ease-of-Use

5
Amputee volunteers (n=12) sourced through the LVHN amputee 
coalition group participated in a [IRB-approved] study to 
complete 10 grasping and manipulation tasks via the prosthesis:

6
Several analyses were conducted to determine how similarly the 
prosthesis performed to the human hand, comparing grasping 
synergies and overall physical performance metrics

Performance Analysis from Amputee Tests Prosthesis vs. Human Hand Anatomy
10 tasks: (1) turning a Rubik’s Cube, (2) reorienting a block, (3) holding a book, (4) a ball and (5) a pen, (6) turning a wheel with two hands, (7) grabbing and drinking 
from a cup, (8) giving a fist bump, (9) picking a paper/notebook off of a table, and (10) brushing hair. 

PROTOTYPE 1

PROTOTYPE 2

• The scatter plot maps the synergies between the 
human hand (right) and prosthesis (left), comparing 
the synergies involved in completing the tasks 

• Similarities between the two plots indicate that the 
prosthesis was successfully able to replicate key 
biological properties of the human hand in 
executing daily living actions 

• Prosthesis synergies are shown below:

PC1 PC2 PC3
Max = maximum gesture; Min = minimum gesture

Terminology

Electromyography (EMG): Surface (sEMG) or invasive signals collected 
from the electrical activity in skeletal muscle upon activation, can be decoded 
into gestural movements via wavelet and signal analysis methods

Transradial Amputation: a lower arm amputation that results in only a 
residual limb, or stump, left as the remainder of the arm

Synergies: low-dimension muscle-based movements; the activation of a group 
of muscles to contribute to a particular movement

Blind Signal Separation (BSS): the separation of a set of source 
signals from a set of mixed signals to recover the original, noise-minimized 
signals. This was the underlying principle used to develop the novel gCKC 
to decode EMG signals

Principal Component Analysis (PCA): a method of isolating 
uncorrelated variables called principal components (PCs) that represent key 
factors of a process or system out of a larger dataset

Problem Statement
Current prosthetics can only accomplish simple EMG-controlled movements but 
must be designed robustly and lucratively for amputees if they are to scale. 
Since upper-limb amputees make up ~9% of the amputee population and are 
therefore not the focus of research, there are no low-cost/accessible and 
robust upper-limb prostheses in open R&D or the market today.

Introduction
• There are over 3MM arm amputees globally; 80% of them are in 

developing nations, and under 3% of them have access to 
rehabilitative care, making current prostheses inaccessible to many 

• There are several unsolved issues with upper-limb prostheses:

1 Expensive; costs between $10,000 and $100,000, and oftentimes 
inadequately covered by insurance; unaffordable to 70% of amputees.

2 A low range of motion/force; lacking dextrous and poly-articulated 
design. Only 20% of daily living activities can be completed.

3 Current prostheses cannot serve as actual replacements for the human 
hand, having limited biomechanical similarity to the real hand.

4 Limited user intent decoding with EMG: current prosthetics either 
require implants or have low-accuracy EMG controls.

5 Implants incur additional costs; open brain surgery costs upwards of 
$100,000, and can be uncomfortable or painful.

6 Both invasive and non-invasive prostheses today often require 3+ 
months of rehabilitation to be effectively used by patients.

7 Upper-limb prostheses have a 50% abandonment rate. The WHO says 
that there is a global shortage of prosthetics for around 1MM people.

Research Question, Preliminary Study, and Engineering Goals 

⇾ The following performance metrics (engineering goals) for the prosthetic were 
concluded via a meta-analysis of 22 peer-reviewed studies and 16 amputee interviews.

1 Multiple order of magnitude cost reduction: The prosthesis should cost under 
$800 to build and should be easily reproducible

2

Movement: Weight around 500-700g, max pinch force of ~70 N in palmar prehension 
(pinching motion), Angular speed (ω) ≥ 115 rad/s 3

Actuation: 7+ anthropomorphic joints, an actuated wrist, soft robotic phalanges, ≥ 
90% accuracy in decoding EMG signals (completely non-invasively)

Bill of Materials
Item Cost

Microcontrollers $22.34

Integrated Circuits $45.67

Custom Circuit Boards $7.89

Motors $100.97

Mechanics (rods, misc. hardware, etc.) $130.99

Electronic Passives $15.65

Battery Power $10.59

Printing materials $45.79

Total $379.89

This served as the final bill of materials for the prosthesis. Several wiring diagrams and 
block designs were made to ensure that the prosthesis would function as intended and 
maintaining a cost 2 orders of magnitude under the average.

Performance Discussion
• The data already indicates a high similarity in functionality between the 

prosthesis and the human hand, though further statistical analyses were 
conducted to confirm if the prosthetic was indeed capable of restoring human 
function. All results are averaged across the 120 amputee tests (n=12*10 tasks). 
• The first of these analyses was correlation analysis:

The above correlation matrix maps out the blue-green gradient of the Pearson 
correlation coefficient value r of grasping patterns of both the hand (right) and 
prosthesis (left) in joint angles during the ten tasks. Again strong visual 
similarities can be observed in both graphs, indicating high 
anthropomorphism.

• The second analysis was a range of motion survey:

Here, the range of motion of the joints in degrees is plotted along the y-axis, with 
the joints being plotted along the x-axis. The light green is the human hand, the 
green is the prosthesis, and the dark green is an average prosthesis. It is 
observed that this prosthesis achieves similar joint performance to the 
human hand in most respects, and completely outperforms prosthetics 
today. The prosthesis also has a ~20-hour battery life with active use.

Given the data, the prosthetic was successful in 
replicating the human hand movements and can 
restore up to 72% of human arm/hand function.

The EMG deciphering algorithm was also successful in decoding EMG patterns:

Shown are the precision and F1-score plots of the gCKC at 30 decibels (dB). The pulse-to-noise 
ratio (PNR) is plotted against precision and F1-Score on the x-axis. The gCKC was able to 
analyze signals at 10%, 30%, and 50% maximum voluntary contractions with an average 98.7% 
accuracy with 0.43s of delay.

Conclusions, Relevant Applications to Biotech

• All engineering goals were satisfied. The prosthesis weighed 657.6g, achieved 
peak mechanical and biomimetic performance/speeds and force, 
provided biofeedback and accurate EMG decoding, and cost under 
$400, metrics that have never been met in prostheses on the market today. 

• The prosthetic device can be designed using at-home tools, a basic 3D printer, 
and simple hardware. Amputee volunteers cited it was “comfortable” and only 
took 1.5 hours for them to get acquainted with using it.

Were all engineering goals achieved? What were amputees’ qualitative feedback?

• Future work includes additional clinical tests. 
• Further tests with amputees would give insights into new methods and ways 

by which the algorithm and prosthetic system could improve. 
• It would also yield new applications of the novel algorithm(s) and designs. 

• Massachusetts General Hospital/Harvard Medical School is interested in 
applying this research to robotic and surgical systems as well. 
• A teleoperated version of the prosthesis has already been designed (pictured 

above) for minimally invasive robotic surgery applications.
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Can a prosthesis that achieves high biomimetic performance and reproducibility at a low cost be built?
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