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Abstract—The final developments of a prosthetic hand, the 

Touch Hand, were made near the end of 2013. This hand was 

aimed at addressing the lack of sensory feedback in prosthetic 

hand technology. This paper discusses the technology and 

improvements on commercial prosthetic hands and the Touch 

Hand, whilst giving a brief insight into recent technological 

advances. These improvements are used to form a set of design 

objectives for the next iteration in design, the Touch Hand II. 

The associated research aims to contribute to low-cost and 

simplified mechanical and electronic design alternatives in hand 

prosthetics. 
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I.  INTRODUCTION 

The human hand is an integration of complex systems of 
tendons, nerves, muscles, and bones. Losing a hand limits the 
ability of a person to explore and communicate in their 
surroundings. An amputee has a reduced dexterity, having 
difficulties with manipulating and sensing objects. Physical 
differences to others can lead to psychological issues [1]. 
Estimates for persons living in the United States have been 
made, where more than 900,000 people have minor limb loss, 
and 664,000 people have major limb loss.  "Minor" limb loss 
includes amputation of digits (toes or fingers) or the hand, and 
is most common. "Major" limb loss includes amputation below 
the elbow (transradial), below the knee, above the elbow 
(transhumeral), above the knee, or the foot [2]. 

Currently, commercial prosthetic hands have the ability of 
moving individual fingers to grasp differently shaped objects, 
and are predominantly controlled using myoelectric signals 
(MES) detected during muscle contraction [1]. These hands 
can cost $35, 000 to $75, 000 [3]. 

The Touch Hand is a research based prosthetic hand that 
was developed at the University of KwaZulu-Natal. It was to 
attend to the issues of cost and sensory feedback in 
commercially available products. Although the prototype 
proved its usefulness, a number of possible improvements were 
identified, which this paper will investigate. The associated 
research aims to contribute to low-cost and simplified 

mechanical and electronic design alternatives in hand 
prosthetics. 

II. COMMERCIAL PROSTHETIC HAND TECHNOLOGY 

The most competitive commercial prosthetic hands include 
the i-limb Ultra Revolution by Touch Bionics, the 
Michelangelo by Ottobock, and the bebionic3 by 
RSLSteeper [4]. Each of these prostheses have similar but also 
different features to one another. These three hands have been 
designed for transradial amputees (amputated between the 
elbow and wrist). An image of the bebionic3 prosthetic hand 
can be seen in Fig. 1 [5]. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. bebionic 3 

These prosthetic hands have been designed with a number 
of features. Motors are commonly used to give individual 
finger position control, however passive movement is also 
used, such as with the Michelangelo. The thumb, index and 
middle finger are actively driven, while the ring and little 
finger passively follow the others [4]. The thumb of the 
bebionic 3 is not completely electronically controlled, but is 
rather moved into different positions manually [6].  

All designs have a number of grip types. The Michelangelo 
gives a set choice of pre-defined grip patterns [4]. In the case of 
the bebionic 3, grip patterns can be customised in mobile and 
computer compatible software. User training is also done via 



the provided software packages. Wireless connections between 
the prostheses and user software is made possible either 
through bluetooth or radio signals [7]. 

Other grip modes have also been integrated into these 
devices. The i-limb Ultra Revolution has a "compliant grip" 
that lets the fingers of the hand move until they are holding an 
object [7]. The "Auto-grasp" gives the hand the ability to detect 
false open signals whereby it automatically tightens to stop 
held objects from falling [8]. 

Wrist modules have also been designed, with some being 
optional and others already integrated. The two wrist 
attachments for the i-limb Ultra Revolution are: the Flex Wrist, 
and the Multi-flex Wrist [7]. The former option allows three 
manually selected wrist positions, which are locked in place, 
making an improvement on the natural feel and comfort [8]. 
The latter option enables load compensation by using a passive 
spring-loaded design, and can be adjusted within a 60º range 
[7]. The Michelangelo has its wrist design already integrated 
into the hand, with similar capabilities [4]. 

In terms of control, two myoelectric signal (MES) channels 
are commonly used for communication between the users 
muscles and the prosthesis. MESs are detected using surface 
mounted electrodes in these devices [6]. A drawback of these 
commercial prostheses is that none of them give sensory 
feedback, depriving the user of any idea on grip force, position, 
or other senses commonly felt by an unimpaired human-being.     

The mechanical design of these prostheses accommodate 
easy replacement of fingers.  The i-limb Ultra Revolution can 
use four different finger sizes. These sizes are split into two 
strength categories, small and medium, with the latter category 
using a larger motor. The palm section of the hand also comes 
in two different sizes [9]. Aesthetic and grip improvements are 
achieved using various cosmetic gloves that fit over the 
prostheses. 

An overall comparison of the main features in these devices 
can be found in Table I. The best value for each feature is 
highlighted in bold. 

TABLE I.  COMPARISON OF COMMERCIAL PROSTHESES 

Feature 

Prostheses 

i-limb Ultra 

Revolution 

[8] 

Michelangelo 

[4] 

bebionic3 

[6] 

Power Grip Srengtha (N) 136 70 140.1 

Lateral Grip Strengthb 
(N) 

35 60 26.5 

Hook Grip Loadc (kg) 90 n/a 45 

Finger Hook Loadd (kg) 32 n/a 25 

Closing Time (s) - Power 
Grip 

1.2 n/a 1.0 

No. of Grip Patterns 24 7 14 

Control 
2 MES 

channels 
2 MES 

channels 
2 MES 

channels 

Mass with Wrist (g) 515 600 698 

a. Thumb opposing other four fingers, closing into the palm; 

b. Thumb closes onto the side of the index finger; 

c. Partially closed Power Grip position; 

d. Partially closed individual finger. 

III. IMPROVEMENTS ON COMMERCIAL TECHNOLOGY 

There are a number of characteristics of commercial 
prosthetics that are lacking, or do not even exist. These, as well 
as possibilities in prosthetic research, are discussed in order to 
understand some of the gaps in the technology. 

A. Cost 

The high costs of commercial prostheses, usually in the 
range $35,000 to $75,000 [3], restrict the technology to those 
who can afford it. Minimizing the cost of a prosthetic hand 
would generate more opportunities for amputees with financial 
restrictions. Considering low-cost manufacturing methods, 
materials, and components will aid cost reduction. Designs 
which require less medical and technical assistance would 
reduce rehabilitation and maintenance costs, respectively. 

B. Sensory Feedback 

Without sensory feedback, most commercial prostheses cause 
their users more difficulties in detecting the state of their 
prosthesis in the environment, forcing them to use a significant 
amount of mental effort [10]. Haptic feedback is a non-invasive 
approach [11], which uses the sense of touch. Pressure, 
vibration, and neuromuscular electrical stimulation (NMES) 
are possible methods that can be used in this approach. 
Targeted sensory reinnervation (TSR) is an invasive approach 
that uses sensory receptors within the skin to transmit sensory 
information to the brain [10]. Invasive methods require the user 
to approve of a medical procedure. 

C. Control 

Simple myoelectric controller algorithms were developed 
approximately 50 years ago that used an electromygram 
(EMG) amplitude threshold value. The same technology is still 
used in advanced commercial prosthetic hands to date. The 
technique limits the number of hand functions, but it supports 
minimal selection time. The characteristics of these EMG 
signals can change due to prolonged usage; normally due to 
fatigue, movement of electrodes, and sweat [10]. This 
contributes to the difficulties in creating a very adaptable and 
robust control system using only EMG signals. Highly 
developed EMG pattern classification methods have not found 
practical implementations in commercial prosthetics, due to 
their unnatural control scheme. A natural control strategy that 
could adapt to EMG signal changes would be more valuable. 

Another observation made by the author, is that commercial 
prostheses do not integrate adaptable grip force control with the 
aid of slip detection. The basic principal operation is that when 
slip is detected, the grip force is predicted and increased to stop 
the object from falling [12].  

A design using a rich multi-modal input could motivate the 
development of autonomous controllers [10]. An example 
would be using movement and orientation measurements of the 
prosthesis, and other parts of the body, to compliment the EMG 
signals in predicting the desired hand configuration. 



 

 

IV. RECENT PROSTHETIC TECHNOLOGY 

There have been recent advances in research and 
development technology for prosthetics. To give a brief insight 
into these advances, two projects, namely the Deka Arm 
System and the LifeHand2, are highlighted.  

The DEKA Arm System or 'Luke Arm' has been in 
development for the past eight years, and has officially been 
approved for commercialisation by the Food and Drug 
Administration (FDA). The advanced arm uses non-invasive 
control techniques, and provides haptic feedback to the user by 
transmitting signals to a tactor (vibrating motor). Control by 
the amputee is via surface electromyogram (sEMG) signals 
[13]. These signals are measured by electrodes attached to the 
surface of the skin, which are then processed by a micro-
controller-unit (MCU). The MCU then sends appropriate 
signals to the motors of the fingers for them to move. Pressure 
sensors integrated into the hand, measure grasping forces, 
which is used to feedback force signals to the user through the 
tactor. Different vibrations of the tactor correspond to different 
grasping forces, giving the user force control [14]. This arm is 
unique by using additional inputs switches on the users feet to 
perform complex tasks [13]. 

The second aforementioned project, LifeHand 2, aims to 
develop an implantable prosthesis system via the users nervous 
system [15]. An amputee recently allowed researchers to 
connect electrodes to the his peripheral nervous system, within 
his arm - an invasive method of retrieving myoelectric signals. 
He was able to control the gripping force of a prosthetic hand, 
distinguish different object shapes, and even their stiffness. The 
experiments were performed while the amputee wore a 
blindfold and earphones to block out additional senses [16]. 
The amputee can be seen in Fig. 2 [17] performing one of the 
tests.  

 

Fig. 2. Life Hand 2 Amputee Testing 

V. THE TOUCH HAND 

In the years 2013 and 2014, a prototype prosthetic arm was 
developed at the University of KwaZulu-Natal. The most 
prominent result of the research was the composition of the 
Touch Hand, consisting of three major segments; the hand, 
wrist, and forearm.  

A. Objectives 

Implementing a new approach to EMG control of a 
prosthetic hand was a primary goal. This was to be supported 
by a novel sensory feedback system, with the capability of 
relaying multi-sensory information to the user. An additional 
research goal was to establish an inexpensive, modular 
prosthetic arm that was able to give human-like functionality 
and performance, which would facilitate the primary goals. 

B. Mechanical Design 

Fig. 3 gives a visual comparison between the CAD and 
physical model of the final hand. The total number of degrees 
of freedom (DOF) that exist in the hand are 16. Seven motors 
were used in the hand, six for the fingers and one for the wrist. 
Acrylonitrile butadiene styrene (ABS) plastic was used to 3D 
print all the custom designed components. The total production 
cost of the hand was less than $1000, much less than 
commercial options. 

Fig. 3. Touch Hand: (a) physical hand, (b) CAD modeled hand 

Finger actuation was possible using a separate wire for the 
index, middle, ring, and small finger, while the thumb used two 
wires. Each wire was attached to a pulley, driven by a motor 
through a worm gear. Hence, the motor could wind or un-wind 
the wire, pulling or releasing the wire.  When the wires were 
un-wound by the motors, elastic bands would pull the fingers 
back toward full extension. The hand was attached to an 
amputee through a custom fit socket, and an arm strap. 

The finger open/close kinematics were graphically 
compared to a single human hand example, through spatial 
joint trajectories and velocities. Analytical errors were not 
determined, but the results showed approximately a minimum 
velocity error of 15%, and the maximum joint trajectories error 
was approximately 40 mm, or 100%.  

The major mechanical performance measures of the 
prosthetic hand have some significant discrepancies to human 
measurements. The power, hook and lateral grip forces of 
19.5N, 8.25kg and 3.7N, respectively, are 28%, 18% and 14% 
of the lowest value of the commercial products previously 
discussed, respectively. The closing time of the prosthetic hand 
was measured to be 2 seconds, 25% off of the measured human 
hand time. 



 

 

C. Electronics 

The electronics was broken up into four primary sections: 
EMG sensors, tactile sensors, Haptic User Interface (HUI) and 
haptic feedback, and finally the motor actuation and position 
feedback circuitry. Fig. 4 represents the flow diagram of 
electronic communication between these areas. 

 

Fig. 4. Touch Hand electronics flow diagram 

A Seeeduino Mega development board, based on an 
Atmega 1280 microcontroller (MCU), was used to integrate all 
of the sensors, external circuitry, and control software. EMG 
electrodes were strategically placed on muscles to pick up 
contractions. Brushed DC motors were used for actuation. 
Motor positions were controlled with PWM signals, through 
dual h-bridge breakout boards. Flex sensors, positioned along 
the length of each finger, were used for motor positional 
feedback.  

The user was fed information via haptic (sense of touch) 
feedback, through a vibrotactile display (array of vibration 
motors). Force, temperature, and vibration sensors were 
incorporated in order to measure grip force, object slip, texture, 
and temperature. 

D. Control 

The Haptic User Interface (HUI) was designed to create a 
communication link between the user and the control of the 
prosthetic hand. A two channel EMG electrode setup was used, 
where each channel measured a specific muscle contraction. 
The user sends information to the MCU through the EMG 
electrodes, after processing this information, the MCU 
responds through the vibrotactile array, and moves the hand 
fingers as necessary.  

Different grip patterns are selected through the HUI menu. 
The user can navigate through a list of grip patterns categorised 
into different groups: opposed grips, non-opposed grips, 
gestures, wrist and elbow. Each of these categories then have a 
number of grip options. The menu initialises in the home 
position, followed by up and down navigation by the user 
individually contracting specific muscles. Selecting an option 
is done by simultaneously contracting two specific muscles.  

The hand has 7 different grip types to select from, as well 
as 12 different hand positions and gestures. More grips could 
be added to the HUI menu, however this would increase the 

maximum time to select an option. A maximum time of 5 
seconds was measured for selecting a grip type. 

Using the vibrotactile array, a feedback investigation was 
done using information of grip force, slip detection, object 
texture and temperature. Force and temperature information 
were easily integrated, however algorithms for slip and texture 
detection were not implemented. Instead, slip and texture 
detection data was simulated when performing tests with 
volunteers. The results showed that increasing the number of 
sensory feedback channels decreased the ability of the test 
subjects to discriminate the information. 

E. Problems and Improvements 

Following the previous description of the Touch Hand, 
there are some clear areas of improvement. These include, but 
are not limited to, aesthetics, grip adaptability, kinematics, grip 
forces, electronic hardware, motor control, user interface. 

1) Aesthetics: It is clear from Fig. 3 that the final hand 

does not have a close visual representation of the human hand. 

There are many corners, edges, flat surfaces, and exposed 

sections that cause this. It could have a cosmetic glove (a 

glove that has the aesthetics of the human skin), to give a 

realistic appeal. 

 

2) Grip Adaptability: A problem not previously described, 

is that the fingers are not able to adaptively grasp every type 

of object shape. An example is shown in Fig. 5, where the 

hand is attempting to grasp a round surface. The distal phalanx 

(end finger bone) and middle phalanx (middle finger bone) do 

not sit flush against the surface. This is due to the wire 

inducing torques about each joint of the finger. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Touch Hand gripping a ball 

3) Kinematics & Grip Forces: The kinematic and grip 

force results, previously described, show a large gap of 

improvement. More emphasis on improving spatial joint 

trajectories will yield more realistic finger movements. 

Reducing the closing time of the hand will have a similar 

affect. Grip forces were described as being between 14% and 



28% of commercial product values. These values should be 

increased closer to human abilities. 

 

4) Electronics: Improvements on the electronics include 

the aesthetics and motor control. Looking at the electronics of 

Fig. 3, it is obvious that the mess of wires and boards give an 

unpleasant visual appeal. Compacting the electronics in an 

enclosed area would result in more realistic hand-like 

aesthetics. Wireless technology for programming and self-

contained batteries for power could assist with this goal. Using 

flex sensors for motor position control requires a large amount 

of space in the finger. There are other positional feedback 

options, such as encoders, that would most likely give a higher 

positional resolution, whilst using less space. This would 

support a fast responding, high accuracy control system. 

 

5) Control: In terms of control, there are four subjects of 

improvement and future work. The first is reducing the 

maximum grip type selection time. Any human can make hand 

movement decisions in fractions of a second. The second 

would be to develop software that would assist with selecting 

the optimal position of the EMG electrodes on the available 

muscles. The third is that the strategy of using pulse length to 

discriminate various sensory intensities, was difficult for test 

subjects because they did not have a clear reference point. 

Using an alternative strategy may resolve this. The fourth and 

final possible improvement is to design and implement control 

for grip force. This could also include automatic grip force 

control through slip detection - the grip force on an arbitrarily 

shaped object would change such that it does not slip out of 

the grasp. 

VI. DESIGN OBJECTIVES FOR THE TOUCH HAND II 

This research is aimed at designing and developing a 
prosthetic hand for transradial amputees, implementing specific 
improvements on the Touch Hand. The hand shall be named 
the Touch Hand II. The objectives for this design are extracted 
from possible improvements on commercial prosthetic hands, 
the Touch Hand, and considering qualities desired by amputees 
using prostheses [18]. 

The objectives for the Touch Hand II are listed as 
improvements on the Touch Hand. These are: 

 aesthetics, by creating a compact mechanical hand 
design with self-contained electronics; 

 grasping compliance, by incorporating an adaptable 
finger grasping design; 

 implementing a low cost, novel grip force control 
design; 

 performance measures, such as reducing the hand 
closing time, increasing the gripping forces, and 
increasing the maximum loads; 

 modularity, by enabling the hand to measure a number 
of senses - temperature, vibration, grip force, finger 
position - for future feedback and control strategies. 

 cost, by keeping the total manufacturing cost below 
$1000. 

VII. CONCLUSION 

Amputations of the hand cause a person to struggle with 
interacting with their environment, due to the removal of a 
complex part of the body.  

Prosthetic hands have been around for centuries, however 
only in the past few decades electronically controlled 
commercial prosthetic hands have become available. These are 
able to form a number of grip patterns, controlling the position 
of each finger. 

Improvement areas of commercial hand prostheses include 
cost, modularity, control, and sensory feedback. The Touch 
Hand was developed to attend to some of these issues, although 
a number of improvements on the Touch Hand have been 
identified. A set of design objectives for a new prosthetic hand, 
the Touch Hand II, have been listed, which will address 
specific improvements on the Touch Hand. 
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