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Abstract In this research paper, non-conventional
actuation technology, based on shape memory alloys,
is employed for the development of an innovative low-
cost five-fingered prosthetic hand. By exploiting the
unique properties of these alloys, a compact, silent and
modular actuation system is implemented and inte-
grated in a lightweight and anthropomorphic rapid-
prototyped hand chassis. A tendon-driven underac-
tuated mechanism provides the necessary dexterity
while keeping the mechanical and control complexity
of the device low. Tactile sensors are integrated in the
fingertips improving the overall hand control. Embed-
ded custom-made electronics for hand interfacing and
control are also presented and analyzed. For the posi-
tion control of each digit, a novel resistance feed-
back control scheme is devised and implemented. The
functionality and performance of the developed hand
is demonstrated in grasp experiments with common
objects.When compared to the current most advanced
commercial devices, the technology applied in this
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prototype provides a series of improvements in terms
of size, weight, and noise, which will enable upper
limb amputees to carry out their basic daily tasks more
comfortably.
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1 Introduction

Much effort over the last years has been involved
in the creation of advanced robotic hands imitating
the functionality and form of their biological coun-
terpart. Inspired by the dexterity and versatility of
the human hand, scientists from all over the world
strive towards the development of more anthropo-
morphic manipulators. Some impressive devices have
already been demonstrated such as the Shadow Hand
[1], DLR Hand [2] and NASA/JPL Robonaut Hand
[3]. These hands can be employed in various applica-
tion fields such as in automation, tele-manipulation,
humanoid robotics and space exploration. However,
when it comes to prosthetics, these hands fail to oper-
ate successfully, since different physical constraints,
challenging trade-offs and strict criteria must be met
in order to be acceptable by their users. These crite-
ria have already been disclosed in several publications
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[4-8] and include humanlike appearance, compact-
ness, low weight and cost, silent operation and the
ability to form a competent number of prehension pat-
terns useful in performing most of the activities of
daily living (ADLSs); as expected, the compromise of
these demanding specifications leads to less dexter-
ous devices than the previously cited state-of-the-art
robotic hands.

In the early 1970s, motorized prosthetic hands with
one degree of freedom (DOF) became commercially
available. These were basically simple grippers with
two rigid fingers in opposition to a rigid thumb, and
hence with poor grasping capabilities [9]. Recently,
commercialized hand prostheses have seen a signifi-
cant improvement with the introduction to the market
of novel multi-articulated designs, capable of different
grasping patterns. In 2007, i-Limb hand (Touch Bion-
ics, Inc.) was the first-to-market prosthesis with five
individually-powered digits and a manually rotatable
thumb. Few years later, the Michelangelo hand (Otto-
bock, Inc.) and the Bebionic hand (RSL Steeper, Inc.)
were also introduced with similar features. In 2013,
the latest revision of the i-Limb hand (i-Limb Ultra
Revolution) possessing a powered rotating thumb has
become available [10]. Several research laboratories
have also demonstrated impressive multifunctional
devices for prosthetic purposes. Some of the most
recent notable efforts include the SmartHand [11],
and the full prosthetic arm created by DEKA [12]
within the framework of DARPA’s Revolutionizing
Prosthetics program.

Although all these hands are a major breakthrough
compared to the previous status of the electrically
powered prostheses with the single-DOF devices, they
are still insufficient to fulfil all the aforementioned
needs of their users. In particular, issues concerning
their weight, cost and noise levels are some of the
major shortfalls that lead to lower user satisfaction and
acceptance rates. All these issues are strongly related
with the limitations imposed from the conventional
direct-current (DC) electric motors utilized for their
actuation. Despite the widespread use of these actu-
ators in a large range of applications, they undergo
drastic reductions in power as they are scaled down;
as a consequence, bulky, heavy and noisy driving
systems with increased manufacturing costs are req-
uisite. Other traditional actuators such as hydraulic
and pneumatic actuators, which are much lighter than
electric motors for the same power capability, have
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been investigated - e.g. the Fluidhand [13] - but have
other limitations such as a complex system of pumps
and valves, and a requirement for compressed air to
operate.

Therefore, finding alternative types of actuation
becomes critical for enhancing prosthesis functional-
ity and acceptance. Towards this goal, a large vari-
ety of non-conventional actuators have already been
investigated as potential candidates for the next gen-
eration of upper limb prostheses. Thorough review
papers and comparative studies have also been pub-
lished [14-16]. One of the most promising of these
actuators concerns the utilization of Shape Mem-
ory Alloys (SMAs) and in particular Nickel-Titanium
(NiTi) alloys (or Nitinol). These are smart materials
that have the ability to return to their predetermined
shape when heated above a certain transition temper-
ature. This property (known as shape memory effect)
is due to a solid-state phase transformation from the
martensite form to the austenite form [17]. During this
transformation, if SMAs encounter any external resis-
tance, they can yield ample actuation forces. Their
most commonly used form involves inexpensive thin
cylindrical wires optimized to contract like muscles
when heated. These actuator wires present an incred-
ibly high power-to-weight ratio and can be easily
driven by electrical current via ohmic heating. Addi-
tional assets include a cost-effective inherent position
feedback method (given a relationship between elec-
trical resistance and strain) and silent operation. The
latter feature is particularly important in prosthetic
applications wherein users do not want to attract atten-
tion when operating their prostheses.

Robotic hand designs employing SMA wires as
actuators have already been disclosed in a few publi-
cations. DeLaurentis and Mavroidis presented an early
prototype of a 20-DOF hand designed to be actu-
ated by bundles of SMA wires [18, 19]. Maeno and
Hino developed a miniature five-fingered robotic hand
for dexterous manipulation of small tissues and parts
in medical and industrial fields [20]. Cho, Rosmarin
and Asada demonstrated a five-fingered robotic hand
with 16 controlled DOFs and SMA wires divided into
32 independently joule-heated segments [21]. Jung,
Bae and Moon have proposed a lightweight SMA
underactuated hand with five digits and only 6 con-
trolled DOFs [22]. Lee, Okamoto and Matsubara have
recently developed and tested a hand prototype with a
fixed thumb and four fingers, actuated by SMA wires
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installed inside the fingers [23]. Moreover, some other
research groups have experimented with preliminary
finger setups [24-28] and grippers [29-31].

To the authors’ knowledge, there is still no com-
pact and practical device presented in the engineering
literature that employs SMA actuators and can be
envisioned as a true prosthetic aid for upper limb
amputees. The limiting factors that hindered till now
the successful integration of these actuators in pros-
thetic applications are mostly related to strain, effi-
ciency, speed and control issues [4, 14]. The main
objective of this research work is to mitigate these
issues with the appropriate techniques and methods
and devise an innovative prosthetic hand by effectively
exploiting the competitive advantages of the SMAs.

The following sections present the design, fabrica-
tion and control of an anthropomorphic, multifunc-
tional and compact prosthetic hand with SMA actua-
tors. The prosthetic hand system described herein is
the outcome of a number of years of research [32—
35], whereby each of its aspect has been explored
to fulfil most of the needs of the prostheses users.
The structure of the remainder of this paper is as
follows. Section 2 describes the mechanical design
and physical implementation of the hand chassis.
Section 3 presents the development and integration
of the SMA actuation system and electronics within
the hand envelope. In Section 4, control experiments
with a single-finger testbed are presented, while the
performance of the self-contained hand prototype is
evaluated in grasp experiments of everyday objects.
Finally, Section 5 summarizes and discusses the con-
tribution of this paper and gives an outlook on future
work.

2 Prototype Development

Considering the current technological means, the
human hand still represents an immensely challenging
benchmark for every designer. Its functional unique-
ness arises from a complex geometric arrangement of
joints, tendons and muscles enabling a massive array
of movements and uses. Although it is not in the
scope of this research work to develop an anatomical
copy of the human hand, a comprehensive study of
its physiology was conducted. Through the functional
understanding of the human hand, it is easier to derive
the guidelines for the design of a multifunctional

yet compact prosthetic device with anthropomorphic
appearance.

The human hand consists of many small bones
called carpals, metacarpals and phalanges (Fig. 1).
The carpals are located in the wrist, the metacarpals
form the palm, and the phalanges constitute the skele-
ton of the fingers and thumb [36]. The four fingers
(index, middle, ring and little) have similar structure,
with each of them containing three phalanges: the
distal phalanx, carrying the nail, the medial (or inter-
mediate) phalanx, and the proximal phalanx. These
phalanges are connected by two 1-DOF hinge joints,
called interphalangeal joints (IP joints), allowing flex-
ion/extension movements. The joint near the fingertip
is called the distal IP joint (DIP joint) while the
other one is called the proximal IP joint (PIP joint).
Unlike the fingers, the thumb contains only two pha-
langes and consequently only one IP joint. All digits
(fingers and thumb) connect to their corresponding
metacarpals through condyloid 2-DOF joints, called
metacarpophalangeal joints (MCP joints or knuckles).
These joints, which are treated ideally as saddle or uni-
versal joints [37], permit flexion/extension as well as
limited abduction/adduction movements. The motion
of the thumb is also dictated by another joint, its car-
pometacarpal (CMC) joint, found at the base of its
metacarpal bone. This joint has two non-orthogonal
and non-intersecting rotation axes [38] and can be
considered as a 2-DOF saddle joint. It produces flex-
ion/extension and abduction/adduction motion and
based on its geometry enables thumb opposition, one
of the primary factors of the versatility and dexterity

Distal phalanges
Medial phalanges

Proximal phalanges

Metacarpals

Carpals

Fig. 1 Bones and joints of the (right) human hand [40]
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of the human hand [36]. On the contrary, the CMC
joints of the finger metacarpals have very limited
motion capability. More specifically, the metacarpals
of the index and middle fingers are fixed, while the
metacarpals of the ring and little fingers are free to
move in a small range enabling palm curving; an
important feature for some grasping tasks. In total, the
human hand alone has at least 17 joints and 23 DOFs
[39].

Joint motion is produced by contractile forces
exerted by muscles located in the forearm (extrinsic
muscles) and palm (intrinsic muscles). These forces
are transferred to the bones of the digits via flexi-
ble and strong connective tissues, known as tendons.
Due to tendon connections, the forces generated by
the muscles are translated into torques about the hand
joints. Since muscles are only able to exert pulling
effort, antagonistic (i.e. opposing) muscle pairs are
employed for moving these joints. The extrinsic mus-
cles are able to transfer force not only to a single joint
but also to several joints due to a convoluted network
of interdependently acting tendons - this sophisticated
tendon arrangement contributes to the high function-
ality of human hand. These muscles are large and
provide the necessary strength for flexion (flexor mus-
cles) and extension (extensor muscles) of the digits.
On the other hand, the intrinsic muscles are small and
weaker, and used for adduction/abduction and other
precision movements of the digits. Thus, whereas the
extrinsic contribution resulting from the large pow-
erful forearm muscle groups is more important to
hand strength, the fine precision action imparted by

Fig. 2 CAD model of the
prosthetic hand in different
views
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the intrinsic musculature gives the hand an enormous
variety of capabilities [41].

2.1 General Design Specifications

Based on the above study of the human hand physi-
ology and taking into consideration the requirements
of the upper limb prostheses users, an SMA actu-
ated anthropomorphic prosthetic hand was designed
(Fig. 2). The selection of its characteristics and spec-
ifications was determined by trade-offs between dex-
terity, complexity, size and weight. In order to retain
hand compactness, the actuators and electronics are
remotely located in a small-sized forearm structure,
as shown in the CAD representation of Fig. 3. Simi-
larly to the human hand, drive transmission is achieved
through the use of artificial tendons (further details
about the implemented transmission type will be dis-
cussed later).

The shape and size of the proposed hand prosthe-
sis was designed to be anatomically consistent with
that of an average human hand. Specifically, its dimen-
sions, shown in Fig. 4, were extrapolated from anthro-
pometric hand data for a 50" percentile US female
[42]. The digits of the prosthetic hand, presented in
Fig. 4 in their fully extended position, are mounted on
the palm section with fixed inclinations and they are
easily removable when necessary with just unscrew-
ing the corresponding bolts, hence allowing ease of
maintenance and service. The hand opening (i.e. the
distance between the tips of the thumb and index fin-
ger) is also illustrated to be equal to 135.8 mm. This
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Fig. 3 Self-contained hand model with translucent covers

exceeds by far the 100 mm limit, suggested by Weir
and Sensinger [43] in order an artificial hand to be
able to grasp everyday objects like beverage cans.
It is noted that the current most advanced commer-
cial prosthetic hands, such as the i-Limb, have the
same hand opening as the current design, allowing for
grasps of large-volume objects to be performed.
Special care was taken in the design of the palm.
Inspired by the human hand and the grasp stability that
its arches provide [44], a cambered palm was designed

Fig. 4 Dimensions of the
prosthetic hand

as it is illustrated in Fig. 5. Unlike other hand prosthe-
ses which incorporate conventional voluminous actu-
ators into their palms, the presented prosthetic hand
takes advantage of its remotely located actuators in
order to improve the anthropomorphic characteristics
of its palm structure.

2.2 Kinematic Design

One of the key challenges in the prosthetic hand
design concerns the definition of its kinematic struc-
ture. In order to allow the reproduction of the most
common grasping types of the human hand, a high
number of DOFs was chosen to be implemented as
shown in Fig. 6. Each digit comprises three hingedly
connected segments and thereby three DOFs. In
total, the hand integrates fifteen (15) 1-DOF joints
named after the corresponding ones (CMC, MCP,
IP, PIP, DIP) of the human hand, albeit not exact
analogues. Compared to the human archetype, the
abduction/adduction motion of the MCP joints is not
implemented in this design since it would adversely
affect the shape, size and mechanism simplicity. For
the same reason, the CMC joints of the ring and lit-
tle fingers are omitted. Regarding the thumb, its CMC
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Fig. 5 Curvature of the
prosthetic hand shown on a
black-to-red scale. Black
color illustrates totally flat
surfaces

joint is simplified to a 1-DOF joint permitting only
abduction/adduction movements. It is noted that set-
ting up the location and orientation of the axis of this
joint was one of the most challenging tasks and sev-
eral designs were evaluated to ensure proper thumb
functionality.

Due to the restricted weight and space criteria of
our design, only a limited number of actuators can be
accommodated in the structure. Therefore, an under-
actuation concept was exploited, wherein a number of
DOFs is controlled with less number of actuators, yet
allowing each digit to move separately. Specifically,
as shown in Fig. 6, each finger was designed to have
two underactuated controllable joints (MCP/PIP) and

Ring

) “ Passive
\ Llﬁl

Underactuated

Middle

Fig. 6 Kinematic structure of the prosthetic hand
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one passive DIP joint. The thumb was also designed
to have a pair of underactuated controllable joints
(MCP/IP) and additionally one independently control-
lable joint (CMC).

This underactuated mechanism allows the pros-
thetic hand to grasp objects of various sizes and shapes
by passively adapting to their geometry (adaptive
grasp), in a manner similar to the manner in which the
digits of a human hand grasp and hold such objects.
Thus, the final position of each digit is defined by
the geometric characteristics of the grasped object.
Underactuated mechanisms have already been exten-
sively studied and implemented successfully in several
artificial hands — e.g. the Laval hands [45, 46].

In order to transmit forces from the actuators to
the moving links of the prosthetic hand, a tendon-
based system is used. The biological inspiration sug-
gests that this type of transmission system is bene-
ficial. Indeed, many prehension devices have already
adopted tendon-based systems for minimizing their
transmission dimensions and weight, reducing setup
and maintenance costs and offering a gentler grasping
compared to other types such as linkages or gears [47].
In this research work, artificial tendons made of nylon-
coated stainless steel cables are employed in order to
propagate the actuation to the controllable joints of the
hand. These cables were opted due to their high stiff-
ness, flexibility and low friction. As it will be shown
in the following section, they are guided by means of
pulleys, placed in the joints of each digit, ensuring the
necessary torque is provided no matter the posture of
the digit.
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Fig. 7 Exploded view of a representative finger

2.3 Fingers Design

Each finger is constructed in substantially the same
manner. It consists of three “phalanges” (this term is
intentionally selected for describing the links of the
fingers as in the human hand), whose dimensions were
determined using the anthropometric measurements
found in [42] and the study of [48]. Some adaptations,
however, were made to fit the design needs. Moreover,
phalanges of different fingers which were estimated to
be close in size are modeled as being identical with
the same average dimensions. In this way, the number
of different parts of the hand is reduced as well as its
future manufacturing cost.

In Fig. 7, the main components of each finger
are presented. The three phalanges (proximal, medial
and distal) are interconnected with metal shafts of 2
mm diameter. Another shaft interconnects the prox-
imal phalange to a finger mount (knuckle) secured
to the palm section by means of a screw. In order

Fig. 8 Cross-sectional side
view of a representative
finger showing tendon
routing

to minimize friction, each shaft is supported by a
pair of 6 mm outer diameter ball bearings, snap-
ping into the corresponding finger apertures. All these
three parallel-to-each-other shafts form the axes about
which the finger phalanges rotate. Miniature brass idle
pulleys were custom-fabricated and mounted on the
shafts of the tendon-driven underactuated finger joints
(MCP/PIP). DIP joint is passively flexed at 25 degrees
via a small compression spring between the medial
and distal phalange and thereby compliant fingertips
are achieved for more stable grasps.

As it is shown in Fig. 8, finger actuation is achieved
via a pair of opposing tendons: one for flexion - flexor
tendon, and another for extension - extensor tendon,
routed under and over the guidance pulleys, respec-
tively. This bidirectional tendon system is necessary
since tendons can only be used to pull. The one end of
the extensor and flexor tendons, as it will be discussed
in Section 3, is tied to an active or passive actuation
device. The other end of these tendons is fixed in the
medial phalange of the finger by means of low-profile
securing devices. Each of these devices comprises a
plastic tube and a screw, configured in such a way that
slight adjustments of the tendon length can be easily
implemented in order to compensate when necessary
any tendon creep or slackening.

The range of motion (ROM) of these joints is sum-
marized in Table 1. Analytically, in each finger, the
MCP joint has a ROM from 0°(extension) to 100°
(flexion) while the PIP joint from 15° to 90° (hence
75°ROM). The DIP joint, as already mentioned, can
be passively extended up to 25°. The workspace of a
representative finger (index) is drawn in Fig. 9. As it is
shown, the working envelope is large enough in order
to permit enclosing various objects of different sizes
and it covers almost the same ROM of a human finger
[36]. However, due to the underactuated mechanism
employed in each finger, the different positions of the
fingertip, which define the workspace of Fig. 9, can

Extensor Tendon

Compression Spring

Flexor Tendon
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Table 1 Joint motion

Joint ROM Type of Motion
Fingers MCP 100° (0-100°) Underactuated
PIP 75° (15-90°) Underactuated
DIP 25° (0-25°) Passive
Thumb CMC 50° (0-50°) Actuated
MCP 90° (0-90°) Underactuated
1P 50° (0-50°) Underactuated

only be achieved under the presence of certain exter-
nal forces exerted by grasped objects or other external
constraints.

On the other hand, in the absence of external forces,
the fingertip trajectory is determined by the gener-
ated torques at the underactuated joints of the finger.
More specifically, as it is already shown in Fig. 8,
artificial tendons generate torque at the MCP and PIP
joints by means of pulleys whose external diameters
were selected to be 8 mm and 5 mm, respectively;
this was an empirical selection dictated by the gen-
eral need of having larger torque at the base joint of
the finger [49] and taking into consideration the avail-
able force and displacement levels of the actuators
(further details in Section 3.2). Assuming a constant
tension in the extensor tendon, the extension torque
produced in each joint is also constant since pulleys
are always in contact with this tendon. On the contrary,
the torque produced by the flexor tendon is variable.
Instead of having this tendon wrapped around the

Fig. 9 Workspace of the index finger with (red) and without
(blue) motion of the DIP joint. Finger scheme is depicted in its
stretched out position
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pulleys for generating a constant torque amount, it was
preferred to run it under the pulleys. In this way, the
distance of the flexor tendon from each of the joint
axes varies depending on the finger posture and the
physical constraints of the finger interior. Apart from
the obvious benefits in finger assembly, this way of
tendon routing ensures that the fingertip trajectory fol-
lows the same path of Fig. 10 for both flexion and
extension finger movements. As it shown, during flex-
ion of the finger, the proximal phalange moves first
and then the medial phalange motion takes place. In
this way, fingers are able to curl around objects to
form a stable grip. During opening of the hand (exten-
sion movements), fingers travel on the same pathway,
with their phalanges having the reverse sequence of
motion. It is noted that the finger trajectory is not sig-
nificantly influenced from the gravity conditions since
the weight of the finger phalanges is low and thus their
torque contribution is negligible.

2.4 Thumb Design

Given the great importance of the thumb in the dex-
terity and versatility of the human hand, much design
effort was expended in ensuring its high function-
ality in the proposed prosthetic device. Its structure
differs substantially from the one shown previously
in the fingers. It consists of three movable links
patterned after human anatomy including two pha-
langes and a metacarpal segment. Their dimensions,
though based on anthropometric data, are more of

Y (mm)

— PIP motion
i | = MCP motion

Fig. 10 Superimposed images of the index finger for three
positions across the trajectory of its fingertip in the absence of
external forces
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the result of an iterative simulation process. Thumb
assembly includes also a part, specifically designed
to fit and secure to the palm section and connect
with the metacarpal. Metal shafts are used for forming
the joints of the thumb. In contrast with the fingers,
only the axes of the last two joints of the thumb
(MCP/IP) are parallel to each other while the axis of
the CMC joint is placed perpendicular to them. The
ROM of these joints can be found in Table 1. Figure 11
illustrates schematically the travel range of the CMC
joint; this abduction motion combined with flexion of
the other two joints moves thumb in opposition to the
other fingers.

In Fig. 12, the thumb structure is presented with
its joints at their stretched out position. The routing
of the tendons is also shown in this figure. Specifi-
cally, the CMC joint employs only one tendon for its
actuation along with a bias extension spring integrated
between the proximal phalange and thumb mount. The
MCP and IP joints use also a spring-biased scheme.
Standard coil springs are properly arranged between
the thumb phalanges providing a passive flexion force.
However, besides an extensor tendon, a flexor tendon
is also used in order to increase force exertion dur-
ing grasping tasks. A pulley system having the exact
same characteristics with the one found in the fingers
is used for these two underactuated joints. Special care
was taken to ensure that the routing of these tendons
do not produce any torque in the CMC joint. This was
achieved with metal guide shafts horizontally mounted
into miniature bearings in the thumb mount. Bearings
are also provided for all the joint shafts for limiting
friction in tendon transmission.

w—;'fuﬂh“
cﬁf"' A P‘

\ 50°

Fig. 11 Range of motion of the CMC thumb joint

2.5 Prototype Fabrication

The physical implementation of the hand design is
realized using Selective Laser Sintering (SLS) pro-
cess. SLS is an additive rapid prototyping process that
builds rapidly three dimensional solid parts layer upon
layer by using a laser to selectively sinter (heat and
fuse) a powdered material [50]. In this research work,
a fiber-reinforced plastic composite (Duraform HST)
with high strength and stiffness was used for building
each of the components of the hand chassis.

Once the different CAD-generated solid parts were
built, the chassis of the prosthetic hand was assembled
with the help of the other critical components (screws,
shafts, bearings, etc.). Its mass is about 160 grams and
as it will be discussed later, after the integration of the
actuators and electronics, the whole hand prototype is
estimated to weigh significantly less than the current
commercial solutions. The dorsal and palmar views
of the assembled hand chassis are shown in Fig. 13
while in Fig. 14 a comparison with the human hand is
provided.

Using a rapid prototyping process was critical
in realizing the biomimetic shapes and features of
the hand as well as its complex internal structures
that would have been extremely difficult and costly
to manufacture by traditional techniques. Moreover,
since rapid prototyping allows for a low-cost and fast
turnaround from design submission to product visu-
alization, early physical prototypes were developed
and tested in order to enhance design parameters and
optimize hand performance.

2.6 Tactile Sensors

In order to improve hand control during object grasp-
ing and enable sensory feedback to the amputees,
commercially available force sensors were customized
and integrated in the distal phalanges of the thumb,
index and middle finger of the prototype. More specif-
ically, force sensing resistors (FSRs), produced by
Interlink Electronics Inc., were selected to be fitted
in these fingertips. FSRs are robust polymer thick-
film two-wire devices that exhibit decreased resistance
when force is applied normal to their surface. They
have wide appeal from the standpoint of compact size,
low cost, good sensitivity, and simple electronics [51].
Although these sensors are generally appropriate for
qualitative rather than precision measurements, their
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Fig. 12 The designed (a)
thumb in a top view, b
cross-sectional A view and
¢ cross-sectional B view,
showing tendon routing

CMC MCP

lexor Tendon

lexor / Extensor Tendons

performance was found to be sufficiently accurate for
measuring fingertip forces.

The design and implementation of the distal fin-
ger phalanges incorporating FSRs are presented in
Figs. 15 and 16, respectively. As it is shown, the
smaller off-the-shelf sensor (FSR 400 with an active
areca of 5.08 mm diameter) was customized and
mounted on a printed circuit board (PCB). This PCB

Fig. 13 Prototype of the
prosthetic hand in a dorsal
and b palmar view

@ Springer

was employed to ensure a flat surface underneath the
sensor (requisite for proper function) and also to con-
nect with a two-wire cable for interfacing the sensor
with its remotely located electronics. This assembly is
then covered with a silicone layer to evenly distribute
any applied force and improve accuracy and repeata-
bility of the measurements. A similar sensor assembly
and structure is also adopted in the distal phalange of

\LALIET
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Fig. 14 Comparison between the prosthetic hand prototype and
the human hand

the thumb with the only essential difference being the
integration of an FSR sensor with larger active area
(FSR 402 with an active area of 12.7 mm diameter).
Additionally, the sensory capabilities of the hand
were enriched with the integration of a miniature
surface-mount thermistor (Panasonic NTC thermistor,
Part No. ERTJ1VGI103FA) in the distal phalange of
the ring finger (Fig. 17). A thermistor is a type of
resistor with resistance varying according to its tem-
perature; it was favored over other technologically dif-
ferent temperature sensors due to its quick responses,
low cost, small size and easy interface needed for
reading its values [52]. Using this sensor, thermosen-
sitivity is introduced in the hand prosthesis allowing
for temperature monitoring of the grasped objects and

Silicone Cover
FSR Sensor

(b)

Fig. 15 CAD model of a distal finger phalange incorporating
an FSR sensor in: a perspective view, b side view, and ¢ cross-
sectional side view

thereby avoiding any damages when touching very hot
or cold objects. As in the force sensor assembly, a PCB
is employed for the wiring interconnections while a
silicone layer is also used for covering the sensor. Sil-
icone is extremely resistant to high temperatures and
also reduces heat dispersion and as such contribut-
ing towards correct temperature measurements. The
effectiveness and responsiveness of the developed sen-
sor assembly was tested and illustrated in Fig. 18.
More specifically, at room temperature (32°C), the
distal phalange gets in contact with a 50°C hot surface
of a thermoelectric module (Multicomp HPE-127-14-
06); whenever the temperature change (AT) becomes
higher than the predefined threshold, a temperature
alarm is produced and the phalange is manually moved
away from the hot surface. The electronics used for
acquiring the sensor measurements are described in
Section 3.4.

2.7 Cosmetic Cover

A glove-like cover of 1 mm thickness for the hand
prototype was modeled and then molded using a sili-
cone rubber material (Smooth-On Dragon Skin) with
shore hardness of 10A (Fig. 19a). This material is
durable and resistant enough to puncture or ripping
while having high elasticity; hence, when the glove is
on, no severe interference with the hand performance
(range of motion, speed and force output) occurs. It
also has much higher coefficient of friction than the
plastic sintered material of the hand chassis result-
ing in more stable grasps with lower needed contact
forces. In addition, the developed glove, when fitted
on the hand prototype (Fig. 19b), serves as a protec-
tive cover from wear and dust while also providing a
more normal anatomical silhouette.

3 Actuation System and Control Electronics
3.1 Actuation Concept

As it is already mentioned in Section 2.2, owing
to weight and space restrictions, an underactuated
tendon-driven mechanism is implemented in the pros-
thetic hand design allowing each digit to be inde-
pendently controlled. Moreover, non-conventional
muscle-like SMA actuators, and specifically NiTi
actuator wires, are intended to be integrated in the
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Fig. 16 a Interlink
Electronics FSR 400 sensor.
b Distal finger phalange
incorporating the FSR 400 |
sensor, and ¢ fully '}f
assembled including a '
silicone cover

|
!

L&,g

-
(b) N’ (0)

hand chassis. These actuators display one of the high-
est work density at 10 J/em® which is a factor of 25
times greater than the work density of electric motors
and is able to lift more than 100 times of its weight
[53]. In addition, compared to the whirring DC motors
of the current commercial hand prostheses (with an
operating noise of about 50 dB [54, 55]), SMA actu-
ators are completely silent. Furthermore, using SMA
actuators there is no need for complex and bulky
transmission systems which are mostly responsible for
the increased manufacturing and assembly cost of the
conventionally actuated prosthetic hands.

However, these actuators can only provide force
in the powered direction (one-way actuators); hence,
for controlling the motion of the active joints of the
hand, these actuators must be paired with bias-force
mechanisms. These mechanisms can either be imple-
mented using other antagonistic one-way actuators
(active opposition), similarly to the opposing muscle
pairs of the human hand, or using bias springs (pas-
sive opposition). Although, active opposition has the
potential benefit of increasing dexterous capability,
particularly in regards to speed and small force inter-
actions, it requires doubling the number of actuators,

’K
2-way cable |I|cone
cover

Thermistor/}&‘};\PC ‘ N
RP part/'\

Fig. 17 Assembly of the distal finger phalange with an embed-
ded temperature sensor
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exacerbating packaging and weight issues. Therefore
passive opposition seems to be a more suitable choice
given the design constraints of the presented prosthetic
hand system. Taking also into consideration the low
energy efficiency of the SMA actuators - under prac-
tical settings, efficiency is typically below 5 % [56]
- and the absence of any back-lock mechanism that
would allow the hand to maintain grip on an object
without power being supplied to the actuators, bias
coil springs were selected to be opposed to the hand
opening. In this way, a powerless adaptive grip is pro-
vided. The hand is closed at rest in a fist position
and electrical power is required only for hand open-
ing; this results in less power consumption which is a
key concern in the battery-operated prosthetics. Sim-
ilar voluntary opening approaches have already been
adopted in some commercial body-powered prosthetic
devices [57].

In this research work, one SMA actuator is used
for the active extension of each digit as well as thumb
adduction, while preloaded coil springs act antago-
nistically to these movements. The bias springs of
the fingers are located inside the palm and forearm
area of the hand, whereas, as it is already shown, the
bias springs concerning the thumb motion are placed
inside its structure in order to facilitate assembly.
These springs must be as soft as possible to limit the
unnecessary bias forces during hand opening, yet hav-
ing a high preload force for stable and firm adaptive
grasps of the most common objects. Moreover, in case
of heavier objects, the prosthetic hand design made
provision for the inclusion of three additional SMA
actuators providing extra flexion force to the thumb,
index and middle finger. Thus, these three actuators
along with the six previously ones (five for extension
movements of the digits and one for thumb adduction)
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Fig. 18 Response of the temperature sensor assembly in a contact with a hot surface, and b repeated contact with a hot surface at
every 10 seconds

raise to nine the total number of SMA actuators which commercially available by Dynalloy Corporation.
must be incorporated in the hand chassis. These wires are low-cost one-way actuators that are

optimized to contract in length when heated above
3.2 Development of SMA Actuation Units a certain transition temperature, exerting significant

stresses (maximum safe stress: 172 MPa), and if used
The most practical SMA actuators to use in achiev- properly can last for tens of millions of cycles [58].
ing our research goals were proven to be the spe- Their heating can be achieved using various methods
cially processed NiTi wires, known as Flexinol and though the most convenient and easily applicable one

Fig. 19 a Custom-
fabricated silicone glove. b
Hand prototype covered by
the silicone glove
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is the electrical resistance heating: applying a voltage
across these wires, they can contract in less than one
second. When voltage is turned off, they are allowed to
cool and can elongate again by a relatively small bias
force. However, since these actuators are thermome-
chanical in nature, their cooling rates through natural
convection are much slower than their heating ones.
There are various methods to improve the speed
of cooling such as using forced air, heat sinks, or
liquid coolants but the simplest one is using smaller
diameter wires. The smaller the diameter the more sur-
face to mass the wires have and the faster they can
cool. Though thinner SMA wires are faster, they are
also much weaker; in other words, there is a trade-
off between speed and force. The loss of force can
be recovered by increasing the number of actuators
working together. One method is to place multiple
actuator wires in parallel as a bundle. However, as it
was experimentally shown in [59], bundling can be
an inefficient method of combining work outputs of
multiple actuators. In case it is only necessary to dou-
ble the force output, a more practical work-summation
method, which is also adopted in this research work,
involves the use of only one actuator wire folded in the
middle forming two electrically equal pathways.
Another key concern when using these wires as
actuators is their low strain capabilities: they can con-
tract only about 3—4 % of their length. Henceforth,
long wires are needed to have a fair amount of linear
displacement (i.e. stroke). But, taking into consider-
ation the tight dimensions of the hand structure, the
length of actuators must be kept as short as possi-
ble. MIGA Motor company has already introduced in
market such compact actuators with multiple Flexi-
nol wires using a patented displacement multiplication
principle [60]. However, their specifications do not
comply with the needs of this research. Therefore,
other wire layouts were investigated [26] and eventu-
ally a N-shaped layout was adopted. This wire lay-
out is also combined with the aforementioned folded
pattern for doubling the force output (Fig. 20) and
implemented within a compact structure having the
SMA wire wrapped around miniature nylon washers
(Fig. 21). The smaller washers shown in Fig. 21 are
used as structural elements of the actuation unit (AU).
In addition, for insulation purposes and faster cool-
ing times, SMA wires are running through narrow-
gauge PTFE tubes (Fig. 21, 22). Three PCBs of 0.8
mm thickness were utilized as support structures of
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Fig. 20 SMA wire in a N-shaped folded pattern. The two ends
of the SMA wire are crimped with custom-made brass eye
terminals

the SMA wire layout while bringing the necessary
wirings for interfacing with the electronics of the AU.
Moreover, brass screws are employed as structural ele-
ments. Due to their high conductivity these screws are
also used for carrying power and control signals and
interfacing with other boards, eliminating in this way
the need for a connector and thus keeping the size of
the AU as small as possible.

Attaching SMA wires to make both a physical and
an electrical connection was done by crimping. SMA
wires tend to maintain the same volume, so when they
contract along their length, they simultaneously grow
in diameter, and thus expanding inside the crimps and
holding more firmly as the stress increases through
pulling. Custom-made brass eye terminals are used for
both ends while at the middle point, where the wire is
folded, a brass tube is crimped on. A silver bolt ring is

§ Brass screw

@, Nylon washers

Fig. 21 Exploded view of an SMA actuation unit
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Fig. 22 Operating principle
of an SMA actuation unit

Cable

Bolt ring
Artificial tendon

used for joining the SMA wire with an artificial tendon
at its movable folded point. A flexible copper cable is
soldered at its one end on this ring and at the other
one on the upper PCB; in this way a parallel electri-
cal circuit is formed. So, when an electrical voltage
is applied as shown in Fig. 22, the AU contracts and
moves the attached artificial tendon.

Each of these AUs was chosen to consist of a Flex-
inol wire having a 0.25 mm diameter and a transition
temperature of 90 °C. According to its technical spec-
ifications provided from the manufacturer [58], this
wire can safely exert forces up to 9 N; hence the AU
with its folded pattern is able to produce forces up to
18 N. Its cooling or relaxation time (which refers to
the time it takes for the wire to fully return to its cold
state by natural convection at 20 °C) is about 4.5 s. As
it will be discussed later, only a fraction of the avail-
able net stroke of each AU will be used for the hand
movements and thereupon better response times are to
be expected.

In Fig. 23, one newly developed SMA AU is pre-
sented. As it is shown, a small-sized PCB that brings
all the necessary electronics for driving an AU was

Fig. 23 SMA actuation unit with embedded electronics

A r\\
. oc“\(afv“?

PTFE tube
SMA wire
Crimp tube

also developed and mounted on its upper surface ren-
dering it completely self-contained. Moreover, con-
sidering the limited available space inside the hand
prototype, a dual SMA AU was also developed and
shown in Fig. 24. This comprises of two SMA wires
in the N-shaped folded pattern. Towards this scope,
two additional 0.8 mm thick PCBs are employed
as support structures and another electronic board is
mounted on the upper surface of the AU for driv-
ing the second actuator wire. Thus, although the two
SMA wires are packed together, they act as com-
pletely independent actuators. The specifications of
the developed single and dual AUs are summarized
in Table 2. The length and width dimensions refer
to those of the structural PCBs. In the height mea-
surement, embedded electronics were also taken into
account. Regarding the AUs of the thumb, as it will
be shown in the next section, shorter length of SMA
wires are used in order to fit within the limited avail-
able space inside the hand prototype and thus smaller
strokes can be achieved.

3.3 Integration of the Actuation System

Three single SMA AUs and another three dual SMA
AUs are mounted on a common PCB, as shown in
Fig. 25, by means of the brass screws. This PCB inter-
faces the AUs with a main control board (MCB) whose
components are detailed in the next section. The whole
actuation system along with the MCB is integrated in
the hand prototype as shown in Fig. 26; the covers are
removed to reveal the inner assembly of the hand. The
whole design was targeted to facilitate easy access to
the AUs allowing for quick maintenance and service.
The four bias springs that keep all the fingers in
a closed position when AUs are not activated are
also shown in Fig. 26. These are preloaded exten-
sion springs originated in the posterior underside of
the hand prototype. Their spring preload was selected
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Fig. 24 A dual SMA
actuation unit with
embedded electronics

to be equal to 6.75 N and when the fingers are fully
opened each of these springs exert a flexion force of
about 8.75 N - a force magnitude which is much lower
than the 18 N of force output of the AUs employed for
the antagonistic extension movements of the fingers.
Given these force values, the force/torque capabil-
ity of a representative finger (index) during flexion
is illustrated in Fig. 27. More specifically, the fin-
gertip force and the torques at its two underactuated
joints are presented for the trajectory of Fig. 10. As
it is shown, fingertip forces of 1.6-3.3 N can be pro-
vided due to the preloaded springs, while higher forces
of 3.85-11.5 N are also available (excluding the ring
and little fingers) by powering the AUs that provide
extra flexion force. Given these values, the total com-
bined fingertip force of the four fingers is expected to
be between 10.9 N (stretched out position) and 29.6
N (fully closed position). These forces are relatively
low compared to the exerted forces at the human fin-
gertips (up to 30 N), yet adequate for accomplishing
most of the ADLs [36]. Although SMAs have one of
the highest power-to-weight ratio among all the actua-
tors, their low energy efficiency deters any thoughts of

Table 2 Specifications of the SMA actuation units

employing more Flexinol wires for providing higher
forces.

In addition, although compact AUs were developed
in order to pack long actuator wires and overcome
the low strain issues of the SMAs, the total length
of the presented hand (including the small-sized fore-
arm which houses the actuators and electronics) is
about 100 mm longer than that of the commercial hand
prostheses. Hence, this may hinder the fitting of the
proposed device to the amputees with long stumps.

The weight of the fully assembled prosthetic hand,
after the integration of its actuation system and elec-
tronics, is about 310 grams, and with the silicone glove
on the total weight does not exceed 350 grams. So,
compared to the current high-tech commercial pros-
thetic hands that weigh more than 450 grams without
their battery (which is usually hosted in the prosthetic
socket proximally to the residual limb) [61], the devel-
oped hand is far lighter. This is of primary importance
among prostheses users; based on recent studies [7, 8],
the weight of the prosthesis is still one of the primary
reasons of user fatigue and discomfort that lead to its
early rejection. Thus, the presented prosthetic device

Specifications (units) Single Dual
Length/Width/Height (mm) 147/10.5/6.5 147/10.5/10
Mass (g) 12 18

Output force/ea. (N) 18

Stroke/ea. (mm) 15 (12.5 for thumb AUs)

Peak power/ea. (W) 29 (24 for thumb AUs)

Bandwidth (Hz) 0.2

Actuator type

High Temperature (HT) Flexinol Actuator wire of 0.25 mm diameter
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Fig. 25 SMA actuation
units mounted on a
common PCB in: a
perspective view, b top
view, and ¢ bottom view

can be more easily accepted as a technical aid by the
amputees.

3.4 Control Architecture

A block diagram of the general electronic architecture
is illustrated in Fig. 29. Analytically, a host microcon-
troller (master), integrated in the custom-made MCB
(Fig. 28), is connected through a Two Wire Interface

Fig. 26 Hand prototype
without its covers
integrating the actuation
system and electronics

(TWI) to nine local microcontrollers (slaves) embed-
ded in the AUs (one per single AU, two per dual
AU). These slave microcontrollers are used for driv-
ing the corresponding SMA actuators. As it is already
mentioned, the actuation is controlled by electrical
heating of the SMA wire. Though this could be done
using a direct electrical current, Pulse Width Modula-
tion (PWM) method was preferred. In this scheme, a
fixed voltage is applied for a percentage of a pre-set

@ Springer



274

J Intell Robot Syst (2015) 78:257-289

Fig. 27 a Joint torques and (a) ~——MCP Joint ——PIP Joint
b Fingertip forces of the MCP Joint (Extra) ——PIP Joint (Extra)
index finger 180
160 +—————— ==
T 140
124+ "0 —
< Proximal link motion Medial link motion
100 1111 111111111 FFTTEET T
g 80
o
— "
£ 60
S 40
20
0 T T T T T T T T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100110120130 140150160170
Range of motion (°)
Flexion ~
(b) ——|ndex Finger ——|ndex Finger (Extra)
12
Proximal link motion Medial link motion
10 /
z
o 8
S /
€ 6
Q.
'E /
o 4 o —————
i /
w 2 L
0 T T T T T T T T T

0 10 20 30 40 50 60 70 80 90 100110120130140150160 170

period. As the percentage on-time to off-time in a sin-
gle period (referred to as the duty cycle) is changed,
the aggregate amount of power delivered to the SMA
wire, and hence its contraction, can be controlled [60].
Moreover, the averaging effect of the on-off voltage
durations coupled with the relatively slow response
time of the SMA, enables a uniform heating with lit-
tle generated waste heat, resulting thereby in improved
energy efficiency [24]. PWM activation is also pop-
ular because of the ease with which it can be imple-
mented using microcontrollers. In our case, each slave
microcontroller (Atmel AVR 8-bit: ATtiny44A) gen-
erates a PWM signal that controls the gate of a power
MOSFET which in turn acts as a switch to modulate
the voltage applied to the actuator.
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All of the conventional rules for electrical heat-
ing apply to the SMA wire, except that its resistance
goes down as it is heated and contracts (contrary to
the general rule of increased resistance with increased
temperature). This characteristic can be used for posi-
tion feedback of the actuator; in fact, by monitoring
its electrical resistance, a good estimation of the con-
traction level can be obtained [62, 63]. Thereupon,
there is no need for additional position sensors which
would increase complexity and cost of the design. The
electrical resistance is easily calculated by measuring
the voltage drop and electrical current flowing in the
SMA actuator. This is achieved by means of the analog
input pins and in-built 10-bit multichannel analog-to-
digital (A/D) converter of each slave microcontroller.
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Fig. 28 Main control board (MCB) including: 1 on/off switch,
2 bicolor status LED, 3 voltage supply sensor, 4 power supply
cables, 5 connectors for FSRs (control interface), 6 connectors
for tactors, 7 pin header for servomotors, 8 temperature sen-
sor, 9 microcontroller, 10 external quartz crystal, 11 pin header
for UART transmission, 12 Bluetooth module, 13 vias for
connecting the wirings of the fingertip sensors using press-
fit pins, 14 bicolor LED for visual feedback, 15 triple-axis
accelerometer

One surface mount thermistor is also embedded on
each of the electronic boards of the AUs and inter-
faced with an analog input of the corresponding slave
microcontroller. Although the provided temperature
measurements do not reflect the actual temperature
values of the SMA wires, these sensors are very useful
for overheating protection and control improvement of
the AUs.

Besides the TWI communication with the SMA
drivers, the master microcontroller (Atmel AVR 8-
bit: ATmegal64A) is interfaced with a high number
of sensors through its analog inputs. More specifi-
cally, 10-bit samples, with a sampling frequency of
1.2 KHz, are taken from: a) the four fingertip tac-
tile sensors (three FSRs and one thermistor), b) two
additional FSRs that can be used for hand control by
the amputees, c) a thermistor that measures the ambi-
ent temperature of the MCB, and d) a supply voltage
sensing configuration. It is noted that only one sup-
ply voltage source is used for powering the developed
hand and its actuators (this voltage is the one used
for PWM driving of the actuators). Wherever lower
voltage amplitudes are needed (e.g. for the operation
of the microcontrollers), these are generated by volt-
age regulators incorporated in the MCB. Moreover, a
triple-axis 10-bit accelerometer, connected via TWI to
the master microcontroller, is also included in MCB,
providing shock monitoring as well as motion and
orientation detection of the hand apparatus.

The MCB is also equipped with the necessary elec-
tronics for driving two vibrotactile feedback devices
(vibration motors known as tactors). These devices
— usually placed on the remnant limb with an elas-
tic cuff — can convey information to the user in case
visual feedback is inefficient or unnecessary [64]. For
example, they can be used for force feedback vary-
ing their degree of vibration according to the signal
strength of the FSRs of the fingertips. Based on initial
experiments, the delay between the force perception
and the generation of the vibration feedback was mea-
sured and found to be 0.3 s. This time is fast enough
allowing for a timely user reaction in order to avoid
object breaking. However, this type of feedback stim-
ulus, though easily perceived by the users, causes a
little unpleasantness [65].

Additionally, a high-brightness bicolor (red/green)
LED is embedded on the MCB and is driven using
PWM signals generated by the master microcontroller.
This visual feedback type can be used complementary
or alternatively to the vibrotactile feedback [66].

Moreover, the MCB includes hardware for driv-
ing two servomotors which can be used for various
hand motions, e.g. forearm rotation. To this direction,
a proof-of-concept structure which includes a servo-
motor and can be mounted at the base of the proposed
prosthetic hand was developed and successfully tested
(Fig. 30).

The master microcontroller is able to communi-
cate with a personal computer (PC) either serially
via a UART protocol or wirelessly over short dis-
tances using a Bluetooth module. For the supervision
and control of the prosthetic hand system, a graphi-
cal user interface (GUI) was developed in LabVIEW
environment. Within the context of this paper, experi-
mentation is done manually through this GUI, though,
as illustrated in Fig. 29, other three methods of hand
control were also implemented via: a) a dataglove that
captures the natural hand movements, b) electromyo-
graphic (EMG) signals acquired from two surface
electrodes on upper limb muscles [67], ¢) two FSR
sensors as described in [68]. Having the FSR sen-
sors interfaced directly to the master microcontroller
enables the future implementation of real-time FSR
control to the microcontroller level and thus obviating
the need for a PC. On the contrary, in EMG control, a
PC is requisite for acquiring and analyzing the surface
EMG data (using a Delsys Bagnoli — 2 EMG system,
and a National Instruments USB-6009 data acquisition
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Fig. 29 Block diagram of electronics and communication

device); in the future, the electronics needed for real- In manual control, the PC is in charge only for
time EMG control are planned to be also integrated in sending the control references to the master microcon-
the MCB (their weight contribution is expected to be troller. Then the master microcontroller carries out the
less than 5 grams). overall hand control apart from the part that concerns

Fig. 30 a Hand assembly
including a forearm rotation
structure. b Close-up view
of the forearm rotation
structure incorporating a
servomotor
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the control of the SMA AUs which is implemented in
the slave microcontrollers.

4 Experiments and Performance Evaluation
4.1 Open-Loop Experiments

Prior to experiments with the hand prototype, the
performance of an SMA AU is evaluated initially
using the experimental setup of Fig. 31. As it is
shown, an extension spring acts antagonistically to the
motion of an AU while a linear potentiometer (Alpha
3SP/S6040N B10K) is used for measuring the dis-
placement level. The selected spring has the same
characteristics and preload with the springs cited ear-
lier utilized for passive flexion of the fingers. If needed
the spring preload can be easily adjusted by changing
the position of its one end and fixing it with a screw
on a perforated metal sheet.

The custom-made electronics along with a 13.5
V external power supply are used for driving the
AU. The linear potentiometer is also interfaced with
these electronics having its voltage output electrically
connected to an analog input pin of the master micro-
controller. The overall experimentation with the AU
is carried out through a GUI designed in LabVIEW.
In order to assess speed performance, a pulse volt-
age input was applied to the AU till the maximum
displacement level is achieved. The resulting position
response is illustrated in Fig. 32. As it is shown, it
takes about 1 s (rise time) for the full contraction
(about 15 mm displacement) of the AU and about 4
s (fall time) for its return to the initial position. Thus,
for a full actuation cycle, at least 5 s are needed — i.e.
an actuation bandwidth of 0.2 Hz can be optimally
achieved.

Aiming at a self-sensing position feedback control,
the relationship between the electrical resistance and
displacement of the SMA AU is also examined and
confirmed in Fig. 33. Since the electrical resistance
is calculated using the voltage and current measure-
ments, this relationship can only be plotted for the
heating/contraction phase of the AU when power is
on. As it is illustrated in Fig. 33, initially, the elec-
trical resistance increases without a significant actu-
ator motion and then changes direction and starts to
decrease (up to about 15 %) almost linearly with the
displacement.

Next, an AU is employed for driving a newly devel-
oped finger as shown in Fig. 34. This single-finger
evaluation testbed adopts the already described oper-
ating principle: when the AU is electrically powered,
finger extends (stretched out position), while as soon
as power is removed, extension spring acts antago-
nistically to the AU and flexes back the finger to its
resting (closed) position.

Based on the previous experimental results, it
becomes apparent that for driving this finger, it would
be preferable to exploit only a fraction of the actua-
tion cycle of the AU, and better yet, only the linear
portion of its resistance-displacement curve. In this
way, improved speed and control characteristics can
be obtained. Towards this scope, it was selected to
have the extensor tendon of the finger slack at its rest-
ing position. Thereupon, when power is applied, the
finger is not moved from the very beginning of the
actuator contraction; as a consequence, there is a slight
delay in the extension time of the finger when the AU
contracts, but a significant improvement in the time
needed for the finger to return to its resting position
when power is off. Moreover, the potentiometer value
is rescaled in a way to reflect the displacement level
of the extensor tendon and not that of the AU (i.e. 0

Fig. 31 Experimental setup
for an SMA actuation unit

SMA Actuation Unit

inear Potentiometer

SMA wire/

Perforated Metal Shee
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Fig. 32 Position response
of an SMA actuation unit to
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mm when the finger is fully closed and 11 mm if fully
opened).

Using a pulse voltage input as before, the response
of the SMA actuated finger during its extension phase
is obtained (Fig. 35). As it is shown, electrical power
is removed from the AU when the reference value
of its electrical resistance is reached. The choice of
this reference value was done considering the fact that

the finger continues to extend for some time after the
power is off.

In Fig. 36, the resistance-displacement curve for the
SMA actuated finger is illustrated. Due to the slack-
ening of the extensor tendon, the nonlinear portion of
the AU response (shown in Fig. 33) is not present in
finger response. In fact, this curve can be approxi-
mately modeled using only linear equations and hence

Fig. 33 Resistance- 45 . .
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Fig. 34 Single-finger

testbed inear Potentiometer

a position feedback control scheme based on the resis- In Fig. 35, the current consumption is also plotted
tance values can be easily implemented in the slave against time. The evident current increase is justified
microcontrollers. given the decrease of the electrical resistance (as the

Fig. 35 Response of an
SMA actuated finger to a
pulse voltage input

Measured
Reference

Resistance (Q)

Displacement (mm)

Time (s)

Voltage (V)

Current (A)

Time (s)
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presented voltage and current measurements concern
the average values of the PWM signal used in driv-
ing the AU. Based on these current measurements,
the average power consumption of the AU can be
calculated as follows.

Assuming that the PWM signal has a voltage ampli-
tude (peak value) Vs and a duty cycle D and that it is
applied across a resistance R, then the average volt-
age value V4 and root-mean-square value V., of this
signal can be found using the following well-known
expressions:

From the Eqs. 1 and 2, the average power P dissipated
by the electrical resistance R is calculated:

V2 o 1%
p:%%P:TAVS:P=1AVS 3)

In our case, Vs is equal to the provided supply volt-
age (which is also measured by the MCB), hence
Vs =13.5 V, and the maximum current value, as
shown in Fig. 36, equals to I4 =2.15 A. Thus, the
maximum electrical power consumption of the AU is
about 29 Watts (this value along with the one concern-
ing a thumb AU is cited in Table 2). It is noted that

Va=VsD ) this high amount of power consumption concerns only
Fig. 37 Position response Rise Time = 0.407 seconds, Fall Time = 0.986 second
of an SMA actuated finger L P e LT R EE mmme-- e
to a pulse voltage input :
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the phase till the desired position is achieved; then, as
it will be discussed in the following section, signifi-
cantly less power is used for maintaining the finger
posture.

The position response of the finger during its full
actuation cycle is shown in Fig. 37. In the same plot,
the response times are also indicated. More specif-
ically, the rise and fall times are about 0.4 and 1
s, respectively, while the times for a full extension
and flexion of the finger (ROM: 175°) are about 1.6
and 2.1 s, respectively. Thus, each finger moves at a
sufficient speed comparable to the one found in the
commercial high-tech prosthetic hands when these are
performing typical ADLs [61].

4.2 Position Control of An SMA Actuated Finger

In this section, based on the previously described and
modeled relationship between resistance and displace-
ment, a position feedback control scheme is designed
and evaluated in the single-finger testbed. The same
control scheme will then be implemented in all the
slave microcontrollers of the prosthetic hand for posi-
tion control of the digits.

In literature, various control strategies have been
developed to cope with the nonlinearities and hys-
teresis phenomena of the SMAs. A thorough review
of these strategies can be found in [69-71]. In brief,
researchers have explored linear controllers as well
as nonlinear control schemes including fuzzy logic,
neural networks, feedback linearization, optimal con-
trol and variable structure control. However, the large
range of factors affecting SMA behavior (e.g ambi-
ent settings, stress, strain and material fatigue) hinder
the robustness of the majority of controllers. As it is
underlined in [72], due to the bi-stable nature of the
SMA’s phase transition (from martensite to austenite
form), an on-off type actuation is more suitable than
a proportional control. Based on this consideration,
various control schemes were devised and evaluated
in our testbed before concluding to the following one
which proved to be the most effective This novel resis-
tance feedback control scheme combines an on-off
control approach with a time-dependent function for
resolving heat propagation issues.

So, for areference resistance valueR,.s, the applied
control voltage V4 to the AU is given in Volts by the
following expression:

Von = f(Rrefs H) = a1 Ryef +biH+c1 ,R> Ryef

Vi =

Vitay = f(Rrep, H,t) = (@3 Rrer +b2H + )t + a3Rier +b3H 4¢3

R < Rref

where R is the calculated resistance of the AU in
Ohms, H denotes the measured temperature of the
AU in degrees of Celsius, ¢ denotes time in seconds,
and the empirically selected coefficients: a; = —3.4,
by = —0.03,c; = 212,ap = —26- 1073, b, =
35107, ¢c; = 84.6- 107, a3 = —0.57, b3 =
—5-107%,¢3 =5.

Next, experimental results of this control scheme
are presented for the single-finger setup. Since elec-
trical resistance can only be calculated when power
is on, the finger can only be controlled during its
extension movements. For carrying out the most com-
mon ADLs, two different controllable finger positions
are basically needed: a fully extended position and
an intermediate one. Therefore, the presented con-
troller is tuned empirically for optimal performance
and robustness in these two different positions.

In Fig. 38, the finger response is presented for
the fully extended control position. Initially, a high

Von signal is generated to quickly contract the AU
up to this position (rise time about 0.4 s) and then
a Vyqy signal maintains this position for a short time
duration (about 6 s — sufficient time for performing
most of the ADLs). Then, the cooling phase of the AU
takes place having a fall time of about 3 s. Obviously,
if Vy1qy was applied for a shorter time duration, then
as previously shown in Fig. 37, the fall time would
be much faster. This time deterioration could have
been avoided if the actual internal temperature of the
SMA wire was measured and used for precise con-
trol of its heating rate; however, this method would be
impractical in this research work and was therefore not
implemented.

As it was previously mathematically described, the
amplitude of the V,,, signal is determined by the R;.¢
value and the temperature H of the AU — for higher
Ry (which corresponds to lower reference displace-
ment value) and/or lower H, lower voltage amplitudes

@ Springer
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are needed. The Vi, signal depends, in addition,
on time and more specifically decreases with time in
order to prevent overheating. In Figs. 39 and 40, all
these become more apparent, wherein voltage, tem-
perature and resistance profiles are also provided for
position control experiments.

Specifically, in Fig. 39, the developed controller is
evaluated again in tracking of the fully extended finger
position but now for an extended time period of 300
s. As it is shown in the displacement plot, the finger
is stabilized in the desired position during all this time
period without any noticeable fluctuations - this means
that equilibrium between the rate of heating and the
rate of cooling is achieved.

The shown reference resistance value R,.r con-
cerns only the part of the finger control till the tar-
get position is reached. Then the applied voltage is
automatically reduced to a much lower value (from
a Von =8V toa Vyay<2.8 V), and thus, signifi-
cantly less power is used for maintaining the finger
posture. Due to electronics limitations, the electri-
cal resistance values appear to be less accurate for
these lower voltage amplitudes; this was also the cause
for not including the measured electrical resistance
values in the control function of Vj,,. However, in
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the future, more accurate A/D converters are planned
to be integrated in the electronics design and better
resistance measurements shall be expected even for
very small flowing currents, resulting in a significant
improvement of the controller.

In Fig. 40, the position response for an intermedi-
ate reference posture of the controlled finger (extensor
tendon displacement of 7.5 mm) is also provided. As
it is illustrated, the finger shows the same good sta-
bility performance as in the stretched out position for
both short and long time periods.

Overall, the experimental results show the effi-
cacy of the devised control scheme. In the following
section, this resistance feedback controller is used for
driving safely each digit to a desired position in order
the prosthetic hand to perform a certain grip.

4.3 Grasp Experiments

The presented hand prototype is designed to form all
the basic types of grasp (the terms grasp, grip, and
prehension are interchangeably used throughout this
paper), as these are defined in [73], for carrying out
most of the typical ADLs. These include the cylin-
drical grip, spherical grip, tip pinch, and lateral grip.
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Fig. 40 Position control of an SMA actuated finger for an intermediate reference posture over a time period of a 10 s and b 300 s
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Fig. 41 Comparison
between the artificial hand
and the human hand in the
most common postures and
grip patterns: a resting
posture (fist), b spherical
grip, ¢ cylindrical grip, d
lateral grip, e precision grip,
and f pointing posture

Note that, in literature, several different taxonomies
of the grip patterns exist (a comprehensive overview
of these taxonomies can be found in [40]). So, the
cylindrical and spherical grips are also commonly
addressed as power grips, and the tip pinch as pre-
cision grip. According to [11], power, precision and
lateral grips are used in 35 %, 30 % and 20 % of ADLs,
respectively. A power grip has the thumb opposed to
the palm, and it is used when an object needs to be
forcefully held. In a precision grip, thumb works in
opposition with the index finger mainly to grasp small
objects. In a lateral grip, the thumb holds an object
against the side of the index finger as in the case when
using a key.

In Fig. 41, the developed hand is demonstrated
performing the aforementioned common prehension
patterns with everyday objects. Besides these patterns,
common postures are also demonstrated such as the
resting position and index pointing. This pointing pos-
ture is very useful in executing common tasks such as
pressing buttons or typing on a keyboard. Moreover,
in the same figure, each of these postures and grip
patterns are juxtaposed with the corresponding ones

performed by a human hand, revealing a high degree
of resemblance.

All these hand formations are programmed in the
master microcontroller and their selection is done
manually through the developed GUI In order to
achieve a certain grip or posture, the hand control fol-
lows the state diagram shown in Fig. 42. Initially, if
the hand is in its resting position (“Neutral”) and a
signal is triggered (“Go To Position”) by a user, the
hand starts to form the proper pre-shaping posture in
order to perform a certain grip. When this posture
is achieved (“Position”), another signal (“Grip”) is
employed for object grasping. If a higher grip force is
needed then another signal (“High-Force Grip”) puts
the hand in the “Hold High-Force Grip” state.

Each of these states and signals of Fig. 42 corre-
sponds to a different actuator state vector (this con-
tains the control voltage levels - 0, Vi, Viqy- of all
the AUs). For example, in the case of a power grip
selection, in the transient “Go To Position” state, all
the AUs that control the extension of the digits are
fully powered (V,,,,), while in the “Position” state, the
applied voltages are automatically adjusted to their

High-Force Grip

Return To Grip
Position

Fig. 42 Control state diagram of the prosthetic hand
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Vitay level for maintaining a stretched out posture for
all the digits. After this pre-grasp phase, the hand is
free to grasp an object by powering off all its actua-
tors (“Grip”) to allow its fingers to passively adapt to
the object geometry or if needed to grasp with higher
force by powering the three AUs designated for extra
flexion force of the thumb, index and middle finger.
In order to evaluate the grasping capabilities of
the hand prototype, experiments with various objects
are conducted. In Fig. 43, the hand is demonstrated
in pre-shaping and executing the three most com-
mon grip patterns (power, precision and lateral). The
hand performance in these grips is better illustrated in
the accompanied video (Online Resource 1). As it is
shown, the prosthetic hand is able to perform stable
grasps of various objects with different geometries.
The low passive flexion force provided from the bias
springs is successfully employed for grasping these
objects without breaking them. Besides these results,
the prosthetic hand is also tested in grasps of heav-
ier loads; as it was observed, having the silicone glove
fitted and within particular friction and geometric con-
ditions, the developed hand is able to stably grasp up
to about 1.5 kg cylindrical objects. However, further
tests are necessary to determine the actual hand perfor-
mance in such high-force grips. In any case, compared
to the commercial multi-DOF prosthetic hands, the
grasping force of the developed hand is low (e.g. the
latest release of the i-Limb hand can provide power

grip forces of more than 10 kg [10]), yet sufficient to
perform most of the ADLs [36].

Based on the grasp experiments conducted so far,
the performance of the developed AUs has not been
compromised even though they have already been
tested for thousands of actuation cycles. Considering
the strain and stress conditions of the presented appli-
cation as well as the provided specifications of these
actuator wires [58], it is expected that even after hun-
dreds of thousands of cycles there will be no visible
performance degradation.

Another system aspect that was investigated con-
cerns the generated heat from the SMA actuators and
its effect on the overall temperature of the hand pros-
thesis. Experimental results showed that the maximum
temperature recorded by the temperature sensor on the
MCB during performance of all its common grip pat-
terns did not exceed the room temperature by more
than 5°C. Since the recorded temperature of the MCB
is very close to the AUs, the expected temperature
of the outer surface of the prosthetic hand is much
lower. In fact, this value was measured via a laser-
sighted infrared gun—style thermometer (Pro Exotics
PE-2), and it was found that, for the closest to the
AUs outer surfaces, there was no more than 1°C tem-
perature rise, even after three minutes of consecutive
open/close hand movements.

As it was expected, the power consumption of
the developed device is relatively high due to the

Fig. 43 Sequence of
movements for lateral,
power and precision grips of
various objects (lateral grip:
credit card, key, USB stick;
power grip: sponge ball (68
mm diameter), plastic bottle
(81.5 mm diameter), plastic
cup (diameter varying from
50 to 67 mm); precision
grip: glue tube, dice, table
tennis ball (38 mm
diameter)). “Neutral” and
“Position” refers to the
resting and pre-grasp
posture of the prosthetic
hand, respectively. A related
video is included in the
supplementary content

Lateral Grip

Position

(Online Resource 1)

Precision Grip

Power Grip
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low energy efficiency of the SMAs and the lack of
back-lock mechanisms. For example, its maximum
power consumption in a power grip, wherein five
SMA actuator wires are simultaneously powered for
the extension of all the digits, is about 140 W, which
is about four times higher than that of the commer-
cial prostheses (e.g. the i-Limb hand has a maximum
wattage of 37 W [10]). Although this value looks too
large to cope with a portable battery, it only con-
cerns the time needed for the digits to reach their
stretched out positions; then, as previously shown, sig-
nificantly less power consumption is typically used
for maintaining the hand posture (about 50 W). More-
over, given the passive adaptive grip provided from the
bias springs, the energy requirements of the developed
hand can be further reduced. Taking also into consid-
eration the rapid progress of the batteries field and the
recent breakthroughs [74], power consumption of the
hand prosthesis will soon be a trivial issue to address.
Based on the current available battery technology, it
is estimated that a standard 3-cell rechargeable bat-
tery of 11.1 V / 2.7 Ah (e.g. a Lithium-Polymer
battery weighing about 180 grams) would be suffi-
cient for producing over 300 basic grasps (whereof
35 % power, 30 % precision and 20 % lateral [11])
per charge. A battery of higher capacity can also be
used, if this is not integrated in the envelope of the
prosthetic socket but mounted externally at the upper
arm, in order to have more available grasps per charge
without causing user discomfort symptoms due to its
weight.

5 Conclusions and Future Work

In this research paper, an innovative SMA actuated
prosthetic hand was presented. A summary of its tech-
nical specifications can be found in Table 3. By utiliz-
ing custom-made compact actuation units with SMA
wires instead of traditional electric motors, certain
attractive characteristics are introduced to the pro-
posed hand prosthesis. More specifically, compared
to the current most advanced commercial prosthetic
hands, the developed SMA actuated device presents
an about 30 % weight reduction, while also being
totally silent, and thus eliminating some of the major
causes of user discomfort and prosthesis rejection.
Furthermore, the comparatively low cost of these actu-
ator wires in combination with the decreasing costs of

@ Springer

Table 3 Technical specifications of the developed hand

5 (4 fingers + thumb)
15 (11 active + 4 passive)

Number of digits
Number of DOFs
Number of actuators 9
Type of actuators One-way SMA wires

Type of transmission Nylon-coated stainless steel cables

Operating noise 0dB
Hand opening 135.8 mm
Min. open/close time 1.6s/2.1s

Total mass 0.31 kg (w/o battery, cosmesis)
Size Average human hand
Max. grip load 1.5kg

Max. wattage 140 W /50 W

(peak/typical)

the additive manufacturing enables the development
of low-cost prosthetic devices that will be accessible
even to those upper limb amputees without insurance
or monetary means. All these benefits come at the
costs of higher power consumption and relatively low
grip forces.

Exploiting the self-sensing capabilities of the
SMAs, a new position controller was developed and
tested based on the electrical resistance feedback.
Despite the non-linear nature of the SMA response,
the devised controller showed stable and accurate
positioning of the hand digits without the need for
additional position sensors and hence additional costs.
Moreover, future integration of higher-precision elec-
tronics for more accurate resistance measurements is
expected to improve position control of the digits
and reduce the amount of generated heat; as a con-
sequence, the speed and efficiency of the proposed
device are also expected to be improved.

Some initial grasp experiments of everyday objects
were carried out to evaluate the functionality of the
proposed device. As it was demonstrated, the hand
proved competent to perform the three most common
grip patterns (power, precision, lateral) with an accept-
able speed (open/close time). In the future, further
experiments will be conducted in order to evaluate
the grasp stability and robustness against disturbances.
Future work will also examine the hand performance
in other grasp types, such as hook and tripod grip, both
on the bench and in the clinic. The clinical evaluation
in real use conditions is planned to be conducted utiliz-
ing an intuitive EMG control strategy. In these trials,
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the role of the tactile sensors and feedback devices in
hand control will also be investigated.
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