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Abstract

One of the major problems faced by hand amputees is the unavailability of a
lightweight and powered multi-functional hand prosthesis. Under-actuated
finger designs play a key role to make the hand prosthesis lightweight. In this
paper, a hand prosthesis with an under-actuated and self-adaptive finger me-
chanism is proposed. The proposed finger is capable to generate passively
different flexion/extension angles for a proximal interphalangeal (PIP) joint
and a distal interphalangeal (DIP) joint for each flexion angle of metacarpo-
phalangeal (MCP) joint. In addition, DIP joint is capable to generate different
angles for the same angle of PIP joint. Hand prosthesis is built on the pro-
posed finger mechanism. The hand prosthesis enables user to grasp objects
with various geometries by performing five grasping patterns. Thumb of the
hand prosthesis includes opposition/apposition in addition to flexion/extension
of MCP and interphalangeal (IP) joint. Kinematic analysis of the proposed
finger has been carried out to verify the movable range of the joints. Simula-
tions and experiments are carried out to verify the effectiveness of the pro-
posed finger mechanism and the hand prosthesis.
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1. Introduction

Hand prosthesis is an artificial device which replaces the missing hand of an

amputee and is expected to fulfil the functional and aesthetic requirements of

the amputated hand. The main problem that causes amputees not to accept the

available prostheses is the unavailability of light-weight prostheses with accepta-

ble controlling and functional properties [1]. It has been identified that the
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thumb and the index finger play an important role than the other fingers in most
of daily grasping activities [2]. Therefore, many hand prostheses are based on
three fingered configurations and finger abduction/adduction is not considered
in the designs [3]. During activities of daily living (ADL), hand is arranged in
different grasping patterns to handle objects with different geometries [4]. Me-
tacarpophalangeal (MCP), Proximal Interphalangeal (PIP) and Distal Interpha-
langeal (DIP) are manipulated to obtain different configurations to generate dif-
ferent grasping patterns. Flexion/extension angles of these joints are arranged in
different combinations to realize different grasping patterns. Subsequently, a
hand prosthesis should also be developed with the ability of generating different
grasping patterns to help the amputee during ADL. Studies presented in [5] [6],
and [7] attempt to accommodate these requirements in their devices. However,
very few demonstrate the ability to provide human alike motion in their me-
chanisms. Generally, a robotic hand prosthesis should be lightweight while pro-
viding required dexterity and functionality. In order to arrive at a suitable com-
promise, researchers are trying to reduce number of actuators while trying to
achieve maximum functionality of the prosthesis. In view of that, under-actuated
mechanisms have been developed and tested. When a mechanism has lesser
number of actuators than the generated degrees of freedom (DOF) [8] the me-
chanism is said to be under-actuated. Several researchers [3] [9]-[16] [19]-[24]
have proposed under-actuated finger mechanisms and hand designs. Most of the
fingers are capable of generating human alike cylindrical grasping mode to grasp
cylindrical objects. The Smart Hand [7] is a transradial prosthesis with un-
der-actuated fingers. The finger mechanism proposed in [15] is capable of pas-
sively generating different angles for PIP and DIP joints for each flexion angle of
MCP joint. The angles change according to the grasping object passively and the
thumb has a single DOF. However, DIP joint is not capable of generating dif-
ferent angles for the same angle of PIP joint. Therefore, if an object directly
touches with the middle phalange while grasping the self-adaptation ability of
DIP joint is lost.

Therefore, in this research a prosthetic hand comprises of under-actuated and
self-adaptive fingers is proposed. The proposed finger is used as the index, mid-
dle, ring or little finger of the hand prosthesis. Modified mechanism of the pro-
posed finger is used as thumb of the hand prosthesis which includes thumb op-
position/apposition in addition to flexion/extension of MCP joint and interpha-
langeal (IP) joint. The proposed finger is capable of passively generating differ-
ent flexion/extension angles for a PIP joint and a DIP joint for each flexion angle
of MCP joint. In addition, DIP joint is capable of generating different angles for
the same angle of PIP joint. In this study, abduction/adduction of MCP joint is
not considered and only the flexion/extension is considered. The hand prosthe-
sis assists user to grasp objects with various geometries by performing cylindrical
grasp, hook grasp, lateral pinch and tip pinch and palmar pinch.

Next section of the paper proposes the under-actuated and self-adaptive finger
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mechanism. Section 3 presents the mechanical design and the mechanisms of
the introduced hand prosthesis. Experiments and results are presented in section

4 and the last section concludes the paper.

2. Under-Actuated and Self-Adaptive Finger

Proposed finger can generate flexion/extension of MCP, PIP and DIP joints. It
can be used as an index, middle, ring or little fingers of a hand prosthesis. Main
structure of the finger can be simplified to a mechanism which consists of two
four-bar mechanisms which are combined at PIP joint and with a coupling lin-
kage as shown in Figure 1. Linkage for distal phalanx is connected to the second
four-bar mechanism at DIP joint. As shown in Figure 1, three torsion springs
are attached between lower bar-1 (proximal phalanx) and palm at MCP joint,
lower bar-1 and driving bar at first four-bar mechanism; lower bar-2 (middle
phalanx) and the side bar-1 at PIP joint; respectively. Driving bar is coupled to
the motor which generates the driving torque. Second torsion spring is used to
limit each joint motion of the first four-bar mechanism in its predefined initial
position and carrying out the under-actuation. Third torsion spring is used to
keep the second four-bar mechanism as a rigid body relative to first four-bar
mechanism. The ratio of spring constants of first, second and third springs is
6.4:10:1.

2.1. Under-Actuation of the Finger

Initially, when the torque is applied by the driving bar the finger operates as a
single rigid body due to second and third torsion springs. Then, first torsion
spring which has lower spring constant than second torsion spring starts to
compress and the spring resistance increases. When the spring resistance of
second torsion spring is overcome by the first torsion spring middle phalanx
starts to rotate relatively to the proximal phalanx. Once the middle phalanx mo-
tion is restricted by the grasped object, third torsion spring is compressed and

side bar-1 starts rotating relative to middle phalanx. Then, distal phalanx

First four-bar mechanism
Coupling linkage

Second four-bar mechanism |

Palm

Second torsion spring T

Third torsion spring First torsion spring

Linkage for distal phalanx

Figure 1. Proposed finger mechanism.
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continues rotating relative to middle phalanx. In order to carry out the un-
der-actuation properly second torsion spring should have the highest spring
constant, first torsion spring should have the second highest spring constant and
third torsion spring should have the lowest spring constant.

In order to carry out the proper under-actuation;

K

Third Spring

<K <K

First Spring Second Spring ( 1)

where K'is spring constant.

2.2. Self-Adaptation of the Finger

Proposed finger incorporates self-adaptation ability which enables to grasp ob-
jects with different geometries. Figure 2 demonstrates how the finger achieves
self-adaptation according to the shape of the object. When the proximal phalanx
motion is restricted due to the geometry of an object as in the Figure 2(a), the
driving bar continues to rotate relative to the proximal phalanx, compressing
second torsion spring. It rotates the second four-bar linkage until the middle
phalanx touches the object as illustrated in the Figure 2(b). Once the middle
phalanx motion is restricted by the grasped object, third torsion spring is com-
pressed and side bar-1 starts rotating relative to middle phalanx. Then, distal
phalanx continues rotating relative to middle phalanx until the object is grasped
properly. Thus, the joint angles show the capability to adopt their values pas-

sively according the geometry of the object.

2.3. The Thumb

Proposed finger mechanism shown in Figure 1 can be modified and used for the
thumb. The main structure of the thumb is shown in Figure 3. The thumb is
similar to the proximal phalanx and middle phalanx of the finger in Figure 1. It
consists of a four-bar mechanism and two torsional springs. Thumb can gener-
ate flexion/extension of its MCP and IP. Additionally, opposition/apposition of
thumb can be generated as explain in Section 3 [refer Figure 7(c)]. When the
motor torque is applied by the driving bar the thumb operates as a single rigid
body due to second spring. Then, lower bar (proximal phalanx) rotates and first

torsion spring starts to compress and the spring resistance increases. When the

Lower bar -1 Driving bar
! /) Palm

l Palm

~

Lower bar -2
Object

DIP
(2) (b)

Figure 2. Self-adaptation mechanism of the finger.
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Four-bar mechanism

Driving bar
MCP joint
Palm

IP joint
First torsion spring

Lower bar
Linkage for distal phalanx (Proximal phalanx)

Figure 3. Thumb mechanism.

spring resistance of second torsion spring is overcome by the first torsion spring,
distal phalanx starts to rotate relatively to the proximal phalanx. The ratio of
spring constants of first and second springs is 0.64:1.

2.4. Kinematic Analysis of the Finger

In order to understand the kinematic behaviour of the finger mechanism kine-
matic analysis is carried out. As shown in Figure 4 and Figure 5 the joints of the
fingers are connected with nine mechanical links: AC, AB, CD, BD, EF, BF, BH,
FG and GHI. Joint angle relationship between these linkages gives the respective
motion between phalanxes of the finger. AC is rigidly connected to the wheel of
the worm-and-wheel gear which is driven by the motor to drive the whole me-
chanism. Therefore, AC can rotate with respect to joint A when the motor ro-
tates. Rotation of AC actuates CD. Then due to the compression of the torsion
spring between AB and AC, AB is actuated by AC. EF and BD both are actuated
by CD, and EF actuates both BF and FG. When BD actuates, due to the com-
pression of torsion spring between BH and BD, BH starts to actuate. At the end,
the GHI is actuated by FG.

First, second and third springs are connected between, AB and the palm; AB
and AC; and BD and BH. Initially even though the torque is applied to the AC,
angle between AB and AC (6) is kept constant due to the torsion spring between
AB and AC. Then, angular velocity of AB becomes zero when its motion is re-
stricted by the object. Initially, 8is known. Thus, =90 — (a + 6) for any a value.
Assume that AC, AB, CD, DB, EF, BF, FG, BH, GH, HI, DE are / to /, respec-

tively. Considering ABDC four-bar mechanism;
Lsina+[siny =1, cos f+1,sino (2)
licosa+I;cosy =1,sin f+1,cosd (3)
From (2),

Gin 5 (I sina +1, siny —1, cos )’
(1)
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Distal
phalanx

Proximal

Figure 5. 3D model of the index finger.

From (3),
(L cosa+1 cosy 1, sin B’
(L)
y can be found for the given aand S from the equation given below.

l,cos(y—a)—1Lsin(y+f)
1

:_)[(14 F =(4) = (L) = (L) + 24 sin(a+B) ]

cos’ S =

2(4
Similarly, solving (2) and (3),
Lsin(6+ B)—1 cos(5—a)
1 L |
= 2(14)[(13) —(L) —(4) —(4,) +241, s1n(a+ﬁ)}

The angle (J) can be found from the above equation for the given a and g.
Therefore, u can be found using § and angle y. Consider DE, EF, BF and BD.

l,,cosy—I;cosA=1,cos0—I cosu (4)

l,,siny—I;sind=1,sin6—I sin u (5)

Solving the above equations, A can be found from the below equation.
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l,cos(A—8)—1, cos(A—7)
1

:_)[(16 Y =(L) =(s) ()" +2L cos(r =)

20,
4 also can be found similarly from the below equation.

Ly cos(u—y)—1,cos(p—5)

1 2 2
= (1) = (L) = (1) = (0 ) + 214k, cos(y=5)
2(k)
Therefore, ¢ can be found using u and 5. Considering BFGH four-bar me-
chanism;
lysingg =1 sin u+1, singp+1, sing (6)
Iy cosnp =—I; cos —1, cosp+1, cos ¢ (7)

From (6) and (7), ¢ can be found as below.
Iy cos(¢—n)+1; cos(d+ )

= i[(ls )2 + (L )2 +(4 )2 —(1 )2 +2Il cos(n +#)}

Similarly, ¢ can be found from the equation given below.
Iy cos(w +1)+1 cos(y — p)

= i[(l@ )2 (4 )2 +(Zs )2 ~( )2 +211, cos(n+ ,u)}

Considering joints of a finger fingertip “/’, position, (x;, y) and orientation,
(70+ ¢) with respected to the motor shaft A (0, 0) can be found.

x=1,cos B+ sinn+1,sin(70+¢) (8)
y =1 sin f—l;cosn+1, cos(70+¢) 9)

(8) and (9) can be used to derived the position and orientation of the fingertip

relative to the palm.

3. Proposed Hand Prosthesis

The proposed finger and thumb is used to introduce a multi-functional hand
prosthesis shown in Figure 6. Table 1 shows summary of specification of the

proposed hand prosthesis.

Mechanical Design and Mechanism

The hand prosthesis consists of four main units: first finger unit, second finger
unit, third finger unit and a palm [refer Figure 6]. Since the index finger and the
thumb play an important role than the other fingers in most of daily grasping
activities [2] those two are taken as separate finger units and the middle, ring
and little fingers together are taken as a separate unit for the actuation. First fin-
ger unit consists of the index finger, a motor and worm and wheel gears (reduc-

tion ratio 35:1) as shown in Figure 7(a). Second finger unit consists of three
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Table 1. Specification of the proposed hand prosthesis.

Specifications Quality

Finger length 95 mm

Palm width 83 mm

Palm thickness 25 mm
Flexion range of MCP joint 0 to 90 Degrees

First finger unit

Second finger unit J

Third finger unit

Palm

Figure 6. 3D model of Proposed Hand Prosthesis.

Middle finger
Ring finger

/

Little finger

g
5
B
]
=
B
0
=
>

Proximal phalanx ]
Ball bearing

(a) (b) (c)

Figure 7. Finger units of the proposed hand prosthesis. (a) First finger unit. This consists of three phalanxes,
worm and wheel, and a motor; (b) Second finger unit. Middle, ring and little fingers; and a motor are availa-

ble in this unit; (c) Third finger unit. This includes thumb with proximal phalanx and distal phalanx, and 2
motors.

fingers, worm and wheel gears (reduction ratio 35:1), and a motor. These three
fingers correspond to the middle, ring and little fingers of the human hand [refer
Figure 7(b)] and they are actuated together by a single motor using a single
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shaft as shown in Figure 7(b). Third finger unit consists of thumb, its worm and
wheel gears (reduction ratio 35:1) and two DC motors [refer Figure 7(c)] which
are perpendicular to each other. All four motors of the prototype of hand pros-
thesis have the same specification shown in Table 2. Finger structures, shafts
and gears are fabricated from Al7075, stainless steel and Nylon 101 respectively
using CNC machine.

All finger units are attached on the palm as shown in Figure 6. The proposed
finger mechanism shown in Figure 1 is used to each finger in the first and
second finger units. Motors of first and second finger units are connected to the
MCP joint. Thumb can generate flexion/extension of the MCP and IP joints us-
ing motor —1 and opposition/apposition of thumb are generated using the mo-
tor —2 [refer Figure 6 and Figure 7(c)]. The hand prosthesis assists user to gen-
erate cylindrical grasp, hook grasp, lateral pinch and tip pinch and palmar pinch
shown in Figure 8.

4. Experiment and Results

Simulations and experiments are carried out to compare and verify the motion
generation of the proposed finger. Furthermore, experiments are carried out to
verify the adaptation ability of the finger and hand prosthesis. The kinematic
model is simulated in MATLAB/Simulink environment to achieve the fingertip
motion. Index finger motion of prosthesis is captured using a camera by placing
passive markers to each joint and captured data is used to derive joint angles.
The experimental set-up is shown in the Figure 9. As the controller, ATmega
2560 (Atmel) is used. The selected motor driver is a dual H-bridge motor driver
(L298N). PD control is applied in the joint space to generate the torque com-
mand for the MCP joint. As the desired motion MCP motion shown in Figure

11 which is generated from the simulation is used.

Simulation and Experimental Results

Figure 10 shows the trajectory of the tip of the index finger derived from simu-
lation. Origin of the coordinate system (0, 0) is located at the center of the MCP
joint. MCP angle variation of index finger is shown in Figure 11. Figure 12

Table 2. Specification of the motor.

Specification Description
Maximum Speed 400 rpm
Stall torque 1.58 kgem
Gear ratio 75:1
Voltage 6V
No load current 70 mA
Max. current 1600 mA
Weight 10g
Encoder resolution 20 cpr
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C#tg«;

(a) (®) ()

Figure 8. Achievable grasping of the hand prosthesis [18]. (a) Cylindrical grasp; (b) Hook
grasp; (c) Lateral pinch; (d) Tip pinch; (e) Palmar pinch.

Motor Driver
l
S
.o
'] Motors |
B _ Controller
4 -] Encoders >
’ A
Hand Prosthesis
4

Personal Computer

MATLAB

Figure 9. Experimental set-up.

-8 -6 -4 -2 0
X (cm)

Figure 10. Simulation results of fingertip trajectory.

displays the angle of PIP with respective to the proximal phalanx. The angle of
DIP with respect to the middle phalanx is shown in Figure 13.
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Angle (deg.)
N N o0
= - -

N
(=

0 05 1 15 2 25 3
Time (S)

Figure 11. MCP angle of index finger.

Time (S)

Figure 12. PIP angle of index finger.

60 T

N B
S O

Angle (deg.)

15 2 25 3
Time (S)

Figure 13. DIP angle of index finger.

OO
e
(9
—

Fingertip trajectory for human hand [26], MATLAB simulation and the expe-
rimental values are compared in Figure 14. Minor deviation of the simulation
and experimental results are caused by frictional losses, dimensional tolerances
associated to fabrication process, differences in spring constants and errors of
motion capturing. The fingertip trajectory in Cartesian space for fabricated hand
prosthesis is almost similar to actual hand.

Snapshots shown in Figure 15 and Figure 16 illustrate the adaptation ability
of middle phalanx of index finger and distal phalanx of index finger respectively.
Cylindrical grasping of the hand prosthesis is shown from the sequence of snap-
shots in Figure 17 and Figure 18 shows sequence of snapshots for hook grasp
generation. Figure 15, Figure 16 and Figure 17 have verified the adaptation
ability of the hand prosthesis.
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10
8
6
) .
| A e Actual hand
4 3 —— Simulation results
5 1 — Experimental results

T 6 4 2 0 2
X (cm)

Figure 14. Comparison of finger-tip trajectory.

Figure 17. Snapshots of cylindrical grasping.

Table 3 shows motion ranges of MCP, PIP and DIP joints of the proposed
index finger which are obtained from the simulation and experiments. Motion

ranges of MCP, PIP and DIP joints of human index finger is also given in the
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Figure 18. Snapshots of hook grasping.

Table 3. Movable ranges.

MCP joint DIP joint
PIP joint [Degrees
[Degrees] J [Degrees] [Degrees]
Human hand [17] 0-90 0-110 0-70
Simulation results 0-90 3104 0-82
(with 3D model)
Experiment results (with
0-90 5-90 2-88

fabricated hand prosthesis)

table for the comparison. MCP joint of the hand prosthesis have the same mova-
ble range as the human hand. However, motion range of PIP and DIP joints has
slight variation. The fabricated proposed hand prosthesis is unable to achieve the
exact ranges of the 3D model. These slight deviations cause due to friction be-
tween links and joints, dimensional accuracy and tolerances associated to fabri-
cation process and actual spring constant ratios are different from calculated

values.

5. Discussion and Conclusions

Table 4 shows a comparison of under-actuation of the proposed prosthesis with
the prosthesis available in the literature. DOF and number of actuators of the
hand of each prosthesis are given for the comparison. It is evident from the table
that the proposed prosthesis and Vanderbilt Multigrasp Hand [20] are with the
highest DOF by utilising the minimum number of actuators.

An under-actuated and self-adaptive finger was proposed together with a
hand prosthesis. The finger consisted of mainly two four-bar mechanisms. Mod-
ified mechanism of the finger was used as the thumb mechanism. Furthermore,
a hand prosthesis with the proposed fingers and thumb was introduced in the
paper. The finger was capable of generating different passive angles for a PIP
joint and a DIP joint for each flexion angle of MCP joint. In addition, DIP joint
was capable of generating different angles for the same angle of PIP joint.
Thumb mechanism allowed for powered articulated thumb opposition/apposition.
The weight of prototype hand prosthesis is about 250 g. Kinematic analysis and
computer simulations displayed that the finger mechanism was capable of per-
forming required motions. Simulations were used to validate the movable ranges
of the joint angles of finger. The movable ranges obtained from the experiments
are 0° - 90°,5° - 90° and 2° - 88° for MCP, PIP and DIP respectively. Joint angle
variation for MCP, PIP and DIP joints of the finger was obtained using simulations

DOI: 10.4236/eng.2018.107031 460 Engineering


https://doi.org/10.4236/eng.2018.107031

R. A.R. C. Gopura, D. S. V. Bandara

Table 4. Comparison of under-actuation.

Prosthesis DOF No. of actuators
Proposed Hand prosthesis 9 4
UOM Trans-radial Prosthesis [16] 7 3
DEKA RC Gen3 arm [19] 6 4
Vanderbilt Multigrasp Hand [20] 9 4
FluidHand III [21] 8 5

and experiments. The developed hand prosthesis offers a grasp adaptation using
four actuators.

The hand prosthesis can be used to substitute a lost hand part of an amputee
or can be used a terminal device for an arm prosthesis such as trans-radial pros-
thesis of trans-humeral prosthesis. Electromyography signals or electroencepha-
lography signals of the wearer can be used to identify the motion intentions of

the user to control the hand prosthesis, accordingly.
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