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Abstract
The underactuated fingers used in numerous robotic systems are evaluated by
grasping force, configuration space, actuation method, precision of operation,
compactness and weight. In consideration of all such factors a novel linkage
based underactuated finger with a self-adaptive actuation mechanism is proposed to be used in prosthetics hands, where the finger can accomplish flexion
and extension. Notably, the proposed mechanism can be characterized as a
combination of parallel and series links. The mobility of the system has been
analyzed according to the Chebychev-Grübler-Kutzbach criterion for a planar
mechanism. With the intention of verifying the effectiveness of the mechanism, kinematics analysis has been carried out, by means of the geometric representation and Denavit-Hartenberg (D-H) parameter approach. The presented two-step analysis followed by a numerical study, eliminates the limitations of the D-H conversion method to analyze the robotics systems with both
series and parallel links. In addition, the trajectories and configuration space
of the proposed finger mechanism have been determined by the motion simulations. A prototype of the proposed finger mechanism has been fabricated
using 3D printing and it has been experimentally tested to validate its functionality. The kinematic analysis, motion simulations, experimental investigations and finite element analysis have demonstrated the effectiveness of the
proposed mechanism to gain the expected motions.

Keywords
Linkage Finger Mechanism, Underactuation, Kinematic Analysis,
Denavit-Hartenberg Conversion, Geometric Representation

1. Introduction
Progressively, the researchers have developed different robotic fingers with various functionalities and mechanisms. Such robotic fingers are functional in varDOI: 10.4236/mme.2018.82009 May 15, 2018
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ious applications, for instance prosthetic hands, industrial grippers, surgical robots and scape robot arms. The effectiveness of an artificial finger will depend on
its ability to apply an extensive range of grasping forces, generation of precise
motion patterns and establishment of a comprehensive configuration space [1].
Furthermore, endurance to external loads while offering a compact and
lightweight hardware will be advantageous [2].
Nearly, in the past three decades of period, numerous prosthetic finger mechanisms have been developed by the use of tendon-based mechanisms [3],
crossed-bar mechanism [4], belt or gears based mechanisms [5] [6], wire driving
methods using elastic elements [7], flexible fluidic actuators [8], torsion spring
based mechanisms [9] [10] and linkage based mechanisms [11] [12]. Among all
such mechanisms, the tendon driven, and linkage-based mechanisms have been
presented a widespread in underactuated prosthetic finger developments. Significantly, the underactuated mechanisms have the capability to operate with less
number of drivers than the degrees of freedom (DoF) of the mechanism [1],
which will be beneficial to introduce compact and light weight designs. In consideration of tendon-based mechanisms, the tendon ropes are endure for limited
tension and can be demonstrated elastic deformation, which may affect the performance of the finger. Therefore, the tendon-based underactuated mechanism
is mostly suitable for the applications, which has comparatively a less workload,
and finger contact force. [1] [13]. However, in order to achieve strong grasping
forces it may have need of using larger actuators. Conversely, the larger actuators will take a higher actuation time. With the intention of overcoming all such
issues, Phlernjai et al. have developed two-phase grasping mechanisms with the
use of variable gear transmissions, where the fingers move in a high speed prior
to contact with the object and a high force after the contact [2]. Most of the underactuated fingers are inherent with self-adaptive ability. In 2014, Li et al. have
introduced an underactuated finger with first coupled and secondly self-adaptive
grasping mode. Those fingers can adaptively grasp objects with different sizes
and shapes while its motions during grasping are anthropopathic [14]. Moreover,
Belzile et al. have been succeed in developing an optimal design of self-adaptive
fingers for proprioceptive tactile sensing [15]. Fascinatingly, the variable stiffness
robotic gripper introduced by Yang et al. is composed of two materials, acrylonitrile butadiene styrene for the bone segments and shape-memory polymer
(SMP) for the finger joints. The SMP joints are exposed to thermal energy and
heated above its glass transition temperature (Tg), where the finger joints exhibit
very small stiffness bending by an external force. The finger will restore to its
original shape due to SMP’s shape recovering stress [16].
However, in consideration of power grasping applications with a high workload and finger contact force, such prosthetic hands have a need of powerful actuators to be placed inside the fingers, which will create an excessive weight,
which should bear by the amputee. This research proposes a novel linkage based
finger mechanism, which is mostly applicable for the grasping applications with
a high workload and finger contact force. Besides, the proposed mechanism
DOI: 10.4236/mme.2018.82009
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cause to move by the cables, can be made with less in weight since there is no
need to place any actuator inside the finger. Subsequently, a self-adaptive actuation method is presented.
In the last 150 years, several approaches have been proposed for the calculation of the mobility of the mechanisms. In the second half of the 19th century
and the beginning of the 20th century the Chebychev-Grübler-Kutzbach criterion for multi-loop mechanisms were set up. Different versions of these formula
were proposed all along the 20th century by Dobrovolski (1949-1951), Artobolevskii (1953) Kolchin (1960) Rössner (1961), Boden (1962), Ozol (1963), Manolescu and Manafu (1963), Bagci (1971), Hunt (1978), Tsai (1999) [17]. Significantly, the criterion can break down for mechanisms with special geometries and
particularly for the over-constrained parallel mechanisms [18]. The Chebychev-Grübler-Kutzbach criterion explicit the relationship between the mobility
and the structural parameters of the mechanism. Moreover, to accomplish precise and controlled motion patterns, the understanding of the kinematics is extremely essential. Chen et al. have presented the kinematic and dynamic characteristics of the human finger as a preliminary step towards the development of
robotic and prosthetic fingers that imitate the human finger functions [19]. Several approaches have been deliberated by the researches, in order to analyze the
kinematics of the diverse finger mechanisms. For instance, Licheng et al. have
considered positional kinematics of the finger at different stages and the kinematic analysis of the equivalent mechanism of each stage has been carried out,
for their fully rotational finger [1]. Furthermore, Screw theory has been used to
establish the general kinematic both of series and parallel manipulators. With
the aid of screw theory, Hunt et al. have shown that, a workpiece grasped by a
fully-in-series manipulator can only lose freedom, while a workpiece grasped by
a fully-in-parallel manipulator can only gain freedom [20]. According to the
comparison carried out by Rocha et al., the main feature of the screw-based kinematic modelling is the uniformity. In addition, screw-based modelling is advantageous in differential kinematics [21]. However, The Denavit-Hartenberg
(D-H) approach is more popular and widely adopted in research than the Screw
theory [22]-[27]. D-H conventions model has been originally applied into single
loop chains but now almost universally applied to open loop serial chains [28].
The novel linkage mechanism presented in this paper can be identified as a
combination of parallel and series links. Consequently, the mobility of the system has been analyzed according to Chebychev-Grübler-Kutzbach criterion
for a planar mechanism. A combination of geometric relations and Denavit-Hartenberg conversion have been deliberated to analyze the forward kinematics of the proposed mechanism. In addition, the trajectories and configuration space of the proposed finger mechanism are presented. The fabricated prototype has been experimentally tested and the comparison between the experimental and simulation results are demonstrated. Furthermore, finite element
analysis has been carried out to ensure the structural performance. As presented
in a previous publication of ours, this particular finger design has been used to
DOI: 10.4236/mme.2018.82009
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develop a prosthetic hand for power grasping applications [29]. By comparing to
the existing self-adaptive and underactuated finger mechanisms, which do perform different grasps such as cylindrical, hook, lateral pinch, tip pinch and palmar pinch, the proposed underactuated mechanism has the unique ability to
accomplish self-adaptive power grasps with higher finger contact forces [4] [29]
[30]. In addition to the prosthetics, the proposed finger mechanism can be used
to develop robotic or hydraulic grippers for several other applications, i.e. manufacturing, surgeries, drones and space operations.

2. Underactuated Linkage Mechanism
Figure 1 illustrates the schematic diagram of the joints and the links of the linkage finger mechanism. Accordingly, the proposed finger mechanism consists of
proximal phalanx, intermediate phalanx and distal phalanx which are made of
eleven different links. The metacarpophalangeal (MCP) joint of the finger denoted by point “A” will not be actuated. However the proximal interphalangeal
(PIP) joint denoted by point “B”, and distal interphalangeal (DIP) joint denoted
by point “H” are designed to be set in rotary motion by any linear actuator,
based on active or passive dynamics. The links PPT1, PPT2, PPM, PPB1, PPB2
are placed in the proximal phalanx and IPT1, IPT2, IPM, IPB1, IPB2 are placed
in the intermediate phalanx. The link DP act as the distal phalanx. Besides, the
rotary joints of the linkage mechanism are pointed out by “C”, “E”, “D”, “B”, “F”,
“G”, “H” and “I”. In addition, there are prismatic joints in between C-D, E-F,
D-G, and F-I. Accordingly, AB, BH, HJ, CE, DF, GI, LK, GK and IL are fixed
lengths where CD, EF, DG and FI are varying lengths. The linear motion of
PPB2 towards PPB1, reduces the distance between C-D, which originates a
counterclockwise (CCW) rotation on IPM around point “B” (PIP joint). This
causes, PPT2 to move away from PPT1 and increase the distance between E-F.
Similar way, the linear motion of IPB2 towards IPB1, originates a CWW rotation
on DP around point “H” (DIP joint). These CCW rotations result for finger
flexion. Contrariwise, the linear motions, PPT2 towards PPT1 and IPT2 towards
IPT1, originate clockwise (CW) rotations on IPM and DP around PIP and DIP
joints respectively. These CW rotations result for finger extension.

Prototype Finger and Actuation Method
The linkage mechanism explicated in the previous paragraph has been progressively applied to develop a prototype finger. Figure 2 illustrates design of the
prototype finger. For the mechanical design, the anthropometric data of the Sri
Lankan population has been considered, which were presented by Abeysekera et
al. [31]. Intended for finger actuation, nylon strings are threaded through the
holes in the bottom of the proximal phalanges (PPB1 and PPB2) then through
the holes across the bottom of the Intermediate phalange (IPB1 and IPB2). Subsequently, those strings are tightly tied around using a knot and two pairs of
small long nose plier are used to ensure the knot is tight. High-tension fiber
cables such as carbon fiber can replace these nylons strings in order to contend
DOI: 10.4236/mme.2018.82009
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Figure 1. Links and joints of the linkage finger mechanism.

Figure 2. Design of the prototype finger.

with higher workloads. Elastic rubber loops are placed between PPT1 and PPT2,
IPT1 and IPT2. Those rubber loops act as springs to obtain the reverse actuation
and bring the finger the initial position. Figure 3 presents the fabricated prototype of the finger.
Furthermore, a simple hypothesis is proposed, in order to achieve self-adaptive
grasping. Figure 4 illustrate the schematic representation of the proposed mechanism. As shown in the Figure 4, there are two pulleys and one end of the nylon string which goes around pulley A is connected to PPB2, where the other
end is connected to IPB2. Similarly, the string which goes around pulley B is also
connected to PPB2 and IPB2. As there are, two pulleys the forces are equally distributed among the both and it, benefits to reduce the lateral motions. Once the
linear actuator generate a motion in the directions shown by arrows, the PIP and
DIP joints are supposed to be adjusted adaptively to grasp the object.

3. Kinematics of the Finger
The kinematic analysis is essential to yield the improved performance of the
mechanical design and to develop appropriate control algorithms. The full kinematic structure of the proposed prosthesis is shown in Figure 5(a). Altogether,
there are eleven links and twelve joints. The consideration of the mobility is an
important design criterion. However, mobility criteria are not applicable for
most parallel robots [17]. Intended for analysis the mobility, the kinematic
DOI: 10.4236/mme.2018.82009
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Figure 3. Fabricated prototype of the linkage finger
mechanism.

Figure 4. Proposed actuation method to accomplish self-adaptive grasps.

Figure 5. (a) Kinematic structure of the prosthetic finger; (b) Simplified kinematic structure for the mobility analysis.

representation of the finger mechanism has been simplified by assuming the
middle links act as the bones, where the outer links act as muscles. Figure 5(b)
illustrates the simplified kinematic structure for the mobility analysis. By means
of the Chebychev-Grübler-Kutzbach criterion for a planar mechanism, the degree of freedom (DoF) of the proposed linkage mechanism has been determined
by Equation (1).
j

F= 3 ( n − j − 1) + ∑ fi
i =1

(1)

where n is the number of links, j is the number of kinematic pairs and fi is DoF
of the ith pair. For the simplified configuration without length varying links n
equals 3, j equals 2 and Σfi equals 2. Therefore, the effective DoF of the mechanism is equal to 2. Therefore, without considering the motions of the
length varying links which represent muscles, the mechanism is capable of generating only two-motion configuration with a fixed set of joint angles. Furthermore, kinematic analysis of the mechanism has been carried out in two
steps. In the first phase, the geometric representation has been depicted with
the intention to initiate the relationships between the joint angles and the link
DOI: 10.4236/mme.2018.82009
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Figure 6. Geometric representation of the linkage finger
mechanism.

lengths. Subsequently, in the second phase, the forward kinematic analysis has
been carried out by means of Denavit-Hartenberg (D-H) approach, to determine
the positions of the critical points on the finger with respect to the different CD
and DG distances.

3.1. Geometric Representation
Figure 6 illustrates the geometric representation for the proposed underactuated
finger mechanism. Accordingly, the PIP joint angle is 180 − θ1 and DIP joint angle is 180 − θ2. Rotation angles of the links CD, EF, DG and FI are represented
by α1, β1, α2 and β2 respectively.
According to the geometry, following distances are equal.
(2)

AC
= AE
= BD
= BF
= GH
= HI

Let us consider the links of the proximal phalanx. According the geometry,

EF cos β1 − AB =
BF sin θ1

(3)

AB − CD cos α1 =
BD sin θ1

(4)

By considering, Equation (2), (3) and (4) it can be derived that,

2 AB EF cos β1 + CD cos α1
=

(5)

Moreover, according to the geometry it can be established that,

=
AC BD cos θ1 + CD sin α1

(6)

AE BF cos θ1 + EF sin β1
=

(7)

By considering, Equation (2), (6) and (7) it can be derived that,

CD sin α1 = EF sin β1

(8)

According to the Pythagorean theorem,

CD =

( AB − BD sin θ1 ) + ( AC − BD cos θ1 )
2

2

(9)

By considering the general principles of trigonometry and algebra, Equation
DOI: 10.4236/mme.2018.82009
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(9) can be simplified as,
CD 2 − AB 2 − AC 2 − BD 2
= AB sin θ1 + AC cos θ1
−2 BD

(10)

According to trigonometry it can be derived that,
C1 sin (θ1 + δ1 )
( AB ) sin θ1 + ( AC ) cos θ1 =

(11)

where;
C1 =
± AB 2 + AC 2

(12)

 AC 
δ1 = tan −1 

 AB 

(13)

By substituting to the right hand side of the Equation (10), from Equation (11),
(12) and (13),

 
CD 2 − AB 2 − AC 2 − BD 2

 AC    
=
± AB 2 + AC 2  sin  θ1 +  tan −1 


−2 BD
 AB    

 

(14)

Equation (14) can simplified as below to establish a relationship between the
angle θ1 and the link lengths.


2
2
2
2
 CD − AB − AC − BD   −1  AC  
=
θ1 sin 
 −  tan  AB  
2
2


 −2 BD ± AB + AC
 


−1

(15)

)

(

=
θ1 sin −1 ( A1 ) − δ1

(16)

where;
A1 =

CD 2 − AB 2 − AC 2 − BD 2

(

−2 BD ± AB 2 + AC 2

(17)

)

 AC 
δ1 = tan −1 

 AB 

(18)

According to the Pythagorean theorem it can be derived that,

EF =

( AB + BF sin θ1 ) + ( AE − BF cos θ1 )
2

2

(19)

By substituting the θ1 from Equation (16), the Equation (19) can be written as,
EF =

( AB + BF sin (sin

−1

( A1 ) − δ1 ) )

2

(

(

+ AE − BF cos sin −1 ( A1 ) − δ1

))

2

(20)

By substituting the θ1 from Equation (16), the Equation (6) can be written as,

(

)

=
AC BD cos sin −1 ( A1 ) − δ1 + CD sin α1

(21)

Equation (21) can simplified as below to establish a relationship between the
angle α1 and the link lengths.
α1 = sin −1

(

AC − BD cos sin −1 ( A1 ) − δ1
CD

)

(22)

By substituting the θ1 from Equation (16), the Equation (7) can be written as,
DOI: 10.4236/mme.2018.82009
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(

)

=
AE BF cos sin −1 ( A1 ) − δ1 + EF sin β1

(23)

By substituting EF from Equation (20), the Equation (23) can simplified as
below to establish a relationship between the angle β1 and the link lengths.

β1 = sin −1

(

AE − BF cos sin −1 ( A1 ) − δ1

( AB + BF sin (sin

−1

( A1 ) − δ1 ) )

2

)

(

(

+ AE − BF cos sin

−1

( A1 ) − δ1 ) )

2

(24)

In the same way by considering the links in the intermediate phalanx, it can
be proved that the relationship between the angle θ2 and the link lengths are
given by,


2
2
2
2
 DG − BH − BD − GH   −1  BD  
=
θ 2 sin −1 
 −  tan  BH  
2
2


 −2GH ± BH + BD
 



(25)

)

(

=
θ 2 sin −1 ( A2 ) − δ 2

(26)

where;
A2 =

DG 2 − BH 2 − BD 2 − GH 2

(

−2GH ± BH 2 + BD 2

(27)

)

 BD 

 BH 

δ 2 = tan −1 

(28)

Furthermore, the relationship between the angle α2 and the link lengths are
given by,
α 2 = sin −1

(

BD − GH cos sin −1 ( A2 ) − δ 2

)

(29)

DG

The relationship between the angle β2 and the link lengths are given by,

β 2 = sin −1

(

BF − HI cos sin −1 ( A2 ) − δ 2

( BH + HI sin (sin

−1

( A2 ) − δ 2 ) )

2

(

)

(

+ BF − HI cos sin

−1

( A2 ) − δ 2 ) )

2

(30)

3.2. Forward Kinematics
The forward kinematic analysis has been carried out by means of the Denavit-Hartenberg (DH) parameter approach. According to the D-H procedure described by the Rocha et al. [19], first the links and joints should be identified.
Links and joints can be numbered from 0 to n. Subsequently, it is required to define the reference frames for the internal links. Then the reference frames should
be defined for the extremities links. Successively, the D-H parameters for each
link should be identified, where ai is the distance between zi − 1 and zi. di is the
distance between xi − 1 and xi. αi is the angle between zi − 1 and zi measured
along xi, while θi is the angle between xi − 1 and xi, measured along zi. Then the
homogeneous transformation matrices for each joint should be determined and
finally the overall homogeneous transformation matrix by premultiplication of
DOI: 10.4236/mme.2018.82009
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Figure 7. Link frame assignment of the linkage finger
mechanism for Denavit-Hartenberg analysis.
Table 1. Denavit-Hartenberg link parameters.
D-H Parameter
Link No.

α(i-1)

a(i-1)

di

θi

(degrees)

(mm)

(mm)

(degrees)

0

0

0

0

0

1

0

AB

0

θ1

2

0

BH

0

θ2

the individual joint transformation matrices should be determined. Accordingly,
Figure 7 illustrates the link frame assignment of the linkage finger mechanism
and Table 1 defines the Denavit-Hartenberg link parameters.
By referring to the link frame assignment and D-H link parameters. The rotation around the Z0 axis can be denoted by,
− sin 0
cos 0
0
0


 sin 0 cos 0

−
−
cos
0
cos
0
sin
0
sin
0
0
)(
)
)
(
)
(
)(
(
)(


(31)
=
T
0
 ( sin 0 )( sin 0 ) ( cos 0 )( sin 0 ) cos 0 ( cos 0 )( 0 ) 


0
0
0
1


1 0 0 0 
0 1 0 0 


(32)
0T =
0 0 1 0 


0 0 0 1 
Subsequently, the translation by AB, followed by a rotation around the Z1 axis,
can be denoted by,

cos θ1

 sin θ cos 0
)
1 )(
0
(
1T =
 ( sin θ1 )( sin 0 )

0


0
− sin θ1
( cos θ1 )( cos 0 ) − sin 0
( cos θ1 )( sin 0 ) cos 0
0
0

cos θ1
 sin θ
1
0

T
=
1
 0

 0
DOI: 10.4236/mme.2018.82009

130

− sin θ1
cos θ1
0
0

0
0
1
0

AB 
0 
0 

1 

AB

( − sin 0 )( 0 ) 
( cos 0 )( 0 ) 

1


(33)

(34)
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Successively, the translation by BH, followed by a rotation around the Z2 axis,
can be denoted by,

cos θ 2

 sin θ cos 0
)
2 )(
1
(
2T =
 ( sin θ 2 )( sin 0 )

0


− sin θ 2
0
cos
θ
cos
0
−
sin
0
(
)
2 )(
( cos θ 2 )( sin 0 ) cos 0
0
0

cos θ 2
 sin θ
2
1

2T =
 0

 0

− sin θ 2
cos θ 2

BH

−
sin
0
0
(
)( )
( cos 0 )( 0 ) 

1


0 BH 
0 0 
1 0 

0 1 

0
0

(35)

(36)

According to the Denavit-Hartenberg convention,

( )( T )

T = ( 0T ) 01T

0
2

1
2

(37)

By substituting from the Equation (32), (34) and (36), the Equation (37) can
be written as,

1
0
0

2T =
0

0

0
1
0
0

0
0
1
0

0  cos θ1
0   sin θ1
0  0

1  0

− sin θ1
cos θ1
0
0

0
0
1
0

AB  cos θ 2
0   sin θ 2
0  0

1  0

− sin θ 2
cos θ 2
0
0

0 BH 
0 0 
(38)
1 0 

0 1 

Subsequently, the Equation (38) can be simplified as below,

cos (θ1 + θ 2 ) − sin (θ1 + θ 2 )

0
 sin (θ1 + θ 2 ) cos (θ1 + θ 2 )
=
T
2

0
0

0
0


0 BH cos θ1 + AB 

BH sin θ1 
0

1
0

0
1


(39)

The position of the point D with respect to the origin can be defined as,

D x0 y0 z0

 D x1 
 y1 
D
= 01T  z 
D 1 


 1 

(40)

where,

 D x1   0 
 y1   
 D  =  BD 
 D z1   0 

  
 1   1 

(41)

Substituting from Equation (34) and (41), the Equation (40) can be written as,

D x0 y0 z0

cos θ1
 sin θ
1
=
 0

 0

− sin θ1
cos θ1
0
0

0
0
1
0

AB   0 
0   BD 
0  0 
 
1  1 

(42)

Furthermore, the Equation (42) can be simplified as below to describe the poDOI: 10.4236/mme.2018.82009
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sition of the point D with respect to the origin.

D x0 y0 z0

 − BD sin θ1 + AB 
 BD cos θ

1

=


0


1



(43)

Likewise, the position of the point G with respect to the origin can be defined
as,

G x0 y0 z0

 G x2 
 y2 
G
= 02T  z 
G 2 


 1 

(44)

where,

 G x2   0 
 y2  

G  = GH 
 G z2   0 

 

 1   1 

(45)

Substituting from Equation (36) and (45), the Equation (44) can be written as,

G x0 y0 z0

cos (θ1 + θ 2 ) − sin (θ1 + θ 2 )

sin (θ1 + θ 2 ) cos (θ1 + θ 2 )

=

0
0

0
0


0 BH cos θ1 + AB   0 


BH sin θ1  GH 
0
 0 
1
0


0
1
 1 

(46)

Afterwards the Equation (46) can be simplified as below to describe the position of the point G with respect to the origin.

G x0 y0 z0

 −GH sin (θ1 + θ 2 ) + BH cos θ1 + AB 


GH cos (θ1 + θ 2 ) + BH sin θ1 

=


0


1



(47)

Successively, the position of the point K with respect to the origin can be defined as,

K x0 y0 z0

 K x2 
 y2 
0 K 
= 2T
 K z2 


 1 

(48)

where,

 K x2   HJ 
 y2   
 K  =  JK 
 K z2   0 

  
 1   1 
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Substituting from Equation (39) and (49), the Equation (48) can be written as,

K x0 y0 z0

cos (θ1 + θ 2 ) − sin (θ1 + θ 2 )

sin (θ1 + θ 2 ) cos (θ1 + θ 2 )
=

0
0

0
0


0 BH cos θ1 + AB   HJ 
 
BH sin θ1   JK 
 0 
0
 
1
 1 

0
1
0

(50)

Furthermore, the Equation (50) can be simplified as below to describe the position of the point K with respect to the origin.

K x0 y0 z0

 HJ cos (θ1 + θ 2 ) − JK sin (θ1 + θ 2 )) + BH cos θ1 + AB 


HJ sin (θ1 + θ 2 ) + JK cos (θ1 + θ 2 ) + BH sin θ1 
=


0


1



(51)

4. Analysis and Results
The prototype of the linkage finger mechanism has been designed with the link
parameters demonstrated in Table 2. By considering the link parameter values
and referring to the kinematic analysis, a MatLab program has been developed
to plot the positions of the points D, G and K, with respect to the different CD
and DG distances. By substituting the values for θ1 and θ2 from Equation (16)
and (26) to Equation (43), (47) and (51) the X and Y coordinates of the points D,
G and K have been plotted as illustrated in Figure 8. Furthermore, by substituting link lengths values for the Equation (16) and (26), it has been identified that,
during the maximum flexion of the finger, both PIP and DIP joint angles are
equal to 134.5˚ where CD and DG distances are at its minimum of 33 mm. Contrariwise, once the CD and DG equals to 40 mm the finger achieve its maximum
extension where PIP and DIP joint angles are equal to 180˚. The configuration
space of a finger is its range of movement. A finger can only perform within the
confines of this configuration space. As shown in Figure 9, the finger trajectories and the configuration space of the proposed finger in X-Y coordinate system
(origin is at MCP joint) has been determined by using the motions simulations
inbuilt with Solidworks software package. Based on the finger trajectories and
the configuration space, different prosthetic terminal devices can be developed,
in order to accomplish the anticipated grasps patterns.
Furthermore, experimental investigations have been carried out to confirm
the motions of the proposed finger mechanism. Accordingly, the sequence of the
finger motions throughout the actuation of the prototype were captured by using a digital camera, as presented in Figure 10. Subsequently, by using the ImageJ open source image processing software package [32], the DIP and PIP joint
Table 2. Link parameter values for the prototype finger.
Constant

Variable

Parameter

AC, AE, BD, BF,
GH, HI

AB, BH

HJ

LJ, JK

CD, DG

EF, FI

Length (mm)

10

40

30

9

33 to 40

40 to 47
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Figure 8. X and Y coordinates of the different finger positions with respect to the CD and DG distance (a) X coordinate of Point
D; (b) Y coordinate of Point D; (c) X coordinate of Point G; (d) Y coordinate of Point G; (e) X coordinate of Point K; (f) Y coordinate of Point K.

angles of the prototype were measured with respect to different CD and DG distances. As presented in Figure 11, the experimental results have been compared
with the simulations. There is a difference (up to two degrees) between the experimental and simulation results. The backlash of the links due to less precision of
fabrication and the instabilities of the camera might have caused such errors.
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Figure 9. Trajectories and the configuration space of the linkage finger mechanism.

Figure 10. Sequence of the finger motions with respect to change of both CD and DG
distances.
180
170

Experimental

180

Simulation

175

DIP Joint Angle (deg)

PIP Joint Angle (deg)

175
165
160
155
150
145
140

Experimental
Simulation

170
165
160
155
150
145
140

33.5

35.5

37.5

CD Distance (mm)
(a)

39.5

33.5

35.5

37.5

39.5

DG Distance (mm)
(b)

Figure 11. Comparison between the experimental measurements and motion simulation
results for link lengths and joint angles (a) PIP joint angle against CD distance; (b) DIP
joint angle against DG distance.
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Figure 12. Convergence of the finite element analysis.

The finite element analysis (FEA) by Solidworks simulations proved that the
finger is sturdy to withstand the standard finger forces. Designed prosthetic finger mechanism is expected to carry 20 N payload at distal phalanx. In addition
to the play load it is assumed that 5 N is applied by the elastics rubber loops as a
spring effect. Further the tension of nylon strings has been is taken as 10 N
where it applies a pull on PPB2 and IPB2. Von misses stress, resultant displacement and equivalent strain of the finger have been determined by FEA. According to the results, the designed finger has a maximum von Mises Stress of
3.36e+007 N/m2, maximum resultant displacement of 1.55 mm and maximum
equivalent strain of 0.008 where the Yield strength, Tensile strength and Elastic
modulus of the material (PLA) are 7e+007 N/m2, 7.3e+007 N/m2, 3.5e+009 N/m2
respectively. The minimum factor of safety has been determined as 2. The convergence analysis has been carried out for randomly chosen mesh sizes and the
results are presented in Figure 12. According to the polynomial curve, the results are converging.

5. Conclusion
This paper proposes a novel underactuated linkage finger mechanism, which is a
combination of series and parallel links. Although the Chebychev-GrüblerKutzbach criterion has limitations to analyze parallel robots, the simplification
of the kinematic representation has been applicable to analyze the mobility of
the proposed linkage mechanism. However, it was only able to demonstrate the
effective DoF for finger grasps and was unable to demonstrate a clear understanding on friction of the mechanism. Even though the mobility analysis proposed that the mechanism has two DoF, the finger can be actuated by a single
linear actuator. Hence, the presented linkage finger mechanism is competent as
an underactuated mechanism. Furthermore, the proposed mechanism can be
developed, without placing any actuators inside the finger, thus lightweight
prosthetic devices can be introduced to accomplish grasps with high workload
and finger contact forces. The explicated two-step kinematic analysis, first generating the relationships between the link lengths and the joint angles, then D-H
conversion towards the forward kinematics is an impeccable approach to analyze
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the systems, which are developed as a hybrid of series and parallel links. Furthermore, the experimental investigation has verified the functionality of the
finger and the exactitude of the analysis carried out. The outcomes of the kinematic analysis, establishment of the trajectories and the configuration space for
the proposed mechanism, will be beneficial for future research towards developing control algorithms for the finger actuation.
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