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Geometric Design‑based Dimensional 
Synthesis of a Novel Metamorphic 
Multi‑fingered Hand with Maximal Workspace
Wei An1, Jun Wei1, Xiaoyu Lu1*  , Jian S. Dai1,2 and Yanzeng Li3 

Abstract 

Current research on robotic dexterous hands mainly focuses on designing new finger and palm structures, as well 
as developing smarter control algorithms. Although the dimensional synthesis of dexterous hands with traditional 
rigid palms has been carried out, research on the dimensional synthesis of dexterous hands with metamorphic palms 
remains insufficient. This study investigated the dimensional synthesis of a palm of a novel metamorphic multi-
fingered hand, and explored the geometric design for maximizing the precision manipulation workspace. Different 
indexes were used to value the workspace of the metamorphic hand, and the best proportions between the five links 
of the palm to obtain the optimal workspace of the metamorphic hand were explored. Based on the fixed total length 
of the palm member, four nondimensional design parameters that determine the size of the palm were introduced; 
through the discretization method, the influence of the four design parameters on the workspace of the metamor-
phic hand with full-actuated fingers and under-actuated fingers was analyzed. Based on the analysis of the metamor-
phic multi-fingered hand, the symmetrical structure of the palm was designed, resulting in the largest workspace 
of the multi-fingered hand, and proved that the metamorphic palm has a massive upgrade for the workspace of 
underactuated fingers. This research contributed to the dimensional synthesis of metamorphic dexterous hands, with 
practical significance for the design and optimization of novel metamorphic hands.
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1  Introduction
For decades, robotic and prosthetic hand designers have 
been interested in making a life-like mechanical dexter-
ous hand, from which a large number of robotic hands 
can be derived. To prevent the problems caused by the 
freedom of a human hand as much as possible, research-
ers and designers use under-actuated fingers and palms 
with low degrees of freedom to achieve grasping action 
[1]. Simpler hands with fewer joints and fingers can still 
achieve a high degree of functionality with a simpli-
fied structure [2]. With the development of computer 

technology, as well as control and institutional theories, 
scientists have started studying robotic dexterous hands 
systematically, leading to the emergence of various dex-
terous hands that can imitate the structure of human 
hands. Consider the example of a typical Okada hand [3] 
developed in Japan; its three fingers are capable of mim-
icking a human hand.

With further advancement in the field, several famous 
robot dexterous hands [4–10] have been created. As for 
various notable designed hands, the three-fingered Stan-
ford/JPL Hand [4], four-fingered Utah/MIT Hand [5], 
five-fingered Belgrade/USC hand [6], Karlsruhe Dexter-
ous IN Hand [7], DLR hand [8], NAIST Hand [9], and 
UBH3 hand [10] have provided pioneering insights. In 
the 21st century, international research on robotic dex-
terous hands has gradually shifted from exploration and 
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research to practical application development. Mean-
while, the application range has been expanding, and an 
increasing number of dexterous hands have appeared 
in various industries. Li et  al. [11] designed a novel 
deployable grasping manipulator (DGM). Zhao et  al. 
[12] proposed an n(3RRlS) metamorphic serial-parallel 
manipulator (MSPM) with multiple working conditions. 
Jin et  al. [13] developed dexterous hands based on par-
allel finger structures, and Fang et  al. [14] presented a 
novel Lie-group-based synthesis method that extends the 
3-[P][S] parallel mechanisms (PMs) to dexterous hands. 
For the uncontrollable problem of underactuated dexter-
ous hand joint movement, a novel lockable joint single-
turn underactuated dexterous hand was designed by Liu 
et al. [15]. Laffranchi et al. [16] created the Hannes hand. 
Gong et al. [17] developed a dexterous anthropomorphic 
robotic hand by mimicking the muscle–tendon–ligament 
structure of the human hand. Wang et al. [18] proposed a 
grasper composed of rigid mechanical structures, which 
was able to drive and control with a single degree of free-
dom and automatically self-adapts to the object shape 
with a uniform grasping force. Wang et al. [19] revealed 
a passively adaptive five-fingered underactuated dexter-
ous hand (UADH). Yang et al. [20] presented an anthro-
pomorphic robotic hand (MCR-Hand III). Yang et  al. 
[21] developed a rigid–flexible coupling bionic finger 
based on the structure of the human hand. Zhang et al. 
[22] designed a novel linear-parallel and self-adaptive 
robot hand, and also developed the MPJ hand [23] , the 
PASA hand [24] and the TPM hand [25]. Loai et al. [26] 
designed a variable stiffness, soft, three-fingered dexter-
ous gripper. Glick et al. [27] created a soft robotic gripper 
with a gecko-inspired adhesive.

To overcome the negative effects of low palm flexibil-
ity on the workspace, operation, and dexterity of robotic 
hands, Dai et  al. [28, 29] applied the variable topologi-
cal structure of the metamorphic mechanism to extend 
the degree of freedom of the palm, which addressed the 
limitation of the low flexibility of the traditional dexter-
ous palm and creatively proposed the design concept of a 
dexterous hand. The palm of the metamorphic hand was 
based on a closed-loop spherical five-bar mechanism that 
can be folded and unfolded. The fingers were mounted on 
the components of the spherical mechanism. The posi-
tion of the finger end can be adjusted via the palm move-
ment, which greatly increased the reach of the finger and 
expanded the workspace of the entire hand. Similarly, the 
use of a metamorphic mechanism in the design of the 
palm significantly improved the dexterity and imitation 
of the robot hand, and achieved more general functions 
in its application.

Many studies have been conducted to examine the 
design parameters of robotic hands and how they affect 

the grasping performance. Ciocarlie and Allen [30] used 
a quasistatic equilibrium formulation to predict the sta-
bility of a given grasp. Ciocarlie et  al. [31] introduced 
a method to optimize the dimensions of the links to 
achieve an enveloping grasp of a large range of objects. 
Borràs and Dollar [32] applied dimensional synthesis to 
explore the geometric design of dexterous three-fingered 
robotic hands to maximize the precision manipulation 
workspace. They also found that proper parameter design 
for an underactuated hand can achieve up to 50% of the 
workspace of a fully actuated hand. Roshan and Kumar 
[33] presented the design exploration of robotic hands to 
achieve a maximum precision manipulation workspace.

Although many dimensional syntheses have been 
applied to mechanical hands to achieve better workspace 
and grip performance, there exist few studies regarding 
the application of dimensional synthesis in metamorphic 
hands. Cui and Dai [34] designed a metamorphic hand 
with a planar reconfigurable and flexible palm, making 
the hand more dexterous and adaptable. Nevertheless, 
they merely analyzed the kinematics of the palm and 
ignored the kinematics of the fingers. This study aims to 
investigate the dimensional synthesis of a metamorphic 
hand and discuss the effects of the design parameters on 
the palm and finger workspaces. In addition, this work 
also investigates the necessity of a symmetrical structure 
in the palm for maximal workspace, and how the meta-
morphic mechanism in the palm changes the size of the 
finger workspace in the metamorphic hand. Based on 
the powerful performance of the original metamorphic 
hand [34], this study has made great progress, whose 
conclusion could be suitable for further exploration of 
other metamorphic hands. The method for optimizing 
the design parameters of the metamorphic hand is also 
significant.

The rest of this article is organized as follows: the 
mathematical formulation of the hand is presented in 
Section  2. The subsequent Section  3 outlines the meth-
odology for systematically computing the workspaces 
and their size. The computation results and relevant dis-
cussions are elaborated in Section 4, while Section 5 pre-
sents the conclusions.

2 � Kinematics and Workspace of the Metamorphic 
Multi‑fingered Hand

A three-fingered dexterous hand was developed with 
a planar five-bar link mechanism as its reconfigurable 
palm, as illustrated in Figure 1. This metamorphic hand 
consists of two parts: the palm and fingers. The palm is 
comprised of five links (links 1–5) that are connected in 
a sequence. There exist three identical double-joint fin-
gers (fingers 1–3, as shown in Figure 1) installed on the 
palm, which are fixated on links 2, 3, and 5, respectively. 
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Considering that the palm configuration could be 
expressed by a triangle determined by the fixing points of 
the fingers, namely B1, B2, and B3 in Figure 1, this study 
defined the triangle area as the palm workspace as per 
Cui and Dai [34] to apply dimensional synthesis on the 
novel metamorphic multi-fingered hand. With the given 
input angles of the palm portion, the area of the triangle, 
ΔB1B2B3 can be used to evaluate the workspace of the 
palm [28]. If the triangular area in the working area of the 
palm is large, it indicates that the palm is widely opened, 
and can grasp a large object. In the case of a small tri-
angular area in the workspace, it is suitable for holding 
a small object. In addition, this study defined the space 
within the reach of the fingertip as the finger workspace.

2.1 � Mathematical Model for Kinematics 
of the Metamorphic Multi‑fingered Hand

The schematic of the metamorphic hand explains the 
mathematical relationship of its reconfigurable palm, as 
shown in Figure 1. The global coordinate frame, OAx1y1z1 
is fixed with respect to link 5, where z1 is the axis of the 
revolute joint, OA, and x1 lies along link 5. Similarly, 
local coordinate frames, OBx2y2z2, OCx3y3z3, ODx4y4z4, 
and OEx5y5z5 are established with respect to links 1 to 4, 
respectively, where zi (i = 2–5) is the axis of each palm 
revolute joint, and xi lies along links 1–4. θi (i = 1–5) is 
the angle between two connecting links where θ1 and θ5 
are actuated joints, while θ2, θ3, and θ4 are passive joints 
that change the configuration of the metamorphic palm 
in the company. Cui and Dai [34] established a kinematic 
model of the metamorphic hand and obtained some for-
mulas for its forward and inverse kinematics as follows:

(1)θ2 = 2 arctan





B1 ±

�

A2
1
+ B2

1
− C2

1

A1 − C1



− θ1,

where

For the configuration of the actual dexterous hand, the 
palm is generally in the configuration of a convex penta-
gon when grasping, so the solutions of θ2 and θ4 in the 
above formulas are positive.

2.2 � Workspace of the Metamorphic Palm
Cui and Dai [34] conducted a preliminary study of the 
workspace of metamorphic palms. The input angle, θ1 
was fixed, with another input angle, θ5 changed from π/2 
to 3π/2 to study the orientation of the fingers.

The workspace of the palm has a vast range. It can be 
seen that the metamorphic palm has a variable work-
space so that the size of the fingers and palm should be 
explored to obtain an optimal metamorphic hand. In 
this study, all the input joints were actuated, while many 
poses of the metamorphic hand were obtained to explore 
the maximum workspace of the palm, and dimensional 
synthesis was applied to the metamorphic palm.

2.3 � Workspace of Fingers of the Metamorphic 
Multi‑fingered Hand

The workspace of the fingers is combined with that of the 
palm, as the fingers are fixed on the links. In this study, 
the metamorphic hand is also a three-fingered robot 
hand, and thus, the conclusions of Borràs and Dollar 
[32] can be applied. To maximize the workspace of the 
metamorphic hand, the distal link of the two-link fingers 
should reach approximately 1–1.2 times of the proximal 
link in terms of the length.

The novel metamorphic hand is characterized by a 
variable workspace of the palm that can extend the 

(2)θ4 = 2 arctan


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B2 ±

�

A2
2
+ B2

2
− C2

2

A2 − C2



− θ5,

(3)θ3 = 2π− θ1 − θ2 − θ4 − θ5,

(4)A1 = 2(cθ1l1 + cθ5l4 + l5)l2,

(5)B1 = 2(sθ1l1 − sθ5l4)l2,

(6)
C1 = (cθ1l1 + cθ5l4 + l5)

2
+ (sθ1l1 − sθ5l4)

2
+ l22 − l23 ,

(7)A2 = 2(cθ1l1 + cθ5l4 + l5)l3,

(8)B2 = 2(sθ5l4 − sθ1l1)l3,

(9)
C2 = (cθ1l1 + cθ5l4 + l5)

2
+ (sθ1l1 − sθ5l4)

2
+ l23 − l22 .

Figure 1  Workspace triangle of the metamorphic hand palm
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posture of the three identical fingers, thereby increas-
ing the dexterity of grasping. To explore the workspace 
of the fingers, a grasp model of the metamorphic hand 
was established based on the precision grasp. There-
fore, a scheme for the metamorphic hand grasping a 
disc could be developed, as shown in Figure 2.

To establish a gripping triangle model of the novel 
dexterous hand, the first task was to establish a position 
model of the fingertips. Finger 1, which is fixed on the 
base, is not affected by changes in the palm.

where xCi, yCi, zCi (i=1, 2, 3) are the coordinates of the 
three fingertips, respectively, and φij (i=1, 2, 3; j=1, 2) 
represents the angle of the joint, j in the fingers, i. f1 and 
f2 represent the lengths of the proximal and distal links, 
respectively.

For finger 2, which is fixed on link 2, the relationship 
can be obtained as follows:

Therefore, the coordinates of the second fingertip are 
as follows:

The coordinates of the third fingertip can also be 
obtained similarly:

(10)







xC1
= −l5/2,

yC1
= −f1 cos (ϕ11)− f2 cos (ϕ11 + ϕ12),

zC1
= f1 sin (ϕ11)+ f2 sin (ϕ11 + ϕ12),

(11)

pC2
= R(z1, θ1)T (x1, l1)R(z2, θ2)T (x2, l2/2)

R(x2,−ϕ21)T
(

y2,−f1
)

R(x2,−ϕ22)T
(

y2,−f2
)OC2pC2

,

(12)OC2pC2
=

[

0 0 0 1
]T
.

(13)

xC2
= l1cθ1 + l2c(θ1 + θ2)/2+

s(θ1 + θ2)
(

f1cϕ21 + f2c(ϕ21 + ϕ22)
)

,

yC2
= l1sθ1 + l2s(θ1 + θ2)/2−

c(θ1 + θ2)
(

f1cϕ21 + f2c(ϕ21 + ϕ22)
)

,

zC2
= f1 sin ϕ21 + f2 sin (ϕ21 + ϕ22).

These three points were connected to form a grasping 
triangle. On this basis, the range of the grasp space and 
size range of the grasped object can be further analyzed.

As shown in Figure  3, points C1, C2, and C3 are the 
gripping points, with point PO indicating the object 
center. For the disc model constrained by the three fin-
gertips, the center position of the grasped object is the 
best indicator of the position of the grasped object, while 
the distance from the three gripping points to the center 
of the circle is the best indicator of the size of the grasped 
object. Meanwhile, the vector direction of the three grip-
ping points and the center position coordinates are the 
best indicators of the degree of inclination of the grasped 
object.

3 � Dimensionless Optimizations and Discretization 
of the Metamorphic Multi‑fingered Hand

3.1 � Parametric Design of the Metamorphic Multi‑fingered 
Hand

The design significance of the dexterous hand lies in its 
ability to complete the target grasping task of an actual 
object, while the quality of task completion depends on 
the flexibility and operability of the grasp. For a dexterous 
hand, changes in the palm-size and finger-size param-
eters affect the topological characteristics of the entire 
dexterous hand, which in turn affects the kinematics, 
gripping characteristics, and target tasks of the entire 
dexterous hand, and work performance.

Therefore, for different grabbing tasks, there is always 
a new dexterous hand of a specific size that allows it 
to have maximum grip flexibility or grip operability 
under the constraints of the gripping scheme and tar-
get. Therefore, the targeted size optimization of the 

(14)

xC3
= −l5 − l4cθ5 − l3c(θ4 + θ5)/2

−s(θ4 + θ5)
(

f1cϕ31 + f2c(ϕ31 + ϕ32)
)

,

yC3
= l4sθ5 + l3s(θ4 + θ5)/2

−c(θ4 + θ5)
(

f1cϕ31 + f2c(ϕ31 + ϕ32)
)

,

zC3
= f1 sin ϕ31 + f2 sin (ϕ31 + ϕ32).

Figure 2  Novel metamorphic multi-fingered hand grasping a disk

Figure 3  Center of the grasped object
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dexterous hand can lay a hardware foundation to better 
meet the requirements of actual grab tasks, reduce the 
subsequent sensor and control accuracy requirements, 
and increase the grabbing range of the object under 
specific working conditions, as well as improving the 
grab stability and performance of target grabbing tasks.

Based on the different gripping attributes required 
for the target grasping task, the goals of dexterous hand 
size optimization can be classified into two categories. 
One is to obtain the best grip flexibility for the target 
being grasped, and the other is to obtain the best grip 
operability for the target being grasped.

The first target type is focused more on the breadth 
of the grasping scope, the richness of the grasping pos-
ture, and the adaptability of the size of the grasped 
object. From the perspective of static characteristics, 
such as position and attitude, it seeks the extreme value 
of the gripping flexibility of the new metamorphic hand 
under the grasping task.

For the second type of target, it is aimed at the target 
grabbing task, the stability of the palm-handling opera-
tion, and the mechanical and control performances 
of the continuous gripping and operating motions. It 
mainly seeks the extreme value of the grasping oper-
ability of the new type of changes under the grasping 
task from the perspective of dynamic characteristics, 
such as the Jacobian matrix.

To optimize the size of the new dexterous hand, 
the grip performance basis of the size optimization is 
selected in terms of the focus function of the grab task, 
while establishing the optimization model. The optimi-
zation model consists of two main parts: the objective 
function and constraints.

To standardize the results of all different sizes of met-
amorphic hands, the units of the parameters are omit-
ted herein. Considering that the final size is as close as 
possible to the previous generation of metamorphic 
hands, the sum of the lengths of the palm members 
should be ~35 cm. Therefore, the sum of the lengths 
of the five links of the palm is fixed to 35 cm. Link 5 
is used as the base length with respect to the longest 
among the five links. Through the length proportion 
between the different links, the length of the five links 
can be determined, and the ratio between these links 
can be represented as four parameters. In this study, 
the lengths of the links are in centimeters.

The parameters described in Table 1 are as follows:
P1 = l5/l1: The ratio of the length of link l5 to that of 

link l1 of the palm; specifically, Pi represents the ratio 
of link l5 to link li. Because of the structural limits of 
the reconfigurable palm, the value of Pi should be lim-
ited, and the ranges of the four parameters are listed in 
Table 1.

If Pi is too large, the configuration of the palm would be 
similar to a line, and the metamorphic characteristics of 
the palm would be weakened. If P1 and P4 are < 2, with θ1 
and θ5 taking the values of π and 0, respectively, the area 
of the palm triangle would become zero, or even a nega-
tive value. Thus, the ranges of P1 and P4 should be > 2.
Pi defines the geometry of the palm, which is sufficient 

for calculating the kinematic workspace that is defined by 
solving the kinematics. They are sufficient for comput-
ing the workspace of metamorphic palms. To determine 
the size of the palm workspace with any combination of 
four different design parameters and represent the results 
graphically, these parameters need to be discretized. A 
small step size is taken for each design parameter within 
a reasonable range, and the palm workspace is solved 
numerically for all possible combinations.

3.2 � Discretization Method of Design Parameters 
of the Metamorphic Multi‑fingered Hand

While solving the combination of any four design param-
eters, a discretization method should be employed. The 
two active angles, θ1 and θ5, of the palm take a small step 
size within the range of motion to solve the workspace of 
the dexterous palm, where θ1 and θ5 have a value range of 
[0, π].

In the case where the discretization method is used 
to calculate the workspace of the entire palm under the 
design parameters, smaller step size of the variable leads 
to a more accurate result. However, a small step size cor-
responds to a large increase in calculations, which is non-
linear because the palm has two active joints. A proper 
step size should be found to ensure that the calculated 
results are as close as possible to the actual situation, 
while not significantly increasing the computing time.

Based on the original version of the dexterous palm 
size, this study solves the error of the palm workspace 
with different input angle steps, as shown in Table 2.

Where Smax and Save indicate the maximum and aver-
age areas of the palm triangle in the entire motion space, 
respectively. In this study, 0.001π is taken as the ideal step 
size, and a comparison of the results of other groups with 
different step sizes is made with the seventh group to 
determine the error. In the fourth set of data, if the step 
size is 0.01π, more than 10000 poses in the dexterous 

Table 1  Design parameters and their corresponding ranges

Parameter Definition Range

P1 l5/l1 2‒8

P2 l5/l2 0‒2.5

P3 l5/l3 0‒2.5

P4 l5/l4 2‒8
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palm movement space can be obtained, and the calcu-
lated result has an error of less than 1% compared with 
the ideal result. Therefore, in the subsequent dimension 
synthesis calculation, a step size of 0.01π is suitable for 
simulating the entire motion space for a set of design 
parameters.

4 � Results of Dimensional Synthesis 
of the Metamorphic Multi‑fingered Hand

4.1 � Dimensional Synthesis of Palm Workspace Indicators 
with Different Parameters of the Metamorphic 
Multi‑fingered Hand

In this study, dimensional synthesis is applied to the 
metamorphic multi-fingered palm with different palm 
workspace indicators, and observations are made on the 
relationship between the design parameters and the indi-
cators. The indicators include:

a.	 The maximum area of the palm triangle that can be 
reached, namely, Smax.

b.	 The average area of the palm triangle in the entire 
motion space, that is, Save.

c.	 The arithmetic mean of Smax and Save, namely, S′.

The palm of the original metamorphic multi-fingered 
hand is of a symmetrical structure if the actuated joints 
θ1 and θ5 are equal. In the original version of the dexter-
ous hand, the length of link 1 is equal to that of link 4, 
and the length of link 2 is equal to that of link 3, which 
means that the parameters in Table  1 can be reduced 
to two parameters P1 and P2. However, the asymme-
try of the palm can affect the workspace of the palm. To 
explore the effect of the asymmetry of the distribution of 
link length in the workspace of the metamorphic palm, 
the total length was fixed, while P1 and P4, as well as P2 
and P3 were varied, and were changed from the lower to 
the upper limit value. An independent simulation was 
performed by sweeping all the parameters in the ranges 
shown in Table 3.

Because the final results are affected by four vari-
ables, it is difficult to reflect the exact results directly in 
a graphical manner. In this study, a larger step size was 
used for the overall large range, the best area was deter-
mined, and then a detailed analysis of the area was per-
formed to obtain the best results.

The workspace of the palm with different Pi values was 
determined and presented in one picture. If the length of 
link 1 and that of link 4, as well as the length of link 2 
and that of link 3 take the same value, the workspace of 
the palm can achieve the maximum value with the total 
length of the palm fixed. More importantly, the average 
workspace of the metamorphic palm could also reach 
its maximum. Therefore, dimensional synthesis on the 
metamorphic multi-fingered hand can be applied on the 
premise that the length of link 1 is equal to that of link 4, 
and the length of link 2 is equal to that of link 3. The map 
is illustrated in Figure 4.

Figure 4 illustrates the evolution of the workspace size 
as the geometric parameters change with different pro-
portions between different links. The color bar on the 
right represents the evolution of the palm workspace 
size, in which the brightest color corresponds to the most 
prominent size, while the darkest color indicates a size of 
zero.

The point of each subgraph closest to the red color is 
always at the bottom left corner of the graph, indicat-
ing that the maximum value Smax always emerges at the 
lower-left corner of each subgraph, where the design 
parameters P1 and P4 are both 2. A blank portion 

Table 2  Error in different design parameters

θ1 and θ5 step size Number of 
configurations

Smax (cm2) Save (cm2) Smax error (%) Save error (%)

1 0.1π 121 12.424 9.617 1.18571 3.75545

2 0.05π 441 12.564 9.714 0.07171 2.78372

3 0.025π 1681 12.564 9.871 0.07171 1.20782

4 0.01π 10201 12.573 9.951 0.00138 0.41380

5 0.005π 40401 12.573 9.975 0.00138 0.16398

6 0.0025π 160081 12.573 9.985 0.00066% 0.06559

7 0.001π 1002001 12.573 9.992 ‒ ‒

Table 3  Palm design parameters

Design parameters Range Step size Number 
of values

P1 [2, 8] 0.05 121

P2 [0, 2.5] 0.5 5

P3 [0, 2.5] 0.5 5

P4 [2, 8] 0.05 121
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appears in the figure, which indicates that the design 
parameters corresponding to the blank portion will not 
constitute the palm of the dexterous hand.

For the average value of the triangular area of the 
palm over the entire range of motion, the results are as 
illustrated in Figure 5.

Compared with the results of Smax, the change in Save 
only exhibits the same rule as Smax in some graphs. In 
other subgraphs, the value of Save does not increase 
with the decrease in P1 and P4; however, we observe 
that the values of Save in these subgraphs are not large 
enough. The best result is obtained when both P1 and 
P4 are 2, which is consistent with the previous results.

For the arithmetic mean S′ of Smax and Save over the 
entire range of motion, the results are as shown in 
Figure 6.

The law exhibited by each subgraph is the same as 
that presented by Smax. The maximum result in each 
subgraph is almost achieved in the lower-left corner of 
the subgraph, where the design parameters P1 and P4 
are both 2.

Figures 4, 5, 6 obviously demonstrate that if P1 and P4, 
as well as P2 and P3 take the same value, the maximum 
and average workspaces of the palm would reach their 
maximum values.

Based on the above results, for the purpose of this 
study, the lengths of link 1 and link 4, as well as the 
lengths of link 2 and link 3, take the same value. The 
workspace of the palm with a smaller step size is used to 
determine the optimal proportions between link 1 and 
link 5, link 2 and link 5. When the design parameters are 
reduced to two, smaller steps are used to achieve more 
accurate results, as shown in Table 4.

After calculating Smax, Save, and S’, the following results 
are obtained with different combinations of P1 and P2, as 
illustrated in Figures 7, 8, 9.

It is clear that if both P1 and P2 take a large value, there 
is no corresponding value on the stereogram, which 
means that the metamorphic palm cannot be formed 
in that case. The largest values of Smax and S′ are taken 
when P1=2 and P2 = 1. In this case, Smax is approxi-
mately 22  cm2, while S′ is about 17  cm2. However, the 
largest value Save is achieved in the case of P1 = 8 and 
P2 = 1, where Save is approximately 15  cm2. It can be 
observed from the projection in the upper right that the 
design parameter P2 has a more significant influence on 
Smax, Save, and S′. Regardless of the value of P1, the val-
ues of Smax, Save, and S’ increase rapidly as P2 increases, 
reach their peaks when P2 = 1, and then decrease with 
the increase in P2; the decreasing speed is lower than 

Figure 4  Maximum workspace of the palm with different Pi
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Figure 5  Average workspace of the palm with different Pi

Figure 6  S′ of the palm with different Pi
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the increasing speed. Meanwhile, it can be seen that if 
the value of P2 is between 0.5 and 1.5, regardless of the 
value of P1, the values of Smax, Save, and S′ are all relatively 
large, almost exceeding 12 cm2, which is consistent with 
the previous asymmetry structure. From the projection 
in the lower right, it can be observed that the design 
parameter P1 has less influence on Smax, Save, and S′. As 
P1 increases, Smax and S′ gradually decreases from the 
maximum value, while Save gradually increases from the 
minimum value. It can be concluded that if the finger-
attached links are of the same length, the workspace of 
the metamorphic palm will achieve the maximum value. 
This conclusion can also be applied and further explored 
in other metamorphic hands.

4.2 � Dimensional Synthesis of Workspace for Both 
Full‑Actuated and Under‑Actuated Fingers 
of Metamorphic Palm

For a traditional dexterous hand, the fingertip position 
of a two-joint under-actuated finger is a curve in the 
space; for a full-actuated two-joint finger, its workspace 
is a fixed plane in the space. To extend the workspace of 
traditional dexterous hands, researchers have chosen to 

add joints on the fingers to achieve a larger workspace. 
Consider the example of the dexterous hand developed 
by Borràs and Dollar [32]. This undoubtedly increases the 
difficulty of controlling the dexterous hand. To explore 
the effect of the metamorphic palm on the workspace of 
the fingers, the workspace of one finger fixed on link 3 
is concluded, while the workspaces of the full-actuated 
and under-actuated fingers are determined in this study. 
A scatter plot of the position of the fully actuated fin-
gertips in the space is presented in Figure 10, whose vol-
ume is determined using the alphaShape function. Then, 
volumes of these two fingers are compared, and the rate 
between these volumes is concluded. An exciting conclu-
sion can be drawn that, unlike traditional rigid palms, the 
rate between full-actuated and under-actuated fingers 
can reach a considerable percentage.

In Figure 10, the blue area indicates the workspace of 
finger 1, and the remaining two areas indicate the work-
spaces of fingers 2 and 3, respectively. Because finger 1 
is fixed to the base and cannot generate movement rela-
tive to the earth, its workspace is a flat surface. The other 
two fingers are fixed on the metamorphic hand, and their 
relative position can be changed according to the change 
in the posture of the hand; thus, the workspace is a three-
dimensional figure.

Because the workspace of finger 1 is a plane, while 
those of fingers 2 and 3 are symmetrically equal, the 
subsequent calculation for the finger workspace volume 
refers to the workspace of the end position of finger 2, 
where the range of the active joints θ1 and θ5 is [0, π], 

Table 4  Design parameter values of a symmetrical palm

Design parameters Range Step size Number 
of values

P1 [2, 8] 0.01 601

P2 [0, 5] 0.01 501

Figure 7  Results of the Smax of the symmetrical palm workspace triangle
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and the range of the two active joints θ21 and θ22 of the 
finger is [0, π/2].

Through experiments, the appropriate active angle 
steps can be obtained by considering the final work-
space accuracy and computer operation efficiency. The 
specific parameters are presented in Table 5.

Based on the step sizes in Table 5, the scatter plot of 
the fingertip position of finger 2 is shown in Figure 11.

In this study, the volume of the finger workspace is 
taken as a specific indicator to explore the influence of 

the design parameters on the indicators. Here, three 
indicators are presented, namely:

a.	 The volume of the full-actuated finger workspace, Vf.
b.	 The volume of the under-actuated finger workspace, 

Vu.
c.	 Vr, the ratio of Vf to Vu (Vr = Vu/Vf).

By calculating 301,101 combinations of different design 
parameters, P1 and P2, the following results are obtained, 
as shown in Figures 12, 13, 14,15.

Figure 8  Results of the Save of the symmetrical palm workspace triangle

Figure 9  Results of the S′ of the symmetrical palm workspace triangle
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The under-actuated finger allows one motor to drive 
multiple joints, reducing the complexity of the control 
system and lowering costs. For the purpose of this study, 
the coupling relationship between the two active joints in 
the finger, θi1 = θi2 was selected, with Vu obtained simi-
larly. The results are as presented in Figure 13.

Figures  12 and 13 demonstrate the relationship 
between Vf (Vu) and the design parameters of the palm. 
The effect of the palm design parameter, P1 on Vf and 
Vu is significant without considering P2. As P1 increases 

Figure 10  Finger workspace scatter plot of the metamorphic hand

Table 5  Step sizes of the active joints

Joints Step size Range Number of values

θ1 0.02π [0, π] 51

θ5 0.02π [0, π] 51

θ21 0.01π [0, 0.5π] 51

θ22 0.01π [0, 0.5π] 51

Pose ‒ ‒ 6765201

Figure 11  Workspace of the fingertip of finger 2
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from 2 to 8, the sizes of Vf and Vu gradually decrease with 
a speed varying from high to low.

Regardless of the palm design parameter P1, the sizes 
of Vf and Vu tend to increase first and then decrease as P2 
increases. If the P1 is small, the magnitudes of Vf and Vu 
continue to increase with P2 until the value of P2 reaches 
~1.7. Subsequently, the magnitudes of Vf and Vu gradu-
ally decrease as P2 increases. Regardless of the value of 
P1 in the range of values, the maximum Vf and Vu sizes 
always appear as long as P2 remains in the range of [1, 2]. 

The maximum value of Vf is achieved when P1 = 2 and 
P2  =  1.6, while the maximum value of Vu is achieved 
when P1 = 2 and P2 = 1.7.

Similarly, the results of Vr are as shown in Figures  14 
and 15.

The relationship between Vr and the design param-
eters of the palm is demonstrated in Figure 15. Without 
considering the palm design parameter P2, Vr gradually 
decreases as P1 increases, when the decreasing speed 
tends to be constant. If the value of P1 is 2, Vr can reach 

Figure 12  Volume of the workspace of the full-actuated finger 2

Figure 13  Volume of the workspace of the under-actuated finger 2
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~0.68, and the minimum value can be ~0.53. If the value 
of P1 is 8, the maximum value of Vr can be ~0.4, and the 
minimum value can be only ~  0.15. It can be observed 
that the palm design parameter, P1 has a more signifi-
cant influence on Vr. If the P1 is small, the relationship 
between Vr and the palm design parameter, P2 is insig-
nificant. As P2 increases, the Vr value tends to be sta-
ble. If the P1 is large, the relationship between Vr and P2 
becomes gradually apparent, showing a trend of increas-
ing first, then stabilizing, and then decreasing as the P2 
increases.

If P1 ranges from 2 to 4, and P2 ranges from 0.5 to 2.5, 
the corresponding area color in the figure is dark red, 
which means that in this area, Vr can exceed 0.5. For the 
dexterous hand developed by Borràs and Dollar [32], 
reasonable design parameters could reduce the negative 
impact of under-actuation, which leads to a reduction of 

Figure 14  Stereogram of the ratio Vr

Figure 15  Vr projection: a on the xOy plane, b on the zOx plane, and (c) on the yOz plane
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only 50% of the full-actuated hand workspace. Neverthe-
less, the optimal design parameters of the metamorphic 
hand in this study could achieve massive progress in the 
under-actuated finger workspace, and the maximum 
ratio between the workspace of under-actuated and that 
of full-actuated fingers could reach up to 68%. This result 
undoubtedly proves once again that the introduction of 
metamorphic palms dramatically enhances the flexibil-
ity of dexterous hands. Introducing the corresponding 
mechanism in the palm is a novel idea for improving the 
overall flexibility of the dexterous hand.

5 � Conclusions
We presented the dimensional synthesis of a novel met-
amorphic hand for maximal workspace, and obtained 
some valuable results:

(1)	 For the flat five-bar metamorphic palm, the sym-
metrical distribution of the links has a pronounced 
influence on the palm workspace. If the palm has 
a symmetrical structure, the optimal workspace of 
the palm can be obtained.

(2)	 By adjusting the proportional relationship between 
the links of the palm, the workspace of the palm 
can be maximized, and the average workspace can 
reach a maximum. The nondimensional design 
parameter, P2 has a more significant impact on the 
metamorphic palm workspace; in the case of P2=1, 
the metamorphic palm workspace can reach the 
maximum value, and the design parameter, P1 has 
less influence on the metamorphic palm workspace.

(3)	 The metamorphic character of the flat five-bar palm 
allows the under-actuated finger to achieve a larger 
workspace, reaching 60%–70% of the full-actuated 
finger workspace. This confirms the application of 
the metamorphic mechanism on the palms of dex-
terous hands.
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