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Mobile manipulators are widely used in different fields for transferring and grasping tasks such as in medical assisting devices,
industrial production, and hotel services. It is challenging to improve navigation accuracies and grasping success rates in complex
environments. In this paper, we develop a multisensor-basedmobile grasping systemwhich is configured with a vision system and
a novel gripper set in an UR5 manipulator. Additionally, an error term of a cost function based on DWA (dynamic window
approach) is proposed to improve the navigation performance of the mobile platform through visual guidance. In the process of
mobile grasping, the size and position of the object can be identified by a visual recognition algorithm, and then the finger space
and chassis position can be automatically adjusted; thus, the object can be grasped by the UR5 manipulator and gripper. To
demonstrate the proposed methods, comparison experiments are also conducted using our developed mobile grasping system.
According to the analysis of the experimental results, the motion accuracy of the mobile chassis has been improved significantly,
satisfying the requirements of navigation and grasping success rates, as well as achieving a high performance over a wide grasping
size range from 1.7mm to 200mm.

1. Introduction

+e applications of mobile grasping robots are becoming more
and more extensive. +e application fields include hospitals [1],
restaurants [2], supermarkets [3], factories [4], and hotels [5]. In
life, people often need to transfer items. Currently, mobile
grasping robots can help us grasp, transfer, and place these
items. Amazon and Jingdong have held several mobile grasping
robot competitions [6], which promoted the development of
mobile grasping robots. However, there is still room for opti-
mization of the control algorithm for mobile control and the
grasping mechanism in the grasping process. +erefore, in this
paper, a study of performance improvement is carried out,
focusing on these two aspects. +e overall diagram and system
diagram of the robot are shown in Figure 1.

In terms of path planning, there are several popular local
path planners, such as fractional-order PD (FOPD) con-
troller [7], Timed-Elastic-Band [8], and DWA [9]. +ese
methods help mobile robots run more efficiently to avoid
obstacles and reach the destination via a global path. Es-
pecially, due to the high efficiency of DWA, it is widely used
in ROS Navigation. In terms of the soft grippers, there are a
variety of grippers that are suitable for different situations.
Wang et al. published many papers on pneumatic soft
grippers and introduced soft grippers in several different
scenes [10–15]. Hao et al. proposed grasping characteristics
under variable effective lengths [16]. Zhong et al. introduced
a soft pneumatic dexterous gripper with convertible grading
modes [17]. Batsuren and Yu proposed a soft robotic gripper
with chambered fingers for performing in-hand
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manipulation [18]. Fu and Zhang proposed a soft robot hand
with a pin-array structure [19]. In a recent review, Yoon
summarized the robust responsive materials, fabrication
methods, and applications of soft grippers [20].

However, there are still some shortcomings when the
robot is in a complex environment. (1) Because of its fixed
parameters, it cannot adapt a complex environment well. (2)
It runs poorly in a context with dynamic obstacles. As for the
first case, adopt the fuzzy logic controller to change weight
parameters to improve its performance [21]. With respect to
the second one, predict the motion of obstacles in the future
to enhance obstacle avoidance ability [22, 23]. Although
there are all kinds of grasping structures, there is still much
room to improve the size range of grasping [10, 16–18].
Objects with outer packages or smooth surfaces can be
directly grasped by suction cups, but some objects are hard
to grasp by suction cups, such as towels without outer
packages, knitted gloves, cotton toys, smaller spoons, ear-
picks, pens, chopsticks, and toothpicks. To solve these
problems, in this study, a pneumatic flexible gripper is
designed which can be opened or closed, and the grasping of
the above items was performed using this gripper. In order
to grasp objects in different positions, a mobile chassis is
designed [24]. In order to ensure that the mobile robot runs
as close to the global path as possible, an error term of cost
function based on DWA is proposed and a comparative trial
is carried out between our method and DWA running on

ROS [25]. +e mobile grasping robotic system designed in
this paper uses a combination of the soft gripper, the UR5
manipulator, and the mobile chassis to successfully complete
the grasping task.

+e innovations and contributions of this paper are as
follows: (1) An error term of cost function based on DWA is
proposed and a comparative experiment between our
method and DWA running on ROS is carried out. (2) A kind
of soft gripper for mobile robotic systems with adjustable
finger spacing is proposed.+e finger structure is optimized,
soft grasping is realized, and the range of objects that can be
grasped is improved compared with that of the traditional
soft gripper [10, 16–18]. (3) +e fingers with different shore
hardness were analysed by finite element method; then the
actual experiment was carried out after printing with 3D
printer, and the finger with the largest fingertip force under
the same air pressure was selected. (4) +e grasping stability
coefficient of grasping objects is modelled and the optimal
solution is calculated by genetic algorithm. Furthermore, the
relationships between the success rate of grasping and
grasping stability coefficient, air pressure, and weight are
analysed.

+e remainder of this paper is arranged as follows. In
Section 2, the proposed gripper is introduced. In Section 3,
the finite element analysis of a single finger with three kinds
of Shore hardness values is carried out. +en, after the
fabrication of a single finger with three kinds of Shore
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Figure 1: Mobile grasping robot. (a) Photo of the mobile grasping robot. (b) Sensor fusion-based mobile grasping system.
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hardness values, the bending angle and fingertip force of the
fingers under different air pressures are tested. Additionally,
the finger end running track is calculated, and the last finger
is selected according to the fingertip force. In Section 4, a
new error term of cost function for local path planning is
modelled and the grasping model is established. At last, the
grasping stability coefficient is calculated. In Section 5, a
comparative experiment is carried out to verify our method
performance. After the gripper is assembled in the mobile
grasping robot, the grasping experiment is carried out, and
the results are compared with those of an existing gripper.
+e paper is concluded in Section 6 with suggestions for
future work.

2. The Mobile Grasping System and the
Design of the Gripper

2.1. Control of the Mobile Grasping Robotic System.
During the process of automatic grasping, when the
system receives the grasping command, the mobile
chassis first moves to the position where the object is
stored, in accordance with the path planning. +en the
visual algorithm recognizes the target object to be
grasped and sends the corresponding grasping strategy
(the grasping strategy includes the chassis position, the
grasping path, and the opening size of the grippers).
According to the grasping strategy, the system sends the
position control command to the microcontroller of the
gripper and adjusts the chassis position to a position
convenient for grasping. +e stepping motor rotates
forward or reverses according to the command. At this
time, the fingers fixed on the stepper motor remain
motionless. +e finger fixed on the slider moves away
from or near the stepping motor and moves to the
designated position according to the number of pulses
calculated by the single-chip microcomputer to realize
the grasping of objects of different sizes. +e UR5 ma-
nipulator makes the gripper move to the location of the
object, and then the gripper grasps the object. +e whole
process can realize the grasping of objects of different
sizes, as shown in Figure 2.

In terms of the finger spacing control, for example, when
grasping bread, the visual algorithm recognizes that the object to
be grasped is bread. After analysis, it is found that the optimal
grasping size of the gripper is 100mm. Suppose that the last
object grasped is milk, and the opening size of the corre-
sponding gripper is 50mm. +en, the stepper motor rotates
forward, and the fingers fixed on the slider move away from the
stepper motor. After sending 5000 pulses, the gripper opens to
100mm.

2.2. Design Idea of the Gripper. When individuals try to grab
large objects, they usually use two hands to clamp the object,
as shown in Figure 3. In this paper, according to grabbing
habits of individuals, we propose a kind of soft gripper that
can simulate human hand grabbing. If this kind of gripper
can grabmany kinds of goods in daily life, then it will be very
helpful for grasping robots.

2.3. Structure Design of Fingers. +e finger design structure
of Wang et al. [12] is based on the wrinkle shape design idea
of the pleated-type morphology of the fluidic elastomer
robot. Based on this design structure, many convex points
are designed on the cover surface of the finger in this paper.
+e purpose is to increase the friction with the contact object
and improve the reliability of grasping. +e design method
of the pointed and flat fingertip at the end of the finger uses
two opposite fingers to grasp small commodities, such as
earpick. A single finger consists of 12 air chambers, each of
which is 1.5mm thick except for the air chambers at both
ends. +e air chamber width of the designed finger is 5mm,
and the total length of the finger is 88mm. +e single finger
section is shown in Figure 4.

Figure 4(a) depicts a chamber, and Figure 4(b) illustrates
a cover. +e two parts are bonded together to form a
pneumatic finger.+e section view of the pneumatic finger is
shown in Figure 4(c). When inflated to the pneumatic finger,
each air chamber will expand like a balloon. Because of the
expansion of each air chamber, the air chambers will repel
each other, causing the finger to bend. When multiple
fingers are combined, the function of grasping objects can be
realized.

2.4. Structure Design of the Gripper. To grasp as many kinds
of objects as possible, we choose a linear motor. +e
principle of the linear motor is to use a stepping motor to
drive a screw rod to rotate and use the screw rod to drive a
slider to slide. +e whole gripper is mainly composed of
three parts: a linear motor, four soft fingers, and a con-
necting bracket between the linear motor and soft fingers.
Two of the four soft fingers are fixed on the slider, and the
other two are fixed on the stepping motor. Furthermore, the
sliding of the slider can change the size of the grasping space,
and the linear motor of different lengths can be selected
according to the different objects to be grasped. To facilitate
the experiment, a 200mm linear motor is selected in this
paper. +e overall design structure diagram of the gripper is
shown in Figure 5.

+e two ends of the sider rail of the linear motor are
equipped with limit switches, which can prevent the slider
from running beyond the limit range. +e control of the
linear motor is controlled by a single-chip microcomputer
(STM32F103C8T6). After the serial port of the single-chip
microcomputer receives the instruction of running to a
certain target position sent by the industrial computer, the
single-chip microcomputer program counts the steps of the
stepping motor to make the slider move to the target po-
sition. Combined with the advantages of the variable
grasping space of the slide, the strategy of grasping objects of
various sizes is realized.

3. Finger Performance Evaluation

3.1. Finite Element Analysis. To verify the feasibility of the
finger design, finite element mechanical analysis is carried
out in ABAQUS (Dassault Systèmes, MA). In the simulation,
three kinds of 3D printing rubber-like materials are selected,
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with Shore hardness values of 30, 50, and 70. +e material
properties in ABAQUS cannot be directly input into the
Shore hardness, and the conversion equation from the Shore
hardness to Young’s modulus is as follows [26]:

E(MPa) �
0.0981(56 + 7.66s)

0.137505(254 − 2.54s)
, (1)

where s denotes the Shore hardness and E denotes Young’s
modulus. +e calculation results are shown in Table 1.

Because rubber-like materials are usually incom-
pressible, we set Poisson’s ratio to 0.49. Set the upper
surface of the cover and the part bonded to the chamber
as the nontensile fibre cloth material; the elastic module is
6.5 GPa, and Poisson’s ratio is 0.2. +e contact between
the sidewalls of the chamber is set to be friction-free. A
tetrahedron is used for mesh, and the mesh size is 2 mm.
+e finite element analysis is performed after all settings
are completed.

+e rubber fingers with Shore hardnesses of 30, 50, and
70 were analysed by the finite element method. +e cor-
responding analysis results are shown in Figures 6(a)–6(c).

Under the action of gravity, the fingers will bend to a
certain extent, and the smaller the Shore hardness is, the
larger the bending angle is. +e bending angle α defined in
this paper is shown in Figure 6(b). +e bending angle
curves of the three kinds of Shore hardness fingers under
different air pressures are shown in Figure 6(d). From the
simulation experiment, it is found that, for fingers with
the same Shore hardness, the bending angle is approxi-
mately proportional to the air pressure. It can also be seen
from Figure 6(d) that the smaller the Shore hardness is,
the larger the slope is.
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Figure 2: Grasping function of the mobile robot. (a) Mobile grasping robotic system. (b) Robot grasping flow chart.

Figure 3: Man grabbing a box.
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By using the linear fitting in Origin software, the linear
equations of the relationship between the bending angles α
[°] of the fingers with Shore hardnesses of 30, 50, and 70 and
the air pressure P [kPa] are fitted as equations (2)–(4),
respectively:

α � 1.87166P + 4.06845, (2)

α � 0.97143P + 1.67474, (3)

α � 0.51338P + 1.105. (4)

+e linear correlation coefficient R and standard devi-
ation S of the finger fitting equation of the three kinds of
Shore hardness values are shown in Table 2. +e correlation

coefficient is a statistical index used to reflect the close re-
lationship between variables. +e calculation equation of the
linear correlation coefficient R is as follows:

R(P, α) �
Cov(P, α)

������������
Var[P]Var[α]

√ , (5)

where Cov(P, α) is the covariance of P and α, Var[P] is the
variance of P, and Var[α] is the variance of α.

Table 2 and Figure 6(d) show that P is approximately
linearly proportional to α. In the simulation, equations
(2)–(4) can be used to predict the bending angle of fingers
under different air pressures, and the hardness of fingers is
30, 50, and 70, respectively.

3.2. Fabrication of a Single Finger and Experiments.
Because of the complex cavity structure of soft grippers,
machining is difficult. At present, the commonly used
manufacturing processes are shape deposition
manufacturing technology (SDM) [27, 28], soft lithography
[29, 30], lost-wax casting [31, 32], and 3D printing of
composite materials [33]. Because 3D printers have high
resolution [10], the performance of each printed finger has
better consistency and repeatability. +e 3D printer
(Objet500 Connex3 system, Stratasys, Minnesota, USA)
used in this study can print rubber-like materials with the
highest precision of 0.02mm and a layer thickness of
0.036mm.

After 3D printing, ERGO5881 glue made in Switzerland
is used to tightly stick the cover to the chamber. +e air
pressure controller uses the active controller PCU-SMN
produced by Rochu; its adjustable pressure range is 0 kPa to
120 kPa, and it can also output a nonadjustable negative
pressure of −70 kPa. +e rubber fingers with Shore hardness
values of 30, 50, and 70 are tested under different air
pressures. +e corresponding experimental results are
shown in Figures 7(a)–7(c).

Under the action of gravity, consistent with the con-
clusion of the simulation results, the lower the Shore
hardness is, the greater the bending angle is. +e rela-
tionships between the bending angle and air pressure for
different soft fingers are shown in Figure 7(d). Because the
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Figure 4: +e design process of one finger. (a) +e air chamber part of the finger. (b)+e cover part of the finger. (c)+e section view of the
finger.
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Table 1: Material properties.

Shore hardness Young’s modulus (MPa)
30 1.1468
50 2.4661
70 5.5445
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negative pressure is not adjustable in the experiment, the
negative pressure in Figure 7(d) is only −70 kPa. +ere is a
certain difference between the actual experimental and
simulation results. +is difference may be because the
simulation model used in ABAQUS needs to be improved
or because of some deviation in the hardness of the 3D
printed materials. However, the trend of the simulation

results is consistent with the actual results. In the positive
pressure part, the bending angle of the fingers with the
same Shore hardness is approximately proportional to the
air pressure, which is consistent with the conclusion of the
simulation. In the actual experiment, the negative pressure
is only −70 kPa, and the bending has almost reached the
limit at −70 kPa, which does not indicate a difference with
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Figure 6: Results of the finite element analysis. (a)+e deformation of the fingers with Shore hardness of 30 under different air pressures. (b)
+e deformation with Shore hardness of 50 under different air pressures. (c) +e deformation with Shore hardness of 70 under different air
pressures. (d) +e relationships between the air pressure and bending angle for different soft fingers.
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the simulation results, so only when the air pressure is
greater than 0 kPa are the simulation and experimental
results compared.

Using the linear fitting function in Origin software, when
the air pressure is greater than 0 kPa, the linear equations of
the relationship between the three finger bending angles α [°]
with Shore hardness values of 30, 50, and 70 and the air
pressure P [kPa] are fitted as equations (6)–(8), respectively:

α � 3.13366P + 3.08763, (6)

α � 2.21799P − 5.29767, (7)

α � 1.82175P − 4.89558. (8)

+e correlation coefficient R and standard deviation S of
the linear fitting equation of the three kinds of Shore
hardness fingers are shown in Table 3.

In practical use, we can roughly predict the degree of
curvature of the fingers that correspond to Shore hardness
values of 30, 50, and 70 by equations (6)–(8), respectively.

To further understand the performance of fingers, the
fingertip force is tested.+e type of dynamometer used is SF-
50, the measuring range is −50N to 50N, and the resolution
is 0.01N. +e test diagram of the fingertip force is shown in
Figure 8(a). +e upper end of the finger is fixed to the
bracket, and the contact surface of the fingertip and the
dynamometer is fully contacted. Under the action of gravity,
the indicator number of the dynamometer is 0N. With an
increase in air pressure, the indicator number of the dy-
namometer begins to increase gradually. +e relationship
between the fingertip force and air pressure is shown in
Figure 8(b).

Figure 8(b) shows that the fingertip force of the same
Shore hardness finger is approximately proportional to the
air pressure, while the smaller the Shore hardness is, the
greater the fingertip force is. Because of the error of the
dynamometer or the error of air pressure adjustment, the
curve of fingertip force and air pressure does not completely
exhibit a straight line.

Using the linear fitting function in Origin, the equations
of the relationship between the fingertip force F [N] and the
air pressure P [kPa] with Shore hardnesses of 30, 50, and 70
are fitted as equations (9)–(11), respectively:

F � 0.00926P − 0.06067, (9)

F � 0.00857P − 0.05857, (10)

F � 0.00825P − 0.0875. (11)

+e correlation coefficient R and standard deviation S of
the finger fitting equation of Shore hardnesses of 30, 50, and
70 are shown in Table 4.

In practical use, the fingertip force under different air
pressures can be roughly predicted by equations (9)–(11).

3.3. Analysis of the Fingertip Movement Track. During the
process of grasping the object, after the robotmoves to the grasping
position, the finger moves until it contacts the object [34, 35]. For
soft fingers, if the influence of the gravity is ignored before touching
theobject, then thebendingof thefingers causedby air pressure can
be regarded as a circular arc, as shown in Figure 9.

After the finger is bent, the arc radius is R, the arc length s is
the effective bending length of the finger, l is the chord length,
and the centre angle of finger bending isφ.+e plane coordinate
system is established at the first air chamber of the finger root.
+e y-axis is tangent to the arc, and the x-axis is through the
centre of the circle. According to the geometric relationship, we
obtain the following:

w �
s

R
,

l � 2R sin
w

2
 ,

x � −l sin
w

2
 ,

y � −l cos
w

2
 .

(12)

+e fingertip movement track of angle φ is drawn from 0
to π, as shown in Figure 10.

4. Navigation and Gripper Grasping Model

4.1. Local Path Planning. To improve the mobile robot
running efficiency, we need the mobile robot to run as close
to the global path as possible; therefore, an error term of the
cost function based on DWA is defined, as seen in Figure 11.

In Figure 11, the green ellipse denotes a global path, and
each red cross denotes a discrete point on the global path. +e
grey-dashed line and blue arc denote optional local paths
generated by DWA. Taking the blue local path as an example,
H0, H1, H2, H3 andH4 ∈ H denote each red cross of the global
path. L0, L1, L2, L3 and L4 ∈ L denote each discrete point of a
local path. L0 denotes the current position of the robot and the
first point of a local path. H0 denotes the point that has the
shortest distance from the robot along the global path. e0 de-
notes the deviation between L0 and H0. e1, e2, e3, and e4 are the
same. +e deviation is exaggerated in the figure. Additionally,
|H0H1| � |L0L1|. Five points on the local path are chosen to
calculate the deviation relative to the counterpart on the global
path. Errors e1 to e4 are summed as the error term. +us, our
robot can move along the global path better and improve its
efficiency.

+e error term of the cost function is

Jerror Lk, H(  � c e1 + e2 + e3 + e4( . (13)

Table 2: Correlation coefficient and standard deviation of the three
kinds of finger bending angle fitting.

Shore hardness R S
30 0.99742 5.04313
50 0.99972 0.9667
70 0.99968 0.545
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Lk indicates the kth optional local path generated by
DWA, H indicates the global path, and c is a weight
parameter.

4.2. Grasping Modelling. +ere are many different evalu-
ation schemes for grasp stability. Ko and Chen [36]
proposed an optimal grasping manipulation for multi-
fingered robots using semismooth Newton method. Li and
Sastry [37] established a generalized external force el-
lipsoid. +e minimum singular value of the grasping
matrix G is calculated, and the singular value is used to
describe the distance of the position of the contact point

from the singular grasping position to quantitatively
describe the grasping stability. Xiong and Xiong [38]
introduced the grasping stability coefficient w to quantify
the grasping stability. +is performance index is related to
the shape characteristics of the grasping object and the
position of the contact point on the surface of the grasping
object, that is, the grasping matrix G. +e larger the
stability coefficient w is, the higher the grasping stability
is. w is 0≤w≤ 1 after normalization, and its expression is
as follows:

w �

���������

det GG
T

 



. (14)
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Figure 7: Experimental result. (a) +e deformation of the fingers with Shore hardness of 30 under different air pressures. (b) +e de-
formation with Shore hardness of 50 under different air pressures. (c) +e deformation with Shore hardness of 70 under different air
pressures. (d) +e relationships between the air pressure and bending angle for different soft fingers.
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As shown in Figure 12, the reference coordinate system
{O} is fixed on the object to be grasped, and the schematic
diagram of the contact between the ith finger and the object
is shown.+e representation ri is the vector representation of
the ith contact point in the reference coordinate system, and
ri � xi yi zi( 

T. {Ci} is the contact coordinate system of
the ith contact point, whose origin coordinate coincides with
the contact point, and the z-axis is along the normal di-
rection of the contact point. Force fci is the contact force at
the ith contact point. +e components fcix and fciy are the
tangential components of the contact force, and fciz is the
normal component of the contact force.
fc � (fc1 fc2 . . . fcm)T.

+e grasping matrix G can be expressed as follows:

G �
I . . . I

R1 . . . Rm

  ∈ R
6×3m

, (15)

where I is the unit matrix and I ∈ R3×3. Ri is

Ri �

0 −zi yi

zi 0 −xi

−yi xi 0

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠. (16)

+e combined external force and the combined external
torque acting on the object are called the combined external
force spiral Fa as follows:

Fa � Fx Fy Fz
Mx My Mz 

T
, (17)

where F � Fx Fy Fz 
T
is the combined external force

and M � Mx My Mz 
T
is the external moment.

It is assumed that there is friction point contact between
the fingers and the object when a multifingered hand grasps
the object; that is, the rolling or sliding of the fingers on the
object surface is not considered. According to the theory of
helix, the contact between fingers and objects can be
regarded as a mapping between the force exerted by fingers
on the contact point and the resultant helix of a reference
point on the object.

Gfc � −Fa. (18)

When amanipulator grasps an object, the finger can only
“press” the object but not “pull” the object, so the normal
component of the contact force exerted by the finger on the
object must be positive; that is,

−fciz ≤ 0, i � 1, . . . , m. (19)

+e contact between the finger and object is the friction
point contact. To prevent relative sliding between the finger

and object, each contact point must meet the friction
constraint condition; that is, the contact force fciz of each
contact point must be located in the friction cone (Fig-
ure 13). Specifically, the tangential component of the contact
force must be less than or equal to the product of the normal
component and friction factor μ; that is,

���������
fcix + fciy


− μfciz ≤ 0. (20)

where β is the friction angle and β � arctan(μ).
Finally, the optimization problem of the grasp point

based on the grasp stability index can be summarized as
follows:

min ⟶ − w �
���������
det GG

T
 



s.t.
Gfc � −Fa − fciz ≤ 0

���������
fcix + fciy


− μfciz ≤ 0.

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(21)

4.3. Optimal Grasping Position. +e end of the gripper
designed in this paper is on a plane. To calculate the optimal
distribution of the four fingers, the above grasping model is
used to calculate the two-dimensional plane. For example,
an object is grasped with an elliptical cross section (without
losing generality), assuming that the axis length of the ellipse
in the x-axis is a and the axis length in the y-axis direction is
b. +en, its polar coordinate form can be expressed as
follows:

x � a cos(θ),

y � b sin(θ),
 (22)

where θ is the angle between the line between the origin and
the point on the ellipse and the x-axis coordinate.

+e coordinates of the two-dimensional plane contact
point are known; then the grasp matrix G is obtained, and
the optimal solution is calculated by the genetic algorithm.
After ten groups of experiments, the results of two groups
are shown in Figure 14.

Figures 14(a) and 14(b) represent the first group of
calculation results, and Figures 14(c) and 14(d) represent the
second group of calculation results. In the first and second
groups, the ellipse axis lengths in the x-axis direction are
100mm and 50mm, respectively. After calculations, it can
be seen that the four grasp points are approximately an
arithmetic sequence. To facilitate the comparison in the
calculation process, a fixed grasp point θ � (π/4) ≈ 0.785 is
set. +en, through the genetic algorithm calculation to 100
generations, it is found that the θ value of the optimal
position is approximately the same. In Figure 14, the optimal
grasping positions θ are [0.785, −0.77, −2.317, 2.396] and
[0.785, −0.783, 2.359, −2.352], respectively. In Figure 14, the
grasp stability coefficient w values are 0.99983 and 0.999999,
which are close to 1.

In this paper, the distance between two fingers in the
unchangeable direction of the designed gripper is 55mm,
and the distance between the two adjacent points in the y-
axis direction calculated by two groups of calculation results

Table 3: Correlation coefficient and standard deviation of the three
kinds of finger bending angle fitting.

Shore hardness R S
30 0.99437 9.07033
50 0.99387 9.1398
70 0.99489 6.85057
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is approximately 56mm. +erefore, the grasping point of
this kind of object can be grasped in the optimal grasping
position, and the grasping near the best position can be
realized only by adjusting the distance in the x-axis direc-
tion. Because the fingers are flexible, during the process of
contacting the object surface, they will be in close contact
with the object surface under the control of air pressure. In
the next structural design, we will add the rotation function
of fingers, which may adjust the finger surface to grasp the
object.

+e gripper designed in this paper cannot reach the
optimal grasping point for all objects because the gripper can
only change the space between fingers in one direction.
However, this does not mean that the gripper cannot suc-
cessfully grasp the object. When the optimal position cannot
be grasped, the value of the grasping stability coefficient w is
slightly smaller, and most objects can also be successfully
grasped.

5. Experiment and Analysis

5.1. PathPlanning Experiment. A comparative experiment is
carried out between our method and DWA running on ROS
to test the performance. +e starting point and goal point
remain the same. For the mobile robot motion parameters,
see Table 5.

+e mobile robot running process can be seen in Fig-
ure 15, and the result is shown in Figure 16.

In Figure 16(a), the starting point is (0.1, −0.19), and the
goal point is (6.5, −1.45). +e blue line denotes a global path
generated by the A∗ algorithm, and the red- and blue-dashed
lines denote DWA and ourmethod, respectively. It is clear that
our method, which takes an error term into account, yields a
better result. In Figure 16(b), the cumulative error is recorded
when using different methods. Generally, the error of our
method is less than that of DWA. In particular, if the global
path is a zigzag pattern, our method will perform better.

5.2. Grasping Experiment. After the experimental analysis of
the fingertip force and bending angle of a single finger, it is
necessary to further complete the grasping experiment to
test the grasping performance. +e tracheas of the four
fingers are connected together by a quick connector to re-
alize the synchronous bending and grasping function of the
four fingers. In the selection of fingers, because fingers with a

(a)
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Linear fit of 70

0.0

0.1

0.2

0.3

0.4

0.5

0.6

Fo
rc

e (
N

)

10 20 30 40 50 60 70 800
 Pressure (kPa)

(b)

Figure 8: Fingertip force experiment.

Table 4: Correlation coefficient and standard deviation of the
fingertip force fitting.

Shore hardness R S
30 0.99944 0.00647
50 0.99889 0.00956
70 0.99596 0.01969
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Shore hardness of 30 have a greater fingertip force and are
softer under the same air pressure, four fingers with a Shore
hardness of 30 are selected to form a grasping hand. To verify
the grasping performance, 56 kinds of object grasping ex-
periments were conducted, and some grasping results are
shown in Figure 17.

Different air pressures are used to grasp different objects;
that is, larger air pressures are used for heavier objects, and
smaller air pressures are used for lighter objects. +e
grasping objects include barrelled instant noodles, tissues, a
gamepad, steamed cakes, towels, a sponge, an earpick, a
toothpick, and even an old business card. During the
grasping process, the advantages of the soft gripper are fully

embodied with an automatically adjustable finger spacing,
which can carry out the grasping of a very small toothpick
(1.7mm in diameter) to a large barrelled instant noodle
container (an upper cover with approximately 150mm di-
ameter). In this experiment, the largest grasp size is a sponge,
and its length and width are both 200mm.

+e success rate of the objects in Figure 17 is measured.
Each object is grasped ten times and held in the air for more
than 10 seconds as a successful attempt. +e success rate of
grasping is shown in Table 6.

+e stability coefficient w is related to the position and
shape of the object. Because the finger space of the gripper
designed in this paper can only change the finger space in

x

y
z

{O}

{Ci}

yz
ri

fci

x

Figure 12: Grasp system model.

β
Object
surface

fciy

fcix

fciz

Figure 13: Friction model of the contact point.
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one direction, not all objects can reach the optimal position.
Because toothpicks and earpicks are relatively small, they
can be grasped with two fingers, which are not comparable to
the stability coefficient of four fingers, and the stability
coefficient of the two fingers is not calculated. +e shape of
the gamepad is more complicated, and it is dragged up when
grasping, so its stability coefficient is not calculated.
According to the analysis of the data, the success rate of
grasping is positively related to the grasping stability coef-
ficient and grasping air pressure and negatively related to
weight. +erefore, when the stability coefficient decreases,
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Figure 14: Optimal solution calculation. (a) Ellipse a� 100mm and b� 40mm; the calculated optimal grasp position. (b) Ellipse a� 100mm
and b� 40mm; the upper side is the relationship between the fitness value and generation, and the lower side is the value of variable q in the
optimal solution. (c) Ellipse a� 50mm and b� 40mm; the calculated optimal grasp position. (d) Ellipse a� 100mm and b� 40mm; the
upper side is the relationship between the fitness value and generation, and the lower side is the value of variable q in the optimal solution.

Table 5: Correlation coefficient and standard deviation of the
fingertip force fitting.

Parameter name Value
vmax 0.5m/s
wmax 3 rad/s
vmax′ 0.5m/s2

wmax′ 3 rad/s2

vmin 0m/s
wmin −3 rad/s
vmin′ −2m/s2

wmin′ −4 rad/s2
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(a) (b)

(c) (d)

(e) (f )

Figure 15: +e grasping process of the mobile grasping robot. (a), (b), and (c) move to the destination of the item. (d), (e), and (f) arrive at
the destination for grasping.
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Figure 16: Experiment results. (a) Running trajectory. (b) Cumulative error.
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(a) (b) (c)

(d) (e) (f )

(g) (h) (i)

Figure 17: Grasping experiment. (a) Instant noodles. (b) Tissues. (c) Gamepad. (d) Steamed cake. (e) Towel. (f ) Sponge. (g) Earpick. (h)
Toothpick. (i) Business card.

Table 6: +e success rate of grasping.

Object Size (mm) Weight (g) Pressure (kPa) Success rate (%) w

Instant noodles φ150×φ120×110 191 60 70 0.7441
Tissue 134× 98× 72 132 50 90 0.8536
Gamepad 154×104× 56 262 50 80 —
Steamed cake 102× 60× 44 27 30 100 0.9962
Towel 140× 72× 45 31 40 100 0.9648
Sponge 200× 200×15 10 30 90 0.5114
Earpick φ1.8× 75 4 15 100 —
Toothpick φ1.7× 62 <1 10 90 —
Business card 90× 56× 0.4 1 15 100 0.9998
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the success rate of grasping does not necessarily decrease.
For example, although the stability coefficient w of the
sponge is small, its weight is only 10 g, so the success rate can
reach 100%.+e success rate of the barrel surface with a large
weight, small stability coefficient, and smooth surface is the
lowest, only 70%. +e success rate of small weight objects
with a large stability coefficient is above 90%.

5.3. Comparison Analysis. +e grasping results are com-
pared with the existing references, and the comparison table
is shown in Table 7.

It can be seen from Table 7 that there is a great im-
provement in the grasp size. References [11–15] are used to
grasp specific objects, and the grasping range of [10, 16–18]
is not as large as the grasping range designed in our study.

6. Conclusion and Future Work

In this paper, a new error term of the cost function is applied
to DWA to improve the mobile robot navigation perfor-
mance. It can make the robot travel along the global path as
much as possible, reducing unnecessary running paths in the
process of movement and improving the running efficiency.
Additionally, a kind of pneumatic soft gripper for mobile
robotic systems with automatically adjustable finger spacing
is proposed. +e gripper is mainly composed of four
pneumatic soft fingers, a linear motor, and a connecting
bracket. +e fingertips of the gripper are designed to be
pointed and flat in shape, and the purpose of this design is to
achieve small object grasping. +e free control of the dis-
tance between fingers is realized through the slide rail
controlled by the stepping motor to realize the grasping
strategy from small to large. In addition, the grasping sta-
bility coefficient of the grasping objects is modelled and
calculated. +e work of a single finger mainly includes the
following: (1) In terms of the fabrication technology, the soft
finger is printed via a 3D printer, which has a printing
accuracy of 0.02mm, and can print rubber-like materials
with different Shore hardnesses. +is printer provides a
convenient and quick finger fabrication method for the
experiment and speeds up the experimental progress. (2)
With respect to the finger bending angle analysis, nonlinear
finite element analysis is carried out by using the finite el-
ement analysis software ABAQUS, and the relationship
between the finger bending and air pressure is calculated.
+e relationship between the bending angle and the air
pressure and the relationship between the bending angle and
the Shore hardness are almost the same in the actual ex-
periment and simulation. (3) In the fingertip force test, it is

found that the smaller the Shore hardness is, the greater the
fingertip force is. Combined with all the experimental re-
sults, the finger assembly with a Shore hardness of 30 was
selected to carry out the grasp experiment. Finally, through a
variety of different shapes and weights of the object used in
the grasp experiment, the advantages of the gripper designed
in this paper for grasping small to large objects are verified.

Currently, the fingertip force of the fingers studied in this
paper is small, so it is difficult to grasp heavy objects. Under
an air pressure of approximately 50 kPa, the pneumatic
finger exhibits great bending, and it is difficult for the finger
surface to have a large area contact with objects with rel-
atively flat surfaces. Most of the objects are grasped by the
fingertip, which plays a major role, without spreading the
force evenly to the whole finger. In future research, we will
further improve the finger’s grasping performance for
grasping heavy objects. We also need to improve the free-
dom of the finger movement, such as increasing the function
of rotating fingers, increasing the multiple directions of
movement, and other functions. +us, most of the objects
can be grasped in the manner of an optimal grasping po-
sition. Finally, the success rate of grasping is improved.
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