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Abstract: The aim of this paper is to study the position and power performances of an electrical lead screw-driven industrial gripper
mechanism (LSDIGM). This work consists of designing and developing an electrical LSDIGM that has the potential to meet various
demands in the automation industry and factories. The performances of both angular electrical gripper (AEG) and parallel electrical gripper
(PEG) mechanisms were compared based on their position and power efficiency. The position efficiency of these electrical LSDIGM
is computed from the position root mean square error (PRMSE) obtained from errors between the two measured positions (input
incremental encoder and output linear encoder). In the experimental setup, a current sensor and a spring were employed to measure
the current in the input of the system and the stiffness in the output of the system, respectively. The electrical power in the input
of the electrical LSDIGM and the mechanical power in the output of the LSDIGMs were calculated using the current and the spring force,
respectively. Finally, the power efficiency of these electrical LSDIGMs was examined and compared at different velocity circumstances.

Key words: Electrical lead screw-driven industrial gripper mechanism (LSDIGM), Efficiency, Position root mean square error (PRMSE),
Parallel electrical gripper (PEG), Angular electrical gripper (AEG)

1. INTRODUCTION

Nowadays, designing and developing an inexpensive and reli-
able electric gripper mechanism in factories is very important in
the robotic manufacturing revolution. In robotic systems, the grip-
per is like the human hand that allows one to grab and place any
particular object. Grippers have been used in factories to facilitate
various operations and for tasks that are dangerous and difficult
for humans to perform, such as logistics, underwater welding,
material handling, sensitive surgery, detecting and defusing
bombs, and industrial furnaces (Birglen and Schlicht, 2018). The
basic requirements of the gripper system design should be char-
acterized as follows: high power/weight ratio giving the lowest
machine mass, high torque/inertia ratio giving the best accelera-
tion possible, the smooth trajectory of torque particularly at low
speeds to minimize speed variation and achieve good positional
accuracy, controlled torque at zero-speed, high maximum speed
of operation, high efficiency and power factor to minimize drive
requirement, compact integrated design with the application, good
frequency response, low backlash, and low cost (Liu et al, 2020).
To develop an industry interesting product, there is a need for
inexpensive, simple, and robust solutions. Industrial robotic grip-
pers have an effective role in modern automation as they consti-
tute the end-of-arm of robotic manipulators and then, they are in
direct contact with the work piece (Honarpardaz et al, 2017; Lu et
al., 2019). Also, with the development of series elastic actuators
and control methods, flexible grippers can be developed; flexible
grippers have more accuracy of control and gripping force (Li et
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al., 2017). With the advent of modeling and simulation technology,
design and development studies are increasingly focusing on
robotics research. The key challenge in these problems is to find
the right balance between all the conflicting goals. The perfect
solution to an optimal design problem of a given gripper system is
to develop a set of solutions by analyzing the system parameters
that accomplish all the goals simultaneously (Kuang et al., 2017;
Hu et al, 2019).

In a variety of industrial applications, hydraulic and pneumatic
grippers are used to create a holding force according to specific
specifications, depending on the load. However, hydraulic and
pneumatic methods are not flexible and cannot be used in the
manufacture of modern systems (Kumar et al., 2017). Today,
a mechanical gripper in the system and mechatronics engineering
are increasingly being replaced by electrically controlled drives
called the electrical actuator (Tai et al., 2016). The electrical grip-
per is a mechanism used to perform linear motion electrically
similar to that achieved with hydraulic and pneumatic grippers. In
the main component of the electrical gripper, the classical me-
chanical gripper is replaced with an electrical motor and repro-
grammable controller. Compared to the mechanical grippers, the
electrical gripper improves accuracy and repeatability (Shin et al.,
2012). The servomotors used in modern electrical grippers are
well suited for complex motions because they are easy to control
by changing the voltage and current, speed, and torque in the
servomotors. However, motion systems using the feedback fea-
ture in these motors are expensive and quite complex. This is one
of the main reasons why a stepper motor is used as an actuator
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in a proposed electronic gripper system while considering the low
price and easy usage (Datta et al., 2015). A stepper motor is a
motor that converts digital electric pulses into stepping mechanical
movements. The most important advantage of a stepper motor is
its use in an accurately open-loop control system. This type of
control eliminates the need for expensive detection and feedback
devices such as sensitive encoders. Its position is simply deter-
mined by tracking the input electrical pulses (Shaw and Dubey,
2016). The stepper motor can be a good selection for open-loop
motion control. Stepper motors can be used in projects where
rotation angle, speed, position, and synchronization must be
controlled. Stepper motors can be used in many different projects
(Su and Zhong, 2018). Because of these main advantages, a
stepper motor is selected as an actuator for electromechanical
gripper movement output in this paper. In this paper, the applica-
tion of the lead screw-driven industrial gripper mechanism
(LSDIGM) was developed from the switching of the existing
pneumatic cylinder. The main goal of such a system is to avoid
force overshoots in the contact stage while keeping stress force
error in the high-sensitive tracking stage, where traditional pneu-
matic cylinders are not competent. The proposed method of the
ratio of the maximum force (RMF) has been used to prove the
appropriate force rate. In this study, the lead screw and electrical
motor-driven industrial gripper mechanism model was developed
to have a flexible and reprogrammable system. First, the design
and modeling of electrical LSDIGM are briefly introduced. Then,
the overall behavior structure of the system is proposed. The
position and power efficiency of these electrical LSDIGMs were
examined and compared at different velocity circumstances.

2. MATERIALS AND METHODS

In the case of rotational actuators, first, the movement forms
have to be converted from rotational to linear movement. This can
be achieved by a connecting lead screw to the actuator and a
linear guide the diagram of the electrical LSDIGM is illustrated in
Fig.1. For the electrical gripper, a model was developed in Li et al.
(2011) and Chen et al. (2014). The mathematical model is based
on two movements: the movement angle, 6, to the motor angle
and the movement distance to the load movement. The 8 angle is
linked by a lead-screw mechanism to the d distance. The resultant
angular motion and linear motion produce two respective forces: a
lead-screw torsional torque ;s applied at the input of the system
and a gripper linear force F,, applied at the output of the system.

Rotory Encoder

Griper
Coupling ®

Lead screw .

Linear Encoder

Current

Sensor Driver Stepper Motor |

Controller

Fig. 1. Block diagram of the LSDIGM

In order to evaluate the performance of position errors, in
general, the square root of the mean of all square errors (PRMSE)
is calculated between the stepper motor position and the meas-

acta mechanica et automatica, vol.15 no.2 (2021)

ured load signal based on equation 1 (Chen et al., 2014; Nanda,
2010). The equations (2, 3, 4, 5) are used to illustrate the effect
of time and position error in equation 1.

PRMSE =[5, (p; - p))? (1)

Integral of the absolute value of the error (IAE):

IAE = X%, [(pi — ) 2
Integral of the square value of the error (ISE):
ISE = XL, (pi — P? )

Integral of the time-weighted absolute value of the error
(ITAE):

ITAE = XL, ¢](ps — 0| “
Integral of the time-weighted square value of the error (ITSE):
ITSE = 3L, ¢(p; — i) ©

where p; is the output position, p; is the input position, t is the
sampling time, and N is the sampling number (Najjari et al., 2014).
In this paper, a standard algorithm using a C++ programming
language is implemented in a Googoltech industrial PC to run the
LSDIGM system. The stepper motor can be programmed and
controlled in real-time by using this software via the output port of
an industrial PC. In order to perform the gripper movement, the
proposed method uses a lead screw for converting the rotary
movement of the stepper motor into the linear movement.

2.1. Mechanical Design

To obtain a simple and inexpensive design, we minimized the
amount of mechanical and electronic parts (Fig. 2). It was, there-
fore, decided to use a normal stepper motor and lead screw. Also,
angular gripper and parallel gripper can be both opened and
closed by only one HANPOSE 17HS3401S T8x8 Nema stepper
motor with a PK6MO5N lead screw driven by the stepper motor
driver model CWD556 (Fig. 3). When a voltage of 24 V is applied
to the motor, this results in a constant actuation torque of 0.5 Nm
applied at the base of the finger and 0.25 Nm on each of the
opposite fingers as defined (Park et al., 2016). First, it is required
to determine the torque of the motor relative to the system’s out-
put force, the torque due to the force the load applies to the grip-
per finger called gripper force Fg(N), and it is introduced through
function Fg. The gripper force is given in equation (6) as men-
tioned before; for rotational actuators, the movement has to be
converted from rotational to linear. To calculate the velocity of the
motor, the linear speed of the gripper finger can be converted to
rotational speed using equation (7).

2 s
Fg ==~ ©)

‘tw
vV = ; (7)
where F, is the force/load applied (N), n is the efficiency factor, w
is the rotational speed (rad/sec), and v is the linear speed
(mm/sec) (Liu et al., 2016). Torque T is the lead-screw acting on
the shaft caused by forces (see Fig. 4). It can be based on the
following equations (8):
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T = 2lx (“”_"Dx) (l) (8) F, is the moving force in the direction of the lead screw, and 6 is
2 AmDy—ul/ An the tilt angle (Xu et al., 2018; Hassan and Abomoharam, 2017).
where: The parameters of the lead-screw model are given in Table 1.
P
D,=D,— () , £=n,Py 9)
—1F s
RightHand —4f(x) =0
i —PB v F . Screw | gad Screw Joint
- e =,
Torque Rg;l?;'-‘::e @ By ch

e

World Frame Prismatic fc
Slider Gripper —

Fig. 2. Simscape model of the electrical LSDIGM actuator

- w0
Parallel Gripper
‘ i o — - '.‘.

Fig. 3. Experimental setup of LSDIGM (a) parallel gripper and (b) angular gripper

PB alfa
""‘ 2.2. Modeling of Electromechanical System

To analyze the dynamic characteristics after the completion
of the development of the electromechanical system, an electrical

LSDIGM actuator model was created in SIMULINK™ (Fig. 2).
Contributions from the different system variables were com-
bined to simplify the model. The motor rotor inertia, screw nut
inertia, and carrier inertia were combined, along with the referred
inertial contribution from the linear motion parts and were repre-

Fig. 4. Model of the lead screw

Tab. 1. Parameters of lead-screw model-PK6MO5N sented by equation (10).
Parameter Symbol Value L2
= + Jnut + Jearrier + m(= 10
Pltch CIFC|e dlameter Dp 95 mm ]tOt ]motor ]nut ]carner (21.[) ( )
Screw pitch Py 5 mm where m is the mass of the linear components, and ¥ is the screw
Lead of the thread ¢ 5mm lead. This leads to
The starts number Is 1 Jtot® = Tmotor — (Tioad * Twiscous + Tcoutomp) (11)
Friction coefficient of sliding

surface - - Jtot g (FX B —F %> (12)

Thread angle A 30 degree totaez = Tmoter {79 de ¢
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Tab. 2. Position and current sensor gains

where F, is the force on the gripper fingers, j represents the gear

ratio and linear conversion, (3 represents the viscous damping
coefficient, and Fc represents the Coulomb force component.
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Fig. 5. Force—distance (stiffness) characteristic of the springs
given in Table 3

3. RESULTS AND DISCUSSION

There are several methods for analyzing and measuring force,
three springs with different stiffness coefficient values (Fig. 5 and
Table 3) have been used to analyze the dynamic behavior of the
system (Fotuhi et al., 2020). To analyze the gripper, two sensors
were used to measure data. Sensors are incremental encoders of
motor and linear encoders of load (Fotuhi and Bingul, 2021; Wang
et al., 2016). Motor incremental encoder gives a pulse output of
0.17578125 (degrees/pulse), and load linear encoder gives a
voltage output of 0.5 (mV/mm). Over the range 0-20 mm, this is
amplified by an amplifier with a voltage gain of 20, sampled, and
applied to a 10-bit analog-to-digital converter with voltage range
0-5 V. The resolution of the measurement is 1024 (digital val-
ue/mm). The experimental setup of electrical LSDIGM is shown in
Fig. 3. The position and current analog signals are converted to
physical parameters by using sensor gains (equations 13, 14, and
15). They are given in Table 2.

Dy, (mm) = (V, —o,) * (cy) (13)
Dy(mm) = (Py —0,) * (cp™") (14)
Cs(Amper) = (Ve —oc) * (Cc_l) (15)

here, D, is the distance of load (mm), D,, is the distance of linear
movement of motor (mm), Cis the equation of current sensing,
Vv, is the digitized voltage from analog to digital using an ADC
(analog-to-digital converter) value of voltage output of the load
linear encoder (digital value), Py, is the pulse number of the motor
incremental encoder (pulse), and V, is the discrete voltage (ADC
value of voltage) output of the current sensor.

Parameter Symbol Value
Voltage coefficient of the linear oy 1427428571
encoder
Pulse coefficient of the incremental o 10058
encoder
Current coefficient of the current . 29,457
sensor
Offset of voltage oy 779.7638571
Offset of pulse 0p 62.41924891
Offset of current 0. 17.92554531
Tab. 3. Technical specification of springs
Spring | Stiffness (Ks | Free length Full compres- | Total
type = N/mm) (mm) sion (mm) coil
A 5.735 421 25.3 7
B 11.764 42.5 25.2 7
C 13.823 422 25.6 7

Tab. 4. Velocity profile (maximum speed = 30 mm/sec)

Speed mode Speed Speed (mm/sec)
Low speed (LS) 5% Max 1.5
Medium speed (MS) 20% Max 6
High speed (HS) 65% Max 19.5
Very high speed (VHS) 85% Max 25.5

To avoid repetition of showing the same behavior in the paper,
the movement profile of a parallel and angular gripper A-type of
the spring in the low-speed case is only illustrated in Fig. 6. The
results of the medium, high, and very high speed of B-type and C-
type of springs for parallel and angular gripper are given also in
Tables 5 and 6. The velocity profile is shown in Table 4.

According to Table 5, for the A-type spring, the maximal force
of 106.4 N and the maximum linear movement of 18.55 mm are
obtained by the high velocity of 5.892 mm/sec. For the B-type
spring, the maximal force of 100 N and the maximum linear
movement of 9 mm are obtained by the high velocity of 1.375
mm/sec. For the C-type spring, the maximal force of 105 N and
the maximum linear movement of 8.013 mm are obtained by the
high velocity of 1.375 mm/sec. According to Table 6, for the A-
type spring, the maximal force of 65.36 N and the maximum linear
movement of 11.55 mm are obtained by the high velocity of 1.378
mm/sec. For the B-type spring, the maximal force of 84.86 N and
the maximum linear movement of 6.966 mm are obtained by the
high velocity of 1.375 mm/sec. For the C-type spring, the maximal
force of 103.7 N and the maximum linear movement of 7.504 mm
are obtained by the high velocity of 1.371 mm/sec.

According to Table 7, equations (2, 3, 4, and 5) are used
to illustrate the effect of time and position error in equation (1).
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Fig. 6. The motion profile of a (a) parallel gripper and (b) angular gripper A-type spring in the LS mode
Tab. 5. Parallel gripper and spring motion analysis
Spring type | Speed mode  Maximum linear Maximum Time Maximum  Maximum Maximum
movement force (N) (sec) current velocity acceleration
(mm) (A) (mm/sec) (mm/sec?)
A LS 18.54 106.4 28.869 0.3155 1.376 1.547
MS 18.51 106.3 8.79 0.3150 5.892 6.598
HS 17.26 103.73 3.735 0.3399 18.88 2224
VHS 6.085 34.9 4.26 0.3106 9.991 19.75
B LS 9.09 106 13.49 0.7168 1.375 1.523
MS 8.934 105.1 9.675 0.3161 5.889 6.336
HS 8.934 105.1 4.59 0.3228 12.34 18.22
VHS 2.827 33.26 6.21 0.3088 5179 9.689
c LS 8.013 105 14.45 0.3129 1.376 1.553
MS 8.0 104 7.755 0.3045 5.887 6.667
HS 7.864 101.1 3.38 0.3203 11.12 17.82
VHS 1.935 25.39 69.08 0.2786 3.25 4.675
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Tab. 6. Angular gripper and spring motion analysis

Spring type | Speed mode  Maximum linear Maximum Time Maximum Maximum Maximum
movement force (N) (sec) current velocity acceleration
(mm) (A) (mm/sec) (mm/sec?)
A LS 114 65.36 17.525 0.4862 1.378 1.561
MS 11.4 65.36 8.04 0.3203 5.887 6.682
HS 7.28 55.1 4.275 0.3176 11.74 17.94
VHS 5.047 28.94 2.565 0.2941 8.848 16.75
B LS 6.966 84.86 14.355 0.3765 1.375 1.528
MS 6.611 79.27 3.51 0.3105 5.883 7.712
HS 6.362 74.84 2.37 0.322 9.028 15.96
VHS 4137 48.67 44.087 0.3099 13.24 53.43
C LS 7.504 103.7 20.7 0.3033 1.371 1.495
MS 7.144 101.7 5.13 0.3094 5.886 6.586
HS 6.847 98.21 3.386 0.3081 10.763 17.16
VHS 3.714 51.32 240 0.3071 6.264 11.45
120 A =B ®C 1200 A uB mC
90 90
% 60 | 2 60 |
= (0]
2 : I
30 = 30
0 I 0
LS MS HS VHS LS MS HS VHS
speed mode speed mode

Fig. 7. (a) Parallel and (b) angular gripper spring force analysis. Note: A-type, B-type, and C-type spring

Tab. 7. RMS position error (ISE method) comparison of different speed cases (unit: mm). Note: A-type, B-type and C-type spring

Speed Parallel gripper Angular gripper
mode A B c A B c
LS 0.0113 0.0199 0.0110 0.0557 0.0350 0.0117
MS 0.0146 0.0323 0.0151 0.0784 0.0554 0.0354
HS 0.0266 0.0379 0.0273 0.1177 0.0847 0.0473
VHS 0.0260 0.0140 0.0085 0.0280 0.3765 0.0610
@ b
05 IS = MS = HS m VHS ®) 05 LS = MS m HS m VHS
A0,4 04
E —~
£03 £ 03
=
g 0,2 g 0,2
= &5
0,1 01
SRR ST
IAE ISE ITAE ITSE IAE ISE ITAE ITSE
PRMSE methods PRMSE methods

Fig. 8. The PRMSEs of different speed cases with A-type spring: (a) parallel gripper and (b) angular gripper
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To evaluate the performance of the maximum force of the
electrical LSDIGM, the ratio of the maximum force (RMF) between
the desirable force (F,;) and the measured force (F,,) of the sys-
tem is calculated based on the following equation (16) (Varanasi
and Nayfeh, 2004). These ratios are given in Tables 8 and 9. The
RMF is the highest ratio of the force applied by the system to the

spring.

Fa—Fm
RMF = (1 - ("F—d)> £100 (16)
Tab. 8. The highest ratio of the force applied-PEG
Speed Spring type
mode A B c
LS 92.52 92.17 92.45
MS 92.43 91.39 92.27
HS 90.20 91.39 86.55
VHS 30.35 44.25 46.65

The highest ratio of the force applied by the system to the A-
type spring is 92.52% obtained by the low velocity of 1.376 mm/s.
It can be seen that in Table 8 the lowest values are related to the
fourth row of speeds (VHS) that are less than 50% and the values
are unacceptable, indicating that the system did not respond
correctly at this speed (Heilala et al., 1992; Pham and Yeo, 1991).

Tab. 9. The highest ratio of the force applied-AEG

Speed Spring type
mode A B c
LS 59.42 7715 91.30
MS 59.42 72.06 90.43
HS 50.09 68.04 87.91
VHS 26.31 28.92 22.07

The highest ratio of the force applied by the system to the C-
type spring is 92.45% obtained by the low velocities of 1.495
mm/s. It can be seen that in Table 9 the lowest values are related
to the fourth row of speeds (VHS) that are less than 50% and the
values are unacceptable, indicating that the system did not
respond correctly at this speed. According to Tables 4 and 5, and
applying speeds from Tables 8 and 9, the highest power for the
parallel gripper is 1.96 watt (A- HS) and for the angular gripper is
1.06 watt (C- HS), respectively.

10 T TTTTo=-
90
80
=
< b
[0
o
S 60
[
50
A-type spring
40 || =————— B-type spring
— = = - C-type spring
30 -
2 4 6 8 10 12 14 16 18 20

Velocity (mm/s)

Fig. 9. Velocity—force characteristics
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For three springs with different stiffness coefficient values, the
force analysis of two different grippers (parallel and angular) is
illustrated in Fig. 7. Fig. 8 shows comparison of the position error
of the grippers with A-type spring in different speed cases. As can
be seen in Fig. 9 (taken from the data in Table 5), the output force
of the parallel gripper is nearly constant with 105 N at the
velocities of between 1.5 and 12 mm/sec.This relationship
between force and speed can be seen in Figs. 7, 8 and 9. The
best angular gripper efficiency with a spring stiffness of 11.764 at
a velocity of 1.5 mm/sec, which is 29%, and the best parallel
gripper efficiency with a spring stiffness of 5.735 at a velocity of
1.5 mm/s, which is 52%.

4. CONCLUSION

In this paper, design and force-velocity performance analysis
of the electrical gripper mechanism were examined. In this work, a
stepper motor and a lead-screw mechanism were used for an
inexpensive gripper as an industrial product. In order to test the
performance of the system, an analysis of the LSDIGM, experi-
mental setup with springs and encoders were arranged. The
performance of the grippers is dependent on position and power
efficiency. The LSDIGMs were tested with different springs and
velocity profiles to obtain these efficiencies. The results show that
the electrical parallel gripper performed better than the electrical
angular gripper, and the highest ratio of the force applied by the
proposed parallel gripper is 92.52% at 1.376 mm/sec. Although
the proposed method has a very small (low) position error (accu-
racy) due to the operating characteristics of the stepper motor, it is
simpler and less expensive than its counterparts. Therefore, it
may be preferred for some applications where minor position
errors are not important. Using the proper stepper motor (high
power and high position accuracy) and the lead screw, these
position errors occurred here may be eliminated very easily.
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