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Abstract 

This paper presents a control system algorithm for a five-axis parallel mechanism system (PMS) CNC milling machine 
based on a 6-DOF Stewart platform parallel manipulator with a universal-prismatic-spherical (UPS) configuration. The control 
system reads the G-Code commands as standard CNC machine language, then extract data points and interpolates them to 
generate the robot trajectory patterns as motion references. Then, the control system uses the modified inverse kinematic 
equation to determine the length of each link to move the end effector to track the trajectory patterns from the previous G-
code extraction process. The inverse kinematic equation is modified especially for the five-axis PMS CNC milling machine by 
including machine-offset and tools-offset parameters so it will be easier for the control system to implement the kinematic 
equation. As expected, the system simulation results successfully followed the G-Code program moving commands. The 
average error of the length control system is 0,1 mm, while the average error of the length change rate control system is 1,8 
mm/s. The maximum error is 26.9 mm was caused by the system's inability to follow the motion profile in transient. It can be 
concluded that 6-DOF Stewart platform parallel structures, which provide better performance than serial structures, can be 
implemented as a new concept for the motion mechanism of five-axis CNC milling machines. The five-axis PMS CNC milling 
machine also promises better performance than conventional five-axis gantry structures CNC. 

Copyright ©2023 National Research and Innovation Agency. This is an open access article under the CC BY-NC-SA license 
(https://creativecommons.org/licenses/by-nc-sa/4.0/). 
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I. Introduction 

A robot with a parallel structure has a kinematic 
configuration with a closed chain type, meanings 
that each link is connected to the origin [1][2]. This 
configuration will give a better performance in the 
value of accuracy, acceleration at high speeds, and 
high stiffness [3] compared to the serial structure 
[4][5]. The advantages of the parallel robot make it 
possible to be implemented as a new concept for the 
five-axis CNC machine mechanism [6][7]. CNC 
machines generally use cantilever or gantry 

structures with some limitations due to their 
mechanical design [8]. In gantry structures each axis 
of a CNC machine is driven by one actuator, this 
structure requires a large power drive system, a 
highly precise control system, and a sturdy and large 
mechanical structure. CNC machine with a parallel 
robot motion mechanism (called parallel mechanism 
system CNC / PMS CNC in this paper) could minimize 
some of these losses, this structure could minimize 
the movement of heavy structures [9][10][11]. Five-
axis PMS CNC milling machine only moves motor 
spindle, in contrast the work pieces and machine 
table are static. Whereas conventional five-axis 
gantry structures CNC has to move not only the 
motor spindle but also the machine table and the 
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work pieces. This will make five-axis PMS CNC 
milling machine achieved higher speed and 
acceleration. It will also have higher accuracy, 
because the relative error of the actuator is 
distributed [12][13] and requires fewer static and 
dynamic components [14][15]. Machine operating 
costs also become smaller due to lower energy 
consumption and higher feed speeds compared to 
conventional structure CNC machines [16]. A 
limitation to PMS CNC machines is that they are less 
able to achieve the higher machining tolerances of 
conventional machine tools due to relative 
differences in structural rigidity and tool deflection 
and challenges associated with control algorithms 
[17][18][19], component miss-alignments and 
sensor capability [20][21][22]. 

A widely researched aspect of PMS machine tools 
is in kinematic and dynamic modeling [23] also in 
improvements of PMS implementation as machine 
tools for industrial applications. In the work of 
Minh-Nha Pham et al. results show that the 
parameterized finite element model precisely 
predicts mode shapes and natural frequencies for 
several poses of the mobile platform. The accurate 
simulation model will be essential for optimizing the 
performance of the hexapod for machining tasks 
[24]. Alesandro Stabile et al. proposes boundary 
conditions on the isolation properties of parallel 
manipulators. It was shown that high-frequency 
performance cannot be achieved by the state-of-the-
art all-rotational joint systems and is achiveable by 
parallel mechanism systems [25]. The study done by 
Barnfather, J. D et al. investigate how the widely 
researched robotic machining challenges to 
achievable tolerance ranges in real-world production 
and highlights achievable tolerances in low-cost 
robotic machining and opportunities for 
improvement, also providing a practical benchmark 
useful for process selection [26]. Previous research 
shows that PMS CNC is capable of handling previous 
machining tasks and is suitable to be implemented 
as a milling machine in the manufacturing process. 
However, no research and study implement this 
machine configuration in real CNC milling 
machining applications. The work reported in this 
paper is significantly focused on the development of 
a control system simulation of a five-axis PMS CNC 
milling machine based on a 6-DOF (degree of 
freedom) Stewart platform parallel robot [27] which 
can read G-Code command file as a standard CNC 
machine program. The control system reads the G-
Code commands then extract data points and 
interpolates them to generate the robot trajectory 
patterns as motion references. The control system 
then uses the modified inverse kinematic equation 
to determine the length of each link to move the end 
effector to track the trajectory patterns. System 
control response is analyzed from the simulation of 
linear motor actuator model with known parameter 
values from the previous research [27]. 

II. Materials and Methods 

The five-axis PMS CNC milling machine consists 
of a mechanical system and a motion control system 

specially engineered for controlling special parallel 
robot mechanism. The main component of the 
mechanical system is the Stewart platform 6 UPS 
parallel robot and the machine frames. Robot motion 
is simulated in a 3D cartesian space coordinate 
system to show the ability of the robot to move as 
the CNC milling machine mechanism.  

General CNC machines motion control system 
cannot be used to control five-axis PMS CNC milling 
machine because of the different mechanism. A 
special motion control system is engineered to be 
able to control parallel robot motion and also 
suitable for use as a CNC machine operation control. 
The control system reads the G-Code data point and 
interpolates it to generate robot trajectory as 
references for robot motion patterns. Then the 
control system uses an inverse kinematic equation 
to determine the length and calculate the difference 
of ink length for each interpolated point derived by 
time to determine the length change rate of each 
link. The Cascade PI control method is implemented 
to control robot link length and link length change 
rate to move the end effector to track the trajectory. 
PI control was chosen because of the system’s need 
to speed up the settling and integral control to 
reduce the error rise time and the steady-state 
errors of the system. Derivative components from 
the controller can create heavy instability and 
oscillation, so it is set to be very small close to zero 
or negligible because the milling machine's main 
control purpose is to reduce the steady-state errors 
of the system without causing risk of oscillation to 
ensure the processed work pieces are formed 
according to the g-code commands and does not 
have a wavy texture. 

A. Parallel robot design 

Stewart platform manipulator used in this study 
consists of a movable platform that is connected to a 
base through 6 feet. These legs have kinematics that 
is identical to the universal-prismatic-spherical 
(UPS) configuration. The length of the prismatic 
manipulator will be controlled to perform platform 
movements. The Stewart platform robot used in this 
research is previously developed at The Bandung 
Institute of Technology at Mechanical Engineering 
Laboratory [27]. The parallel robot is attached upside 
down on top of the CNC machine frame. Figure 1 
shows the 6 DOF Stewart platform robots used in 
this study.  

 
Figure 1. Design of 6-DOF Stewart platform (source: personal 
collection)  
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Table 1 shows the kinematic specification of the 
parallel robot and it is illustrated in Figure 2. The 
kinematic specification is a set of paramater of the 
parallel robots which specifically distinguish it from 
the others parallel robot. θp is the angle difference in 
joint position at parallel robot’s platform, while θb is 
the angle difference in joint position at the base. 
Platform is term used to denote a moving part of 
parallel robot, while base is term used to denote a 
fixed static part. The parallel robot used in this study 
has 30° joint position at the platform and 20° joint 
positions at the base. To determine the position of 

joints, the angle variables is not enough, radius of 
joint position is also needed. rp is the radius of joint 
position at platform and rb is the radius of joint 
position at the base has to be determined. Real robot 
actuator is limited in stroke length. There is robot 
movements limitations according to link’s possible 
length which is noted by Li notation. 

B. Inverse kinematics equation 

Calcutating platform displacement as a function 
of changes in actuator length is illustrated clearly in 
Figure 3. The origin coordinate system BXYZ  is 
attached to the center of the base and the origin 
coordinates TXYZ are located at the center of the 
moving platform. Points Bi represents the joint 
position at the base while Ti represents the joint 
position at the moving platforms. These joints are 
placed on the base and the moving platform with an 
angle of separation between the points (T2 and T3, T4 
and T5, T1 and T6) denoted by θp as shown in 
Figure 3(b). In the same way, the angle of separation 
between points (B1 and B2, B3 and B4, B5 and B6) is 

Table 1. 
Kinematic specification 

Parameter Unit 

θp 30° 

θb 20° 

rp 170 mm 

rb 350 mm 

Li 490 – 740 mm 
 

 
 

(a) (b) 

Figure 2. Kinematic specification illustration of (a) base; (b) platform (source: personal collection) 

 

 
Figure 3. Stewart platform kinematics diagram: (a) full system; (b) platform only (source: personal collection) 



N.J. Ramadhan et al. / Journal of Mechatronics, Electrical Power, and Vehicular Technology 14 (2023) 1-10 

 

4 

denoted by θb. From Figure 3(b), the location of the 
joints marked with a point Ti on the moving 
platform can be found in the equation (1). rp is the 
radius of joint position at the moving platform while 
rb is the radius of joint position at base platforms. 
Using the same approach, the location of the point 
marked with the point (Bi) on the base platform can 
be obtained from the equation (2). 

The general equation of each joint platform 
follow this equations. 

𝑇𝑖 = �
𝑇𝑥𝑖
𝑇𝑦𝑖
𝑇𝑧𝑖
� = �

𝑟𝑝  cos(𝜆𝑖)
𝑟𝑝  sin(𝜆𝑖)

0
� � 𝜆𝑖 = 𝑖 𝜋

3
+ 𝜃𝑝

2
  ;   𝑖 = 1,3,5

𝜆𝑖 = 𝜆𝑖−1 + 𝜃𝑝  ;   𝑖 = 2,4,6
 (1) 

𝐵𝑖 = �
𝐵𝑥𝑖
𝐵𝑦𝑖
𝐵𝑧𝑖

� = �
𝑟𝑝  cos(Λ𝑖)
𝑟𝑝  sin(Λ𝑖)

0
� � Λ𝑖 = 𝑖 𝜋

3
+ 𝜃𝑏

2
  ;   𝑖 = 1,3,5

Λ𝑖 = 𝜆𝑖−1 + 𝜃𝑏  ;   𝑖 = 2,4,6
 (2) 

The position of the end-effector can be represented 
by the position vector, P equation (3) while the 
orientation is represented by the rotation matrix RB

T  
equation (4). The rotation matrix is determined by 
the roll, pitch, and yaw angles, namely rotation on 
the X-axis, noted by RX(α), followed by rotation on 
the Y-axis, RY(β), and rotation, namely rotation on the 
Z-axis, RZ(γ). In this way, the rotation matrix of the 
moving platform corresponding to the base platform 
coordinate system is obtained. The position vector P 
represents the displacement vector from the moving 
platform to the base. So, the rotation matrix and the 
position vector are described in equation (3) to 
equation (13), 

𝑃 = �
𝑃𝑥
𝑃𝑦
𝑃𝑧
� (3) 

𝑅𝑇𝐵 = 𝑅𝑍(𝛾).𝑅𝑌(𝛽).𝑅𝑋(𝛼) = �
𝑟11 𝑟12 𝑟13
𝑟21 𝑟22 𝑟23
𝑟31 𝑟32 𝑟33

� (4) 

𝑟11 = cos(𝛽) . cos(𝛾) (5) 

𝑟12 = sin(𝛼) . cos(𝛽) . cos(𝛾) − cos(𝛼) . sin(𝛾) (6) 

𝑟13 = sin(𝛼) . sin(𝛾) + cos(𝛼) . sin(𝛽) . cos(𝛾) (7) 

𝑟21 = cos(𝛽) . sin(𝛾) (8) 

𝑟22 = cos(𝛼) . cos(𝛽) + sin(𝛼) . sin(𝛽) . sin(𝛾) (9) 

𝑟23 = cos(𝛼) . sin(𝛽) . sin(𝛾) − sin(𝛼) . cos(𝛾) (10) 

𝑟31 = − sin(𝛽) (11) 

𝑟32 = sin(𝛼) . cos(𝛽) (12) 

𝑟33 = cos(𝛼) . sin(𝛽) (13) 

The length of each link matrix noted by notation 
Li can be determined by equation (14), 

𝐿𝑖 = 𝑅𝑋𝑌𝑍.𝑇𝑖 + 𝑃 − 𝐵𝑖 (14) 

Because the robot base is attached to the top of the 
machine frame, it is simpler to define the machine 
offset parameter equal to the distance of the 
machine origin position to the robot base (noted by 
notation M). Then, because of the spindle and 
cutting tool attached to the platform, the end-
effector position and orientation will be moved to 
the end point of the cutting tool. The equation is 
then modified by adding the cutting tool offset 
(noted by notation C) parameter to the previous 
equation. The equation to determine the matrix of 
link’s length Li is modified as shown in equation (15). 
Remember that Li is vector in the cartexian space 
and cannot be used for actuator control system set 
point. It is needed to determine the magnitude 
length of each link by simply calculate each link 
using equation (16), 

𝐿𝑖 = 𝑅𝑋𝑌𝑍.𝑇𝑖 + 𝑃 + 𝑅𝑋𝑌𝑍.𝐶 − 𝐵𝑖 − 𝑀 (15) 

𝑙𝑖 = ‖𝐿𝑖‖ (16) 

C. Partial Link Control Method 

By considering the characteristics of the 
component used in the control system, it can be seen 
that both the linear potentiometer sensor 
component and the linear actuator component have 
linear characteristics. The application of 
conventional control algorithms is very suitable to 
be applied to systems with linear characteristics, 
considering the ease of application. The control 
system design is depicted in the main control system 
block diagram shown in Figure 4. 

The block diagram of the control system applies 
to controlling the movement of each linear actuator 
simultaneously. Each actuator is controlled by the 
same control algorithm but gets a different input 
motion profile depending on the position set-point 
and speed set-point that must be achieved. Figure 5 
shows the control system block diagram for each 

 

Figure 4. Main control system block diagram (source: personal collection) 
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actuator. DC Motor Mathematical model can be 
written with equation (17), 

�̇�
𝑉

= 𝐾𝑡
(𝐽𝑚.𝐿𝑎)𝑠2+(𝐿𝑎.𝐵𝑚+𝑅𝑎.𝐽𝑚)𝑠+(𝐾𝑡.𝐾𝑣+𝐵𝑚.𝑅𝑎)

. 𝑟𝑏𝑠  (17) 

System identification is carried out on the system 
output by performing Inverse Laplace calculations 
on the system's mathematical model so that the 
parameter values are obtained [27]. DC Motor 
armature resistivity is noted by Ra is equal to 2.78 Ω, 
it’s inductance is noted by La is equal to 7.48 mH. DC 
Motor mechanical properties such as friction, inertia 
and ball-screw radius are respectively noted as Bm, , 
Jm and rbs, are equal to 24.8 x 10-3 , 1.067 x 10-3 kg.m2, 
and 1.18 x 10-3 m. Motor torque constant and motor 
velocity constant are respectively noted as Kt and Kv 
both are equals to 0.896. 

D. Machine control application 

The machine control application algorithm is 
divided into the G-Code Point Interpolation 
algorithm and the Control System algorithm. In 
general, the algorithm can be depicted in the flow 
chart in Figure 6. The machine control application 
program starts by reading G-code file which is 
standard file for CNC command. G-code is the most 
widely used computer numerical control (CNC) 
programming language. It is used mainly in 
computer-aided manufacturing to control 
automated machine tools, as well as from a 3D-
printing slicer app. G-code instructions are provided 
to a machine controller (industrial computer) that 
tells the motors where to move, how fast to move, 
and what path to follow. Data from G-code file will 
be parsed and extracted as set-point coordinate and 
machine control variables that will be evaluated to 
determine interpolation algorithm type used for 
calculating and generating interpolated points refer 
to set-point coordinate. G-code reader application 
program is operated from user interface by the 
operator. Any interpolated point will be displayed in 
a user-friendly 3D graph to show the machine 
motion simulation. The G-Code reader application 
user interface algorithm is shown in Figure 7. 

The G-Code Interpolation program will extract 
data from the G-Code command and evaluate the 
validity before execution. This process is done in an 
execution loop function in the application software 
while user interface function is opened and machine 

run condition is executed by the operator from the 
application software interface. The G-code 
extraction loop algorithm is shown in Figure 8. The 
G-Code Interpolation program can be run on any 
computer to validate the G-Code program and 
interpolate to machine movements. Regarding the 
process of G-Code validation, there are several 
algorithms including the calculation of modified 
inverse kinematic and actuator limiter algorithms 
for avoiding each actuator that exceeds the 
maximum length and maximum speed limit 
capability. The validity evaluation algorithm is 
shown in Figure 9. 

After the inverse kinematic formula is modified 
with the addition of machine offset and tool offset 
parameters according to machine conditions, then 

 

 

Figure 5. Partial link control system block diagram (source: personal collection) 
 

 
Figure 6. PMS CNC control system algorithm (source: personal 
collection) 
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the area that can be reached by the PMS CNC 
machine can be determined and called workspace 
area. In this research, the workspace area is not 
defined by the forward kinematic calculations, and 
forward kinematics will be done in further research. 
The workspace area on this PMS CNC machine is 
determined by iterating the inverse kinematic 
calculation with the position input value constantly 
changing from the minimum value to the maximum 
value on each axis of motion. The input point that 
produces the length value of each actuator that is 
within the range of the actuator's capability, which 

is between 490 mm to 740 mm will be included in 
the workspace area data set. Workspace area data 
set is a two dimension array representing all 
reachable points in the x, y, and z-axis. 

To produce the desired robot movement, the six 
linear actuators must move simultaneously with 
different length change rate set-points until the 
length set-point of each actuator is reached 
according to the kinematics calculation results in the 
same period. To avoid the movement chaos caused 
by the actuator limitation, a set-point limit for the 
allowable length change rate is made. If the result of 
translating G-Code calculation and inverse 
kinematics produces one or more set-point that 
exceeds the limit of the actuator's capability, then 
the G-Code will not be validated. 

III. Results and Discussions 

In this chapter, we discuss the result of the five-
axis PMS CNC control system simulation to follow a 
simple G-Code containing linear movements which 
follow straight line trajectories and corner 
movements, both generate a 150 mm square-shaped 
trajectory. Based on the G-Code program used for 
testing (illustration shown in Figure 10), the 
machine will move rapidly from the origin position 
(0, 0, 500) to point (0, 0, 200), then the machine will 
move rapidly from point (0, 0, 200) to point (-75, -75, 
200), then the linear interpolation movement to the 
point (-75, 75, 200), then linear interpolation 
movement to the point (75, 75, 200), then to the 
point (75, -75, 200), then to the point (-75, -75, 200), 

 

 
Figure 7. G-Code reader user interface algorithm (source: personal collection) 

 
Figure 8. G-Code extraction loop algorithm (source: personal 
collection) 
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after that it moves rapidly to the point (0, 0, 200), 
the last move back to the initial point (0, 0, 500). 

For each step, there will be a start position and 
finish position which is acquired from G-Code data 
extraction, trajectory line from the start position to 
the finish position is linear pah but will become a 
non-linear set-point motion at the actuator. To 

minimize the complexity of non-linear control 
system calculation, while still ensuring the motion 
follow the trajectory linear path, the system will 
interpolate the linear trajectory linear path to 
generate points that become new starting and finish 
points with higher resolution. Figure 11 shows the 
system response and error of the control system for 
linear actuator 1. Figure 11(a) show that to follow 
the desired simple square trajectory, the linear 
actuator 1 has to lengthen from it’s initial length 500 
mm become 560 mm gradually. After that it will 
lengthen again to reach 590 mm length, 605 mm and 
so on. It will follow some certain length in motion 
profile which is generated by interpolation and 
inverse kinematic algorithm. Figure 11(b) shows the 
control error value calculated from the difference 
between desired length with actual length read from 
the sensor. The error is relatively large because of 
the actuator 1 inability to move faster to follows the 
motion profile set-point. It's length change rate is 
slow compared to the length set-point change rate in 
the desired motion profile. The average of the 
actuator 1 length error is 0.8 mm. 

Figure 12 shows the system response and the 
error of the control system for linear actuator 2. 
Figure 12(a) shows similar graph with Figure 11(a). 
It shows linear actuator 2 lengthens from it’s initial 
length 500 mm to become 560 mm gradually. After 
that it will shorten to reach 525 mm length, and 
then lengthen again to reach 570 mm and so on. 
Similar with previous actuator, it also follow certain 
length set-point in motion profile specified for linear 
actuator 2 which is generated by interpolation and 
inverse kinematic algorithm. Figure 12(b) shows the 
control error value calculated from the difference 
between desired length with actual length read from 
the sensor of linear actuator 2. It is similar to 
actuator 1 that the error is relatively large because of 
the actuator 2 inability to move faster to follow the 
desired length change rate. The average of the 
actuator 2 length error is -0.7 mm. 

 

Figure 9. G-Code extraction and validation algorithm (source: 
personal collection)  

 
Figure 10. Testing step illustration (source: personal collection) 
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Figure 11. Actuator 1: (a) control response of linear; (b) control error (source: personal collection) 

 

 
Figure 12. Actuator 2: (a) control response; (b) control error (source: personal collection) 
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It is similar to the previous actuator, error is 
relatively large for actuator 3, actuator 4, actuator 5, 
and actuator 6 because of the actuators inability to 
move faster to follow the desired length change rate. 
The average of the actuator 3, actuator 4, actuator 5, 
and actuator 6 length error respectively is -0.7 mm, 
0.9 mm, 0.7 mm, and -0.3 mm. All the actuator 
responses shows the same phenomenon, all linear 
actuator successfully follow the desired length in 
steady-state condition at the end, but the system 
response at transient condition is poor. This is 
happens because the desired length change rate for 
all actuators is relatively the same while the actuator 
specification for all actuators especially the length 
change rate is limited and could not follow the 
length change rate in desired motion profile. 

IV. Conclusion 

Th is study successfully implements a simulation 
of five-axis PMS CNC milling machine configuration 
in real CNC milling machining applications by 
reading and extracting G-code command as machine 
motion control set-point. The average actuator 
length error for Linear Actuator 1, Linear Actuator 2, 
Linear Actuator 3, Linear Actuator 4, Linear Actuator 
5, and Linear Actuator 6 in a row is 0.8 mm, -0.7 mm, 
-0.7 mm, 0.9 mm, 0.7 mm, -0.3 mm. The average 
length control system error = 0,1 mm, while the 
average length change rate control system = 1,8 
mm/s. The result is quite good but still can cause 
large errors in real-world coordinates. The smallest 
error is obtained when the system is in a steady-
state. However, in transient state the largest error 
reaches 26.9 mm. The root cause of the error is the 
system's inability to follow the motion profile. The 
length change rate response of all actuator is slow 
compared to the length set-point change rate in 
desired motion profile. It can be concludes that 6-
DOF Stewart platform parallel robot structures 
which provide better performance than serial robot 
structures can be implemented as a new concept for 
the motion mechanism of five-axis CNC milling 
machines which is commonly used only for pick and 
place applications. The five-axis PMS CNC milling 
machine also promises better performance than 
conventional five-axis gantry structures CNC. A lot of 
work is needed to improve machine performance. 
Begin with the mechanical aspect by ensuring 
machine components are installed properly to 
minimize backlash, as well as the robot structure, is 
measured with high accuracy so that the accuracy of 
kinematic calculations increases. Other aspects are 
improvements and development of linear and 
circular interpolation algorithms, research and 
exploration of a method to produce an optimal 
motion profile that is suitable for the system and 
actuator specification is also needed, There is also a 
need for research of the control algorithms that is 
not limited to conventional control but also 
explorable for non-linear control system based on 
the dynamics of the robot. System testing also needs 
to be carried out in 3D coordinate space with a more 
complicated G-Code program that can represent the 
movement of the five-axis CNC machine. 
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