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Abstract

:

The improved solution of L-CaPaMan design is elaborated with solutions for low-cost lightweight features. A new prototype is presented as a result of design improvements by using market components and 3D printing manufacturing. The new prototype as L-CaPaMan (Light CaPaMan) is characterised with new components for a new slider solution and light-structure links. The prototype construction is discussed up to a testing layout for design validation and operation characterization. Results of testing are discussed to outline the operation performance of L-CaPaMan by using Arduino controller with basic sensors for motion and action monitoring.
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1. Introduction


Parallel manipulators as a class have been developed as described in [1,2]. In comparison with serial manipulators, their closed-loop structures are more rigid and precise in positioning, because of the error compensation by others; the ability to reach high velocities and accelerations; and the reduced inertial characteristics for the same load, which can be reached by using lighter actuators. On the other hand, precision is constrained by the smaller workspace, and non-linear behaviour complicates kinematics.



Two main types of parallel manipulators are widespread: Gough-Stewart platform and Delta robots. The Gough–Stewart structure was developed as a tire-testing machine [3] and is widely used in different types of full flight [4,5] and drive simulators [6], imitating the movements of airplanes such as Boeing-707, Douglas DC-8, or car, respectively. The Taylor Spatial Frame [7] is an external fixture, based on the same architecture, used in orthopedic medicine for bone recovery or correction. The Hexapod telescope [8] uses the Gough–Stewart structure for positioning. Six actuators scheme is used in space-docking systems, such as the low-impact docking system [9]. The Delta robot has universal joints in its structure, which gives more mobility than the Gough–Stewart platform. However, its larger position workspace can be actively used for efficient industrial pick-and-place operations [10] where orientation control is not required. In RoboCrane [10], a Delta structure has been scaled for weldment operations for ship building. In medicine, it is used for assistance [11] or surgical operations [12].



Some other structures and schemes with different limb kinematic chains are built for solving field tasks. For example, the Cassino Parallel Manipulator, or CaPaMan, which was introduced in 1997 [13] is a different type of parallel structure. Its mechanics, described in [14,15], can be used for earthquake simulation [16] and in humanoid robots [17]. In combination with other structures and types, both serial and parallel, it has been used as end-effector in drilling machines [18] and surgical robots [19].



For all these structures, performance is the key factor, even though it affects the final cost of manufacturing, making high-performance robots expensive and difficult to manufacture. For study and research needs, daily use, or any other situation where users cannot afford to build an industrial-quality robot, reducing price and manufacturing complexity is critical. Even if educational-oriented robots are generally cheaper, their cost can be significant. For example, the price of DexTAR, a professional educational robot [20], is around 7000$. With the development of 3D printing and DIY kits for education robotics, such as Arduino board and its extensions, it has become possible to significantly reduce the price and entry level in robotics. The CaPaMan improvement from [21] is an example of using these technologies.



The L-CaPaMan, which is presented below, is a prototype for study and research tasks. While keeping the structure of the first prototype [13,14], new design features, such as rolling-bodies translational joint, are introduced, to increase the overall mechanism performance, which has been evaluated in dynamic simulation. The prototype has been assembled and tested in LARM2; the real system behaviour has been investigated to validate the results of the dynamic simulation.




2. CaPaMan Design and Requirements


The first CaPaMan prototype, shown in Figure 1a, introduced a new structure of parallel manipulators [13]. While keeping the same structure, its performance can be improved in different ways: increasing performance in terms of forces, speeds, and accelerations, or reducing the costs of manufacturing while keeping the performance parameters from the previous case. L-CaPaMan has been designed following the second path. In the original CaPaMan prototype, all the components are machined from metallic parts, and industrial-grade motors are required for operations. The following improvement from 2017 [21], which is shown in Figure 1b, kept this structure; with 3D printing development, it became possible and expedient to change the material of the mechanism to plastic. Smaller and cheaper motors could also be used to operate, because less torque is needed for the smaller masses. The manufactured translational joints of this prototype, however, are sliding bodies, with low performance due to high friction.



In L-CaPaMan, the translational joint is replaced with 3D-printed parts that enable rolling instead of sliding. The performance of this solution has been investigated in CAD simulation and by using sensors in real model. To estimate performance, the kinematic characteristics of the platform were considered. The total cost of manufacturing can be measured as a sum of prices of the components.



The requirements to the new design of mechanism are described here:




	
Material of the parts: PLA



	
Cost of manufacturing: less than 100€



	
Mass: less than 1 kg



	
Acceleration of the platform: more than 2 m/s2









3. CAD Design and Simulation


L-CaPaMan2 kept the structure of the first prototype. The scheme of the structure is shown in Figure 2a. The closed-loop parallel mechanism with 3 d.o.f. includes three limbs with rotational, translational, and spherical joints each. The input joint of each limb is the rotational joint at the base. The lengths of the links are marked as lji, where j is a part number and i is the limb number; lKi is a distance to point K on the translational joint, and lGH is a distance from the spherical joint to the central point of the platform H. Following this structure, a new prototype has been designed in Autodesk Inventor 2021 Professional [22], as presented in Figure 2b.



The proposed research aims at improving, with a low-cost and lightweight design, the previous L-CaPaMan. As such, the main impact of the reported work is a new L-CaPaMan that manages to achieve the same performance of the previous versions in a more compact form design. Table 1, with the design parameters of the robot, is added to the paper for a direct size comparison. The constraints to the lengths of the mechanism parts prevent collision between the parts. The previous design of the translational joint [23], which was also built with 3D-printed components, and the real tests [24] show that in some cases the joint fails due to disassembly. In the new solution, the translational joint must be protected from disassembling during operation. Finally, it must have three idle (rotational) d.o.f. to avoid redundancies and associated vibrations. Following these requirements, the model has been designed with the dimensions, listed in Table 1.



The translational joint has been redesigned for 3D-printing; the model structure is shown in Figure 3a. The joint includes two printed parts and three manufactured bearings, which are connected to the part by pins from PLA. In the complete assembly, two wheels are placed on the rail and called “top wheels” and one, which is called “bottom wheel”, is under the rail and constrains relative vertical movements.



Translational movements are restricted with the border on one side of the rail, and by the bottom wheel pin they make contact with the other part on the other side, as shown in Figure 3b. Although the rolling bodies are placed on one surface, the stability of the construction is provided by the borders for the wheels, with 0.1 mm tolerance h1 and a 0.5 mm gap h2 on each side of printed parts.



In order to analyze the behaviour of the designed system, dynamic simulation has been carried out with the parameters that are chosen and presented in Table 2 and Table 3.



From [25], the operating speed of the motor for 6 V power supply is 0.14 s/60 deg, and angular velocity ωn for the input motion in the simulation is obtained as 427.571 deg/s. The input joint for four-bar linkage in limbs moves from α −45 to 45 deg. A dry friction coefficient kdf has been set for the wheels in the prismatic joint of each limb. Stiffness and damping coefficients are marked as kst and kdamp, respectively. Time Δt is defined as the whole time of simulation divided by the number of scanning intervals.



Three modes of movement have been analyzed. The first mode shows a simultaneous motion of the limbs; in the second mode, motion of an individual limb is set; and in the third mode, the motion of the limbs with a phase shifting between each of them has been assumed. The plot in Figure 4 illustrates the scheme of the limb’s input joint motion in degrees. The plot has five characteristic points:



A: start moving from position −45 deg, t = t0



B: end moving in position 45 deg, t = t1



C: start moving from position 45 deg, t = t2



D: end moving in position −45 deg, t = t3



E: end of the simulation in position −45 deg, t = te
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Figure 4. A scheme for input motion mode of the limbs. 






Figure 4. A scheme for input motion mode of the limbs.



[image: Applsci 12 01380 g004]





For dynamic simulation, it is required to define the time to reach ωn from ω = 0 and time to reach ω = 0 from ωn, this time has been defined as 0.1 s. Therefore, the whole time between points A–B and C–D is equal to 0.31 s. Table 3 describes motions of input joint for each limb in relation to time.



Figure 5 and Figure 6 show the behaviour of the system during the simulation in case of accelerations of the point H—central point of the platform. By controlling the speed, the accelerations values are also restricted and do not exceed 3 m/s2. With the simultaneous movements of legs in Mode 1, accelerations are observed only along Z axis. On the other hand, for Mode 3 the accelerations along Z axis are less than along others, as shown in Figure 6. When only one leg is moved, distance along Z axis is less than along others.



When the speed is the controlled characteristic, the torque depends on it. Figure 7a,b show the torque values changing during time. The measurements have been done for the first leg, which is placed perpendicularly to X axis.



Overall, the proposed L-CaPaMan design enables a lighter, smaller, and cheaper version of the L-CaPaMan when compared also to the 2017 and 1997 CaPaMan versions, as also shown in Table 1. Nonetheless, the kinematic performance of the novel mechanism, which is here expressed in terms of motion and acceleration, is comparable to the ones reported in previous works [18,22], with a peak acceleration of 3 m/s2 for the first CaPaMan prototype (1997, made of metal), 2.5 m/s2 for the first low-cost CaPaMan prototype (2017, made of 3D-printed parts), 2.3 m/s2 for the novel L-CaPaMan2.



The results from Figure 5 and Figure 6 could be used for comparison with the real prototype acquired results.




4. Prototype Testing


To check working feasibility, the prototype was assembled with 3D-printed and market components. Some parts from the previous work [23] were used. The assembled prototype is shown in Figure 8a. Design from Figure 2b was realised as a new part of the assembly. It is shown in more detail in Figure 8b. The control algorithm was not changed, and the original scheme of system design was preserved, as in Figure 9. The parameters of 3D printing for prototype components are listed in Table 4.



Using the online market RS components [26], the price table was compiled and presented as Table 5, assuming the availability of 3D printer and filament, required cables, and PC with preinstalled software.



The calculated price was more than required. In fact, almost all the components were in the LARM2 laboratory and used also for other projects; therefore, assembly of the mechanism cost less.



Testing was carried on following the modes, described in Table 3.




5. Testing Results


Before making tests, the workability of the system and its components has been checked. When the system is static, the IMU sensor measures not only its own accelerations, but also the gravitational component, so when it is placed in the horizontal position, the acquired acceleration data in m/s2 must be (0.0; 0.0; −9.806), where the last component represents the standard acceleration of gravity. The raw acceleration data conversion from the sensor is executed by the formula (1) from [27]:


a = (araw/32768.0) ∗ getAccRange ∗ g,



(1)




where araw = (0 … 32768) is a value, acquired from sensor to Arduino board, and getAccRange = 2 is predefined by the user maximal acceleration in g = 9.806 mm/s2 standard acceleration of gravity. The results from IMU sensor shows that during a first test calibration in static horizontal position, the acceleration components data as (0.0; 0.0; −80.0) mm/s2 are different from expected ones. For that reason, it is needed to calibrate the sensor.



To calibrate the sensor, it has been placed and statically fixed in the different positions, while acquiring the data. The acquired values of the accelerations must be zeros, except one of the components, which must be equal to 9.806 or −9.806 depending on the orientation. After zeroing the two components, the values of the third component have been taken 10 times, and the average has been calculated. Therefore, to equalise the measurements of the acceleration a to the standard acceleration of gravity, they must be multiplied by the coefficient k, which can be calculated such that k = 9.806/a.



By taking the experiments, the coefficients for x, y, and z components have been calculated. For given sensor BMI160, the coefficients are equal to 0.121965, 0.11744, and 0.12251, respectively. The coefficients may vary from the different examples of the sensors and accuracy of orthogonality to the ground while calibrating the sensor.



The acquired results for modes 1 and 3 in terms of acceleration of H are represented in Figure 10a,b, respectively. The acquired components of acceleration from the IMU sensor are represented with gravitation affect. For comparison of the results with the dynamic simulation model, each acquired value has been compared to the arithmetic average for all the results and the difference has been calculated. The maximal value of the component has been found from the data from IMU sensors and has been represented in Table 6.



Before acquiring the results, the presented model was tested near 100 times, installed, and reinstalled; components were tested together and separately. The characteristics of stiffness and tolerances for printed components were worse than for manufactured parts. Moreover, during the design and assembly process, the task was not set to make the most accurate and precise model. Because of the large tolerances, the rigidity of the assemble was lower than expected; printed bodies of translational joint displayed parasitic motions. The whole assembly in each test needs to be placed orthogonally to the ground. All these factors affect the acquired data. Low rigidity may cause micro-oscillations, which registered by the sensor with high accelerations.




6. Conclusions


The CAD model has been tested in dynamic simulations. It has been verified by the system while using imposed motion control by prescribed velocity. For the given parameters in dynamic simulations, the acceleration values mostly depend on the time to reach the maximum speed value. Other parameters such as the infill of the plastic parts, could be negligible. The computed results in the simulated operation are comparable with the data that are acquired from the sensors in testing the prototype. The assembled prototype has larger tolerances than the ones obtained by machine parts, in dimensions of parts and between parts, so that they cause the low rigidity of the assembly and affect the final results. The effect is shown in acquired results from the sensors, and results in terms of accelerations are comparable in qualitative and quantitative characteristics. The results could be improved by increasing the rigidity of the construction and reducing the tolerances, but the time of printing will be necessarily increased. The built low-cost model can be used for user-oriented tasks with satisfactory efficiency in accelerations of more than 2 m/s2 showing the feasibility and the efficiency of the proposed new solution with a new translational joint.
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Figure 1. CaPaMan prototypes: (a) original design from 1997 [13]; (b) 3D-printed solution from 2017 [21]. 
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Figure 2. A design scheme of L-CaPaMan2 solution: (a) the scheme; (b) CAD design. 
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Figure 3. CAD translational joint view: (a) scheme, (b) structure, and (c) CAD design. 
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Figure 5. Computed results in Mode 1 in terms of accelerations of H. 
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Figure 6. Computed results in Mode 3 in terms of accelerations of H. 
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Figure 7. Computed results in terms of torques of D of the first leg: (a) in Mode 1; (b) in Mode 3. 
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Figure 8. (a) The lab assembly of the new prototype L-CaPaMan2 in Figure 3; (b) mechanical design of the new translational joint in L-CaPaMan2. 






Figure 8. (a) The lab assembly of the new prototype L-CaPaMan2 in Figure 3; (b) mechanical design of the new translational joint in L-CaPaMan2.



[image: Applsci 12 01380 g008]







[image: Applsci 12 01380 g009 550] 





Figure 9. The block diagram of the system design of L-CaPaMan2 prototype. 
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Figure 10. Acquired results from IMU sensor in terms of linear accelerations of H: (a) for Mode 1; (b) for Mode 3. 
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Table 1. Design parameters for L-CaPaMan2 as compared with previous designs, Figure 1.
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	l1i, mm
	l2i, mm
	l4i, mm
	l5i, mm
	l6i, mm
	lGH, mm





	L-CaPaMan2
	40
	60
	30
	90
	70
	75



	L-CaPaMan [23,24]
	70
	60
	25
	90
	70
	60



	CaPaMan (2017) [21]
	40
	100
	n. a.
	60
	58
	55



	CaPaMan (1997) [13,14]
	80
	200
	n. a.
	120
	116
	109.5







n. a.—not available.
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Table 2. Dynamic simulation parameters.
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	Name
	ωn
	kdf
	ks
	kdamp
	Δt





	Unit
	deg/s
	-
	N ∙ mm/deg
	N ∙ mm ∙ s/deg
	s



	Value
	427.571
	0.1
	100
	100
	5 × 10−4
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Table 3. Time data for limbs input joint motion in dynamic simulation, Figure 4.
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Mode Number

	
Limb Number

	
t0 (s)

	
t1 (s)

	
t2 (s)

	
t3 (s)

	
te (s)






	
1

	
1

	
0

	
0.31

	
1

	
1.31

	
2




	
2

	
0

	
0.31

	
1

	
1.31

	
2




	
3

	
0

	
0.31

	
1

	
1.31

	
2




	
2

	
1

	
0

	
0.31

	
1

	
1.31

	
2




	
2

	
0

	
0

	
0

	
0

	
0




	
3

	
0

	
0

	
0

	
0

	
0




	
3

	
1

	
0

	
0.31

	
1

	
1.31

	
3




	
2

	
0.5

	
0.81

	
1.5

	
1.81

	
3




	
3

	
1

	
1.31

	
2

	
2.31

	
3
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Table 4. Parameters of 3D printing for prototype construction.






Table 4. Parameters of 3D printing for prototype construction.





	
Parameter

	
Material Type

	
Diameter of Filament

	
Extruder Temperature

	
Layer Height

	
First Layer Height

	
Shell Thickness




	
Value

	
PLA

	
1.75 mm

	
210 °C

	
0.15 mm

	
0.25 mm

	
0.8 mm




	
Parameter

	
Base Print Speed

	
Travel Speed

	
Extrude Speed

	
Fill Pattern

	
Fill Density




	
Value

	
60 mm/s

	
80 mm/s

	
30 mm/s

	
Hexagon

	
50%
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Table 5. The price of the components.
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	Name
	Quantity (pcs.)
	Price (€/pc.)
	Total Price (€)





	Arduino Mega
	2
	17.5
	35.0



	DC battery
	1
	5.53
	15.99



	IMU BMI160
	2
	8.5
	17.0



	Current sensor
	1
	5.1
	5.1



	Servomotor MG996R
	3
	9.99
	29.97



	Total
	
	
	103.06
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Table 6. Comparison of the results from the dynamic simulation and real tests.






Table 6. Comparison of the results from the dynamic simulation and real tests.





	

	
aH (m/s2)

	
aK (m/s2)




	

	
Simulation

	
Real

	
Simulation

	
Real






	
Mode 1

	
2.26

	
2.08

	
2.42

	
2.54




	
Mode 2

	
2.28

	
2.04

	
2.42

	
2.39




	
Mode 3

	
2.28

	
2.28

	
2.42

	
2.44
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