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Abstract 

The focus of this work was to design, develop and implement an automatic 
scoop system for an ice-cream shop. The main contribution covers 
programming of PLC and Arduino, LabVIEW, mechanical structure design of 
scoop, assembly line, timing belt and robotics arm and stress analysis of the 
structures in the system. This work solved the problem that the scooping ice-
cream shop employees need to be supported by technology in their hard work 
and to improve the efficiency of the ice-cream disposal. The scoop is designed 
as a new type solving the stress issue. The control system was programmed to 
use robotics arm to scoop ice-cream, which enhanced the work efficiency. 
stress and modal analysis was done for ensure the safety of the system. Testing 
and validation of the system was carried out and results show it worked 
properly. 

Keywords:  

Arduino, Mechanical analysis, LabVIEW, control system, Robotics arm, 
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1 Chapter: 
Introduction 

Nowadays, a growing proportion of people prefer to choose ice-cream as 
their dessert which means a greater need for the ice-cream. The 2017 finance 
and economics report from Chinese media company, Sohu shows that 
production value of ice-cream has increased to 1100 hundred million in Chinese 
market [1]. Meanwhile, the typical American consumes an average of twenty-
two pounds of ice-cream per year [2]. Growing market means that more and 
more work in an ice-cream shop staff’s daily life. However, the scooping 
motion involves the simultaneous movement of a person’s shoulder, elbow, and 
wrist. This oscillatory motion occurs at a rate of about 0.5 Hz (depending on 
the person scooping) and follows the resemblance of an elliptical pattern. It 
typically takes five to eight repetitive dragging motions across the top of the 
ice-cream to generate a fully formed ball of ice-cream [3]. If works increasing, 
fatigue from the repetitive movement will be increasing which means health 
problem about staff’s shoulder, elbow, and wrist will be blown up 
correspondingly [4] [5] [6]. In a case in Alberta, Canada, recently scooping 
ice-cream was considered a workplace hazard. Therefore, it is necessary to find 
a more effective way of the service and machine in ice-cream shop to reply the 
growing market and guarantee staff’s health. We conducted an interview at the 
ice-cream shop in Karlskrona. The result shows that the long-term ice-cream 
scooping will bring discomfort to the wrist area. At the same time, it will also 
bring about sales difficulties when the customer flow is large. 

In order to understand the perniciousness of scoop movement, we bought a 
box of ice-cream from Willys and simulate the movement. Shen found normally 
it need 4-6 times scoop to hold an ice-cream ball which means inefficiency and 
high fatigue about the body. Our first solution is to design a vending machine 
about ice-cream. Nevertheless, according to some relative work, although there 
have some the same kind of ice-cream machines have been designed for family 
or a small community for shunting a part of customers, all these products are 
lower than some tastes of ice-cream. So, our second solution is to design an 
automatic scoop system which provides various tastes of ice-cream. 

As a result, this thesis will provide our design about an automatic scoop 
system which would focus on taste problem, scoop movement, and automation 
in the ice-cream shop. We used PLC, Arduino, DAQ and a robotic arm to 
realize common scoop movement in an ice-cream shop and redesigned the 
scoop and connective structure to ensure it could be sustained in high fatigue. 
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2 Chapter: 
Problem statement, objectives and 
main contribution 

As can be seen, there is no mature solution to improve the efficiency in the 
ice-cream shop with enough tastes and low health problem. 

The objective of this report is to design a mature control system and 
mechanical structure. By this system, the efficiency of scooping would increase, 
and the wrist pain of employer would be eliminated. 

The main contribution of the control system in this report consist of PLC 
design, Arduino design and assembly line control design. Assembly line control 
design include LabVIEW programming and front panel design. Both of them 
are designed by LabVIEW2017. PLC design included programming and 
simulation. The programming is designed for the GX developer which provided 
from Mitsubishi company. The simulation of PLC programming be done in GX 
works 2 which supports all MELSEC controllers from the compact PLCs of the 
MELSEC FX series to the modular PLCs including MELSEC System [7]. 
Arduino design is a programming part. The programming part is done in 
Arduino IDE which is mentioned in chapter 5.  

The main contribution of the mechanical part is divided into scoop design, 
slipway design and robotic arm design. The design of the scoop is based on the 
existing scoop, which improves the adaptability of the robotic arm. The 
modelling is done by Inventor The slipway is driven by timing belts. The design 
consists of timing belts design calculation and modelling. Slipway realizes the 
translation of the robotic arm in space. The modelling is based on Inventor. 
Robotic arm design consists of DOF design, length of arm design and 
connecting rods design. The DOF design and length design are based on 
scooping process analysis.  

The main contribution of the structural analysis involves statics analysis and 
modal analysis. The statics analysis consists of hand calculation and FEM 
simulation. The simulation was made by Ansys17.2. In hand calculation, we 
check the safety of output shaft and dangerous connecting rods. The modal 
analysis is also made by Ansys17.2. In modal analysis, we calculate the nature 
frequency of the rods and compare with the working frequency of the system. 
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3 Chapter: 
Solution 

The solution will be divided into two parts. One part is a mechanical part, 
the main work about this part is to design and improve the mechanical structure 
of the system. Another part is an electronic part, control system and motion trail 
calculation are the major work in this part. The solution process can be seen in 
Figure 3-1. 

Hand calculation about motion 
trail and structure size

Create standard structure robotics arm scoop
desk structure of timing belt drive

Hand calculation 
about stress and 

improve structure

Design of control 
system and motion 

trail

Programming of 
PLC and DAQKinematic analysis

Fatigue analysis Programming of 
robotics arm  

Figure 3-1. Flow chart of solution development 
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3.1 Method of ice-cream remain measuring 

Since our system will work automatically which means the system have to 
use some sensors to measure the ice-cream remain in the box. About this part, 
we come up with three solutions and evaluate them according to some factors 
like working environment, price, reliability and efficiency. 

3.1.1 K-type thermocouple temperature sensor 

Because of common ice-cream which be sold in ice-cream shop is is 
typically served at 7 to 12 degrees Fahrenheit [8]. If the ice-cream exhausted, 
the temperature of air which above of 12 degrees Fahrenheit will be measured 
by sensor and give a feedback to Arduino. Using thermocouple temperature 
sensor have two advantages. Firstly, the cold resistance performance of this 
sensor is reliably. Secondly, the response speed of this sensor is faster than 
other normal sensor. 

The problem of using K-type thermocouple temperature sensor is 
temperature compensation and signal conversation. Common cold junction 
with the temperature sensor is MAX6675 which could finish these tasks.[9] 
However, in our work environment, the sensor have to measure the subzero 
temperature which means MAX6675 will not work in a suitable situation. 

 
Figure 3-2. Writing diagram of robotic arm, Arduino and temperature sensor 
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3.1.2 Capacitive sensor 

Another solution of remain measuring is using capacitive sensor. Through 
capacitive sensor the system can judge if there have the ice-cream remain via 
the pressure from ice-cream and making a signal to Arduino[10]. The advantage 
of capacitive sensor is the price and the veracity which basics on several groups 
of sensors work together. 

Nevertheless, the weakness of this solution is durability. If we hope to keep 
the veracity, which means we must consider about attrition rate of sensors. The 
capacitive sensor is weak and easy to breakdown. 

 
Figure 3-3.Writing diagram of using capacitive sensor 

3.1.3 Photoelectric sensor 

The third solution is using Through-Beam photoelectric sensor. We 
designed to set two points on one box, one emitter and one receiver. If the ice-
cream is exhausted, the receiver will receive the light from emitter and create a 
special signal to Arduino and let the arm stop. The advantages of this plan is 
photoelectric sensor is very reliable and it have long sensing range which can 
suit every box we plan to use in our project. In addition, the accuracy of 
photoelectric sensor is also well. 
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On the other hand, the photoelectric sensor also has some disadvantages. For 
example, since the system must install both emitter and receiver, the price of 
this type of system will higher than the systems which using other two solutions. 
[11] More important than the price, the robotic arm will block the light from 
the sensor and make a misjudgment for the sensor.   

 
Figure 3-4. photoelectric sensor [11] 

3.1.4 Method selection 

Table 3-1. Selection result about sensor 

 Temperature 
sensor 

Capacitive 
sensor 

Photoelectric 
sensor 

Economy 2 5 1 

Efficiency 5 2 4 

Durability 3 1 3 

Accuracy 3 4 2 

Total 13 12 10 

Selection    

(1-bad 2-poor 3-fair 4-good 5-excellent) 

All things considered, although if we want to use k-type thermocouple 
temperature sensor, we must purchase a high price cold junction, we still have 
a better reason to believe that using temperature sensor will earn more. 
Nevertheless, if the ice-cream shop has special demand, it is also available to 
change the design and use other two solutions. 
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3.2 Method of robotic arm design 

3.2.1 Exciting solution and redesign plan 

Existing robot types can be divided into large industrial robotic arms and 
small robotic arms. There some gear groups between motor and output in 
large industrial robotic arms for higher accuracy. The industrial robotic arms 
are wrapped by shell parts making them more compact such as ABB’s 
IRB140 shown in Figure 3-5. [12]  
 

 
 
Small robotic arms like LeArm shown in Figure 3-6 are driven by small 

actuators without any decelerating mechanism. [13] Usually, the actuators are 
connected via sheet metals or connecting rods. The cost of a small robotic arm 
is lower than that of a large robotic arm but the load and working space are 
smaller than that of a large robotic arm. 

 
 Compact structure 

 
 Strong carrying 

capacity 
 

 Good stability 

Figure 3-5. IRB140 from ABB [12] 
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In the scooping case, on the one hand, we need to consider the cost of the 
robotic arm. On the other hand, we need to ensure the working space and 
carrying capacity of the robotic arm. Therefore, in order to meet these 
requirements, we have redesigned according to LeArm. The design content 
includes the DOF design how many DOF required to complete the scooping 
process, the calculation of the workspace which required for the entire 
process, and the structure design of each degree of freedom. 

 
 

 Cheap 
 
 

 Easy to assemble 
and maintain 

 

Figure 3-6. 6DOF robotic arm LeArm [13] 
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3.2.2 First design of robotic arm 

 
Figure 3-7. Fisrt view of DOF 2 design 

The initial view of DOF 2 of robotic arm is shown in the Figure 3-7. The 
motor is surrounded by a metal shell which could fix the motor. The output 
shaft of motor is connected to the output rod through the coupling.  

However, the metal shell that installs the motor need one more metal sheet 
the connect with the output plane of DOF 1. 

In addition, as the degree of freedom increases, the number of motors 
located in mid-air increases. The motor of DOF 2 needs to output more torque 
to balance the weight of the motor which will reduce the safety of connecting 
rod. Especially, in this case, the length of connecting rod is longer than 
general one. The bending moment generated by the motor and scooping force 
will therefore increase. It’s hard to fix the motor above the plane at the same 
time make sure the strength of structure by this structure. Thus, we gave up 
this plan. 

The main difficulties and priorities of robotic arm are fixing the motor and 
reducing the weight of end of arm. 
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3.2.3 Overall view of final robotic arm 

 
Figure 3-8. Overall view of final robotic arm 

The robot arm is divided into 5 degrees of freedom as shown in Figure 3-8 
The DOF1 realizes the function of shoulder that makes the arm rotate around 
z direction. The DOF2 and DOF3 realize the function of elbow that makes the 
output move in y direction and z direction. The DOF4 and DOF5 realize the 
function of wrist that makes the output rotate around x direction and y 
direction. The list of motor selection is shown in table 3-2. 

 
Table 3-2. Motor seletion of robotic arm 

Motor of DOF 1 ldx-218 60g 
Motor of DOF 2 ldx-218 60g 
Motor of DOF 3 ldx-218 60g 
Motor of DOF 4 SM-S3481M 30g 
Motor of DOF 5 SM-S3481M 30g 

 

3.2.4 Design of DOF 

To implement the process of scooping requires at least four degrees of 
freedom. Three degrees of freedom (θ2 θ3 θ4) implement the process of scoop 

x 
y 

z 

4 

5 

2 

3

1 
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moving on ice-cream surface. Degree freedom at the bottom (θ1) achieve the 
function robotic arm scoops ice-cream from both sides.  

At the end of scooping the ice-cream, the scoop needs to rotate 180° to 
prevent ice-cream ball from falling. This action leads to an additional degree 
of freedom (θ5). This degree of freedom increases the weight at the top of the 
robotic arm which cause enhancement of remaining motor torque. 

 
Figure 3-9. DOF design of robotic arm 

3.2.5 Workspace of robotic arm 

The dimension of ice-cream tub is derived from an existing type of tub from 
Internet as shown in Figure 3-10. [14] 
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Figure 3-10. The dimension of ice-cream tub 

 
According to the scooping process, the workspace of robotic arm shall 

shroud two corners of tub as shown in Figure 3-11. The two circles represent 
the minimum working range and the maximum working range achieved by 
the robotic arm, respectively. The link 3 sized 50mm is the diameter of scoop. 
The link 1 and link 2 are the rod that haven’t been sized. The dimension of 
these two rods determine the main workspace of robotic arm. 

 
Figure 3-11. The workspace of robotic arm 
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Link 1, link 2 and link 3 form a quadrangle with the distance from the 
origin to the end-effector at every moment which can be viewed as a planar 
four-bar linkage as shown in Figure 3-12. 

 
Figure 3-12. Planar four-bar linkage of rods 

In order to guarantee the working scope of the excavation process, we set 
the length of the rod 2 to be longer than the rod 1. According to the Grashof 
condition (if the sum of the shortest and longest link of a planar quadrilateral 
linkage is less than or equal to the sum of the remaining two links, then the 
shortest link can rotate fully with respect to a neighboring link) we can get the 
following inequality. 

 
According to the equation below, we can get the length range of link 1 and 

link 2. 
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3.2.6 Design of DOF 1 

As shown in Figure 3-13, DOF 1 is the base of whole robotic arm which 
realize the rotation of arm around the z direction. The motor component 1 is 
fixed by a metal plate component 2. The weight of entire robot arm is applied 
to the metal ring component 4. To reduce the gravitational force and vibration 
during working, a bearing is caught between two metal plates. The inner 
diameter of the ring is slightly smaller than the outer diameter of the bearing. 

 
Figure 3-13. Fix structure of DOF 1 

In operation, the couplings component 5 is torqued by meshing with the 
output of the motor and transmits the torque to metal plate 6 by four bolts. By 
the same way, metal plate 6 transmits the torque to metal plate 7 which is the 
output of DOF 1, as shown in Figure 3-14. 

 
Figure 3-14. Connecting structure of DOF 1 
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3.2.7 Design of DOF 2 and 3 

According to the calculation in 3.2.5, the rod 1 and rod 2 are the longest 
two rods of all rods. However, in order to meet the demand for excavating 
ice-cream, there must be two DOF near the end effector to achieve wrist 
rotation and bending. These two DOF means there must be two motors near 
the output of DOF 3 which makes the motor driving the rods 1 require much 
more torque. To reduce the load on motor, we move the drive motor of DOF 3 
from the DOF 2 output to the same plane with the drive motor of DOF2 by 
two sets of planar four-bar linkage. The disadvantage of this is that it limits 
the working space of the robotic arm. The working space that the original 
output can reach is the entire spherical space. The four-bar linkages limit the 
distance that robotic arm can reach in direction of z. However, in the case of 
excavating ice-cream, the robot arm does not need to reach a very high 
position. Instead, we want it to be lower so that the employees can refill the 
ice-cream tub. The four-bar linkages are as shown in Figure 3-15. 

 
Figure 3-15. The four-bar linkages of DOF 2 and 3 

One side of the triangle rigid body 5, rod 3 and rod 4 form a fixed 
parallelogram which allows the output to rotate around the point A. The rod 1, 
rod 2 and rod 5 enables the output to rotate around the point B. Because the 
triangle is a rigid body, during the movement, the rod 8 is always vertical and 
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does not rotate itself which has a positive effect on the control of next 
rotational degree of freedom. The rod 1 and rod 3 are controlled by motors 
realizing the translation of the output in the y and z direction. 

The final model is as shown in Figure 3-16. A 4mm diameter hole is drilled 
between each 10mm on the rod. The distance of each link can be changed to 
meet different ice-cream tubs. The motor output increases torque by two pairs 
of gears. The component 9 is the output. These two components realize the 
motion of scooping. The parameters of main components of DOF 2 and DOF3 
are shown in table 3-3. 

 
Figure 3-16. Final view of DOF 2 and 3 
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Table 3-3. Parameters of main components of DOF 2 and 3 
Part Number Name Quantity Material/Type Connection 

length 
1 Motor 2 and 

motor 3 
2 lDX 218 - 

2 Base fixing rods 2 Aluminum 65mm 
3 DOF 2 rod 1 1 Aluminum 60mm 
4 DOF 1 rod 1 4 Aluminum 160mm 
5 DOF 2 rod 2 1 Aluminum 160mm 
6 DOF 2 rod 3 1 Aluminum 260mm 
7 Triangle board 1 Aluminum - 
8 DOF 2 rod 4 3 Aluminum 210mm 
9 Group of gear 2 HRC - 
10 Output board 1 Aluminum - 

 

3.2.8 Design of DOF 4 and 5 

The DOF4 and DOF5 achieve wrist function which makes the scoop 
complete the planning and rotating motion in space. The motor 4 and motor 5 
are fixed by metal sheets and self-tapping screws. The two metal sheets are 
welded with each other. Compared with bolted joint, the advantages of welding 
are increased the strength of the connection, reduced the weight of the device, 
and saved space. 

 
Figure 3-17. Final view of DOF4 and 5 
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3.3 Method of electric slide selection 

3.3.1 Existing electric slide intorduction 

The existing electric slides are generally divided into gear drives, timing belt 
drives and screw drives. The gear drive has large mechanical wear during long-
term operation, and the occlusal vibration between the teeth is large, which 
easily causes the bearing to wear and causes the rotating shaft to break. Thus, 
this kind of slide needs frequent maintenance which doesn’t match the working 
condition. The timing belt drives slide is shown in Figure 3-18 [15] and the 
screw drives slide is shown in Figure 3-19 [15]. 

 

 

 
In this working condition, the electric slide, the conveyor belt allows the 

translation of the robot arm in the x direction so that the desired position can 

 
 Small thrust 

 
 Poor rigidity 

 
 Accurate 

transmission ratio 
 
 High efficiency 

 
 Short trip 

 
 Full stroke accuracy 

is hard to guarantee 
 

 Slow velocity 
 
 High axial stiffness 

Figure 3-18. Timing belt drives slide [15] 

Figure 3-19. Screw drives slide [15] 



35 
 

be used to scoop different flavors of ice-cream. There are two main factors to 
consider when selecting the electric slide. First, it can meet the precise 
position requirements in the work. Second it can guarantee a certain space so 
that the stuff will not be hindered by robotic arm when changing the ice-
cream tub. Because the timing belt as a meshing transmission can obtain a 
precise transmission ratio. The timing belt is more efficient and more compact 
than other belt drives. Thus, we select timing belt to drive the electric slide. 
We embed the robotic arm in the table and only need the displacement in the 
x direction to meet the above two requirements. 

3.3.2 First design of elertic slide 

The initial design of electric slide is shown in Figure 3-22. We consider the 
staff need space to change the tub. We use five electric slides to move the 
robotic arm. 

 
Figure 3-20. Fisrt view of electric slide 

Since the transmission distance in the x direction is about 1m and the motor 
in the x direction stays in midair during operation. It is difficult to ensure the 
safety of the x-direction conveyor. The height in the z direction will affect the 
scooping of the robot arm. So, we give up this plan. 

3.3.3 Selection of motor and reducder 

According to the hand book [16], we select the timing belt of electric slide. 
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According to the iProperty function of inventor, the total weight of robotic 
arm and the plane of it is 4.2kg. According to the requirement of transmission 
speed, the line speed of electric slide shall between 0.02m/s to 0.5m/s. Thus, 
the power of motor Pmotor 

 (Equation 3-1) 
As the general AC motor power is greater than 500W, we choose low 

power servo motor as shown in Figure 3-21. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

A servo motor is a rotary actuator or motor that allows for a precise control 
in terms of angular position, acceleration and velocity, capabilities that a 
regular motor does not have. [17] In theory, the motor speed can be set to any 
value less than 3000rpm. However, low speed will overheat the servo motor 
and damage the internal structure. [18] So we chose a servo motor reducer as 
shown in Figure3-22 and set the motor speed as 1000rpm. 

 
 Type: TSX04-051C 

 
 Pmax=0.05kW 

 
 nmax=3000rpm 

Figure 3-21. Selected servo motor of timging belt 
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3.3.4 selection of timing belt 

Thus, the design conditions of timing belt are input power 0.05kw, input 
rotating speed 50r/min center distance 1100mm. 

Table 3-4. Design condition of timing belt 
Input power P=0.05kw 

Rotating speed n=50r/min 
Center distance a=1100mm 

(1) Design power Pd 
According to table 3-5, we select the load correction factor KA=1.5, thus 

the design power of timing belt Pd 
 (Equation 3-2) 

 
Table 3-5. Load correction factor Ka 

 
 

Mechanical type 
 
 

Drive type 
AC motor, DC motor, servo motor 

operating hours 
3~5 8~10 16~24 

KA 

Light load belt, 
Packing Machine, 

sieve 

 
1.3 

 

 
1.5 

 

 
1.7 

 
 

 
 Transmission 

ratio i=20 
 

 Output shaft 
diameter 
d=10mm 

 
 Price: Around 

$75 

Figure 3-22. Servo motor reducer of timing belt 
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(2) Belt type 
The design center distance a=1100mm, which means the length of belt shall 

longer than 2000mm. According to table 3-6, we select the belt H as the belt 
type. Consulting the table 3-7, the pitch of belt 

 (Equation 3-3) 
 

Table 3-6. Timing belt length series 
Code 
of belt 
length 

 
L/mm 

The number of teeth on the length of the pitch 
XXL XL L H XH XXH 

850 2159.00 - - - 170 - - 
900 2286.00 - - - 180 - 72 
980 2489.20 - - - - 112 - 
1000 2540.00 - - - 200 - 80 
1100 2794.00 - - - 220 - - 

 
Table 3-7. Timing belt length series 

Belt type XL L H XH XXH 
pb /mm 5.080 9.525 12.7 22.225 31.75 

 
(3) The number of teeth of driving wheel z1 

According to the belt type H and the rotating speed of driving wheel 
n=50r/min, consulting the table 3-8, the minimal number of teeth z1=14, Here 
we select z1=16.  
 

Table 3-8. Minimum number of teeth on the small pulley zmin 

n(r/min) Belt type 
XL L H XH 

<900 10 12 14 22 
 
(4) The pitch diameter of driving wheel d1 

 (Equation 3-4) 
Consulting the table 3-10, we know the outside diameter da1=63.31mm. 

 
Table 3-9. Standard diameter of pulley 

 
z1, z2 

Standard diameter/mm 
L H XH 

d da d da d da 

16 48.51 47.75 64.68 63.31 - - 
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(5) Number of driven teeth z2 

 (Equation 3-5) 
(6) The pitch diameter of driven wheel d2 

 (Equation 3-6) 
Consulting the Table 3-10, we know the outside diameter da2=63.31mm. 

(7) Speed of belt v 
 (Equation 3-7) 

(8) Initial center distance a0 
 

(9) Selection of belt length and number of teeth 

 
  Consulting the Table 3-7, we select the code of belt length 1000, belt type H, 
the section length Lp=2540mm, the number of teeth z=200. 

(10) Actual center distance a 

 

(11) Meshing number of teeth zm 

 

(12) Basic rated power of belt P0 

 
Consulting the table 3-10, Ta=2100.25N, m=0.448kg/m. 
 

Table 3-10. Reference belts allowable work force Ta and length quality 
Belt type XL L H XH 

Ta/N 50.17 244.46 2100.85 4048.90 
m/(kg/m) 0.0022 0.095 0.448 1.484 

 

 
(13) Width of belt 
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According to the table 3-11, the baseline width bs0=76.2. zm=8, consulting 
the table 3-11, we know the coefficient of meshing number of teeth Kz=1. 
 

Table 3-11. The coefficient of meshing number of teeth Kz 
Zm 6 5 4 
Kz 1 0.8 0.6 

 

 

Consulting the table 3-12, we select the code width of belt 100, 
bs=25.4mm. 

Table 3-12. Bandwidth series 
Width of belt Belt type 

Code Size series/mm  
 

H 
 
 

075 19.1 
100 25.4 
150 38.1 
200 50.8 

 
(14) Result  

We finally select timing belt 1000H100, the details are as Table 3-13 
follows and the drawing is as shown in figure3-23. 
 

Table 3-13. Parameter of timging belt 
Driving wheel z1=25 d1=64.68mm da1=63.31mm 
Driven wheel z2=25 d2=64.68mm da2=63.31mm 

Center distance a=1170.6mm 
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Figure 3-23. Drawing of timing belt 

3.4 Method of scoop design 

3.4.1 Exsiting scoop 

There are several kinds of spoons on the market today. In addition to scoop 
ice-cream, they realize the ability to separate ice-cream. Some of them are 
based on the principle of leverage. Some of them have the rotatable ring inside. 
An automatic ice-cream scooper realizes scooping ice-cream without wrist hurt 
by an angled slicing blade for removing ice-cream. [19] However, these scoops 
can’t maintain the shape of ice-cream ball. These ideas could be referenced in 
the scoop design. The key factor of scoop design is separating the ice-cream 
automatically. 

 
Figure 3-24. Exsisting types of scoop [19] 



42 
 

 
Figure 3-25. An automatic ice-cream scoop [20] 

3.4.2 First view of scoop design 

In the first idea, the container is divided into two parts. The smaller part is 
connected to bigger part by a small pin. After scooping, the smaller part will be 
pushed by push rod rotating around the pin. The ice-cream ball sticking on the 
surface separates from the scoop by this thrust force. 

The problem of this design is lack driving force. The mechanism that 
converts motor rotation into horizontal motion is generally too large for a scoop. 

 
Figure 3-26. First view of scoop 

3.4.3 Final design of scoop 

The final spoon design is shown in the Figure 3-27. The top of the spoon 
adds a cylinder and the top part of the scoop is separated into two pieces (the 
main part of the scoop, the top part of the spoon). Through the motor drive 
and the threaded connection, the top part of the spoon can move up and down. 
During the scooping process, the top of the spoon and the main body of the 



43 
 

spoon are combined to form a complete sphere to scoop ice-cream. When the 
scooping is over, the top of the spoon moves upwards. As the top portion is 
larger, the ice-cream will fall off the spoon. 

 
Figure 3-27. Final view of scoop model 
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3.5 Final design 
After a series of designs and improvements  the final design of ASSI is 

shown in Figure 3-28. 

 
Figure 3-28. 3D Model of fianl design 

As shown in the figure, the whole system is consisted of robotic arm, 
timing belt, conveyor belt and scoop. The platform which fixes robotic arm 
can translates along the x axis which enables robotic arm to scoop ice-cream 
in all tubs. The ice-cream cups are set on the conveyor belt. After the customs 
select the ice-cream they want by pressing buttons, the robotic arm will reach 
the location of specified ice-cream for scooping. The ice-cream will be set in 
ice-cream cup and sent to custom by conveyor belt. In this system, we only 
consider the process of scooping and delivering cups. How to transport the 
cup on the conveyor belt is our next step. That’s the reason why there are no 
parts connected to it on the right side of the belt. 

  

Electric slide 

Robotic arm 

Scoop 

Conveyor  
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4 Chapter: 
Structural analysis 

4.1 Dangerous connecting rods on the robotic arm 

4.1.1 Mechanical simplification of the scooping process 

Analyzing the process of scooping ice-cream is a very interesting mechanical 
problem. This issue is related to material mechanics and fracture issues. 
However, because we lack the knowledge about fractures during our Bachelor 
study and people lack research on the mechanical properties of ice-cream so far, 
we simplify this issue to a static problem. The scooping force of the ice-cream 
in scooping process is simplified to a force whose direction is always 
perpendicular to the handle of the scoop and whose line of force equals to the 
gravity of the ice-cream multiplied by a high safety factor. 

The density of ice-cream is around 0.58~0.59kg/m3. [21] The diameter of 
scoop is 50mm, so the volume of scoop v 

 (Equation 4-1) 
 (Equation 4-2) 

We consider the safety factor as 10, thus the line of force equals to 3N. 

4.1.2 Static analysis of connecting rod 

 
Figure 4-1. Load on DOF 4 
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The load force on the DOF5 connected to the spoon is shown in the Figure 
below. The DOF4's motor gives this lever torque and force. The motor 5 which 
controls the rotational movement of the output end of the robot arm only 
provides gravity in the plane. According to the static balance, 

 (Equation 4-3) 

According to the motor type, the motor 5’s weight is 60g. The length of R 
and L1 are shown in Figure 4-1. When the scooping force is fixed to be 3N, the 
radius of the spoon is inversely proportional to the length of the rod. 

 
Figure 4-2. Load on DOF 3 

Because the output of DOF3 is connected to DOF4, it is affected by the 
reaction force of DOF4 and the weight of motor4. The force of DOF3 is shown 
in the Figure 4-2. According to static balance, 

 (Equation 4-4) 
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Figure 4-3. Load on DOF 2 

The output of DOF2 and DOF3 are connected by hinges. DOF2’s output is 
affected by the reaction force of DOF3. The force of DOF3 is shown in the 
Figure 4-3. According to static balance, 

 (Equation 4-5) 

The maximum force for excavating ice-cream occurs at the end of each 
height, where θ5 equals 90°. Bringing the value to Equation 4-3 Equation 4-4 
and Equation 4-5. Finally, the relationship between each torque and angle can 
be obtained. 

 (Equation 4-6) 

We set the scooping height to the height of the bottom of tub. As shown in 
Figure 4-4. 
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Figure 4-4. Geometric relations of θ3 and θ2 

From the geometric relations in the graph, from the triangular ABC sine 
theorem, we can get the relation between angle 3 and angle 2. 

 (Equation 4-7) 

 (Equation 4-8) 

Bringing the relationship between 1 and 2 into the formula and simplifying 
it, we can get the equation 4-9 which shows the relationship between the 
location of scooping and the output torque of motor 2 when robotic arm scoops 
the bottom of tub. 

 

(Equation 4-9) 

By graphing calculator [22], we get the function image of equation 4-9 as 
shown in Figure 4-5. According to the function image, the function is an 
increasing function when the θ3 is from 40° to 50°. Therefore, when the spoon 
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scoops the bottom ice-cream, the maximum torque of the motor 2 is generated 
at θ3=50°. 

 

Figure 4-5. Function image of θ3 and M2 

We can get the values of M2 and M3 by bringing the angle θ3 to 50° into 
Equation 4-9 

 (Equation 4-10) 
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According to equation 4-10, the force on DOF 2 is higher than force on 
DOF 3. We consider the rod on DOF 2 is the most dangerous rod in robotic 
arm. 

4.1.3 Dangerous connecting rods stress analysis 

(1) Force condition 

The connecting rod to be analyzed is the rod which is connected to the motor 
2. The force condition of the rod is when the robotic arm scooping the bottom 
of tub which has been discussed in 4.1.2. The drawing of the connecting rod is 
shown in Figure 4-6. The force condition is shown in Figure 4-6. 

 
Figure 4-6. Drawing of the connecting rod 

 

 
Figure 4-7. Force condition of connecting rod 

 

(2) Moment of inertia 

Cross section shape is shown in Figure 4-7. Consulting the hand book, the 
moment of inertia Ix 

 (Equation 4-11) 

(3) Tensile stress σ 
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Table 4-1. Stress concertration factors at tension 

 
Consulting the table 4-1 d/B=4/10=0.4, we select the concentration factors 

Kt=2.22 

 (Equation 4-12) 

(4) Bending stress 

The bending moment diagram of rod is shown in Figure 4-8. 

 
Figure 4-8. The bending moment diagram of rod 

The bending stress of the edge σedge 

 (Equation 4-13) 

The loading case of this section is shown in figure 4-9. There is stress 
concentration in point A. However, since now there are few research of the 
stress concentration in this loading case. [23] Therefore, we lack the stress 
concentration factor in our hand calculation. We have no way to manually 
check the bending stress of point A. 
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Figure 4-9. The bending stress acts on the plane 

4.1.4 FEM of dangerous connecting rod 

(1) Edit load of tensile stress 

According to the calculation in 6.1.3, in the FEM, the force applied to the 
rod is as shown in the Figure 4-10. 

 
Figure 4-10. The force applied to the rod in tensile stress case 

(2) Result of tensile stress 
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Figure 4-11. Result of FEM in tensile stress case 

The result of FEM is shown in Figure 4-11. The maximum tensile stress is 
0.072MPa which is at the edge of the hole. The value is very close to the hand 
calculation result 0.074MPa. Judging from this, the tensile stress calculated by 
hand is correct. 

(3) Edit load of bending stress 

According to the calculation in 6.1.3, in the FEM, the force applied to the 
rod is as shown in the Figure 4-12. 

 
Figure 4-12. The force applied to the rod bending stress case 
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(4) Result of bending stress 

As shown in Figure 4-13, the maximum bending stress is 31MPa which is at 
the edge of the forced hole. Because of the lack of hand calculation, we can’t 
judge the result the stress concentration directly. The stress in edge of 
connecting rod as shown in figure is around 20.7MPa which is very close to the 
result of hand calculation 20.3Mpa. The result of tensile stress and bending 
stress in edge is correct. Thus, we believe the model and load is correct. We 
believe the result of FEM is the actual stress situation. At the same time, we 
can get the stress concentration factor Kt in this case is around 1.53. 

 
Figure 4-13. Result of FEM in bending stress case 

(5) Result of tension bending combination stress 

The stress of tension bending combination is shown in Figure 4-14. The 
material of connecting rod is aluminum6061. According to material parameters 
from Inventor the yield strength and tensile stress of this material is shown in 
table 4-2. 
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Figure 4-14. Result of FEM in mix stress case 

 

Table 4-2. Yield strength and tensile stress of aluminum6061 

Yield strength σs 275MPa 

Tensile stress Rm 310MPa 

 

The tension bending combination stress, according to the Abaqus is 31.2Mpa 
which is much smaller than the yield strength of aluminum6061. Thus, the 
connecting rod is safe. 

4.2 Checking for output shaft of reducer 

Basically, the main task of this hand calculation is checking the safety of 
output shaft of reducer when it meet the moment in high cycle working 
environment. The shaft is like Figure 4-15. According to the interview of ice-
cream shop owner, the system may work five hundurd times in one day which 
means in 3 years there will have a lot of times work.We see it as a high cycle 
work environment. Therefore, it is necessary to check the shaft. 
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Figure 4-15. 3D model of output shaft 

At the begining of the calculation, we list the main aims of calculation. 

 Doing hand calculation for working time, safety value, cyclic load etc.  
 Verification and evaluation on FEM 
 Compare the result of FEM and hand calculation. 

4.2.1 lifetime calculation and design philosophy 

Expected service life

First of all, in our timing belt design motor rotation is 50 r/min. Secondly, 
as Figure 4-16, the distance a is 287mm. Since the timing belt speed is 0.169m/s, 
so the robotic arm will take 1.7s to pass the distance a. In addition, the distance 
b,c,d is equal to 240, so the moving time for each part is 1.4s. Also, the arm 
need back to the orginal position, so the moving time has to be timed 2.  

 
Figure 4-16. Distance of robotic arm moving 

  

Shaft 
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So, at the begining of the calculation, we list our data. 

  

 s (1.4s) 

  

Using these data ,we can calculate the maximum of whole working times in 
3 years. 

 

(Equation 4-14) 

Design philosophy 

When doing the design philosophy, we need to choose the value of 
[24] 

1. : Because of we consider the shaft as unlimited lifetime and our  
is known and relatively big, so we chose the safety in this case = 1.4.  

2.  : We’ll use Ansys to do the FEM to compare with the hand 
calculation, so we chose the = 1.2  

3.  : Because of the shaft is unlimited lifetime, so we chose it =1.0 

4.  : Since the shaft is unlimited lifetime and we consider it is serious, 
so we chose it =1.10 

5.  : We consider the shaft is Normal for it’s the correspondence to 
serious, so we chose it = 1.05  

Philosophical safety factor n =    = 1.4 * 1.2 * 1.0 
* 1.1 * 1.05 = 1.94  

4.2.2 Shaft dimensions 

As see in Figure 4-17, the shaft is around 28 cm long and has 2 different 
diameters. There has a fillet between two different diameters. For the sake of 
calculation, we list the important dimensions. 

 Material: 2337 – 02 
  (Tensile at break) = 490 MPa 
  (stress spread) = +- 270 MPa  
  (Yield stress) = 200 MPa  
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 d (Smallest diameter) = 10mm 
 D (Second Smallest diameter) = 12mm  
 r (fillet radius) = 0.5mm 
  

  

 
Figure 4-17. Drawing of output shaft 

4.2.3 Hand calculation methodology  

The first step is to choose the safety factor. According to the Figure 4-18, 
we chose the . 

 
Figure 4-18. The shear stress in torque, for a circular solid shaft with 

different diameters and fillet 

According to the figure 4-19, we chose the q = 0.7 and then we calculated 
the value of . 

 = 1+q*( -1) = 1+0.7(1.6–1) = 1.42 (Equation 4-15) 
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Figure 4-19. “Fillet sensitivity factor”, A graph of the q value over fillet 

radius r corresponding to different Rm values 

According to the known conditions, we do the calculation: 

 =0.85*270 = 229.5 MPa 
  = 270/0.8 = 337.5 MPa 
 =0.58*337.5 = 195.75 MPa 
 = /n =176.17/1.94=90.81 MPa 
 =  , Here is Kd=1 because we calculate with Kf.  

 =  = 176.17 MPa 
 
Since torque , we calculated the real torque: 

  
  
 =  = =48.63 MPa 

According to , we can get the maximum shear stress is 48.63*1.6= 
77.8 MPa. 

Because of  less than ,so in our hand calculation, the result is the 
shaft is safe. 

4.2.4  FEM of shaft  

Due to the linear FEM modelling in Ansys, we found the dangerous section 
stay between two different diameters where has the fillet. According to the 
Figure 4-20, the maximum shear stress in Ansys is 77.0 MPa. Comparing with 
the result of hand calculation, we can find the shaft is safe.  
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Figure 4-20. Maximum shear stress of the shaft in FEM 

4.3 Modal analysis 

To avoid the loss caused by the resonance of the vertical column in the use 
of the robotic arm, we have done the modal analysis of the longest rod in arm. 

According to the result of the modal analysis, we got the natural frequencies 
and modes of the rod at the top ten are as follows. 

Table 4-3. The natural frequencies of connecting rod 

degree natural frequencies / 
Hz 

Deformation 

/ m 

1 602.19 15.17 

2 1654.8 14.43 

3 1966.8 14.67 

4 3230.4 14.46 

5 4662.3 22.18 
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6 5200.5 13.92 

7 5314.0 14.62 

8 7890.8 14.63 

9 9361.1 22.02 

10 9704.7 14.04 

The modal shape are shown below  

 

Figure 4-21. The first, second type modal shape 

 

Figure 4-22. The third, forth type modal shape 
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Figure 4-23. The fifth, sixth type modal shape 

 

Figure 4-24. The seventh, eighth type modal shape 

 

Figure 4-25. The ninth, tenth type modal shape 
Through analysis, the natural frequency range of the rod is between 602.19 

and 9704.7. The low-type modal shape is better. Since the holes at both ends 
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are fixed, the deformation generally occurs in the middle stage. The fifth-type 

maximum displacement is 22.18m and the sixth-type is 13.92m, which 

belongs to the maximum and minimum values in the design. 

By observing the first ten modal shape of the rod, it can be found that in 

order to facilitate the adjustment of the working space of the robot arm, many 

holes are set in the middle of the rod. These hole lead to the main deformation 

in the middle weak part when the resonance occurs. In the high frequency 

situation May have an impact when the system work. 

However, depending on the motor selection, the operating frequency of the 

system is less than 17 HZ. The frequency of the first-type modal shape cannot 

be reached. Therefore, after preliminary modal analysis, the rod in operation 

are in a safe situation. 
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5 Control system 
5.1 Assembly line system 

5.1.1 Existing solution and redesign plan. 

Nowadays, it is commonplace that the factory processes their ice-cream and 
waffle via automatic assembly line. The most common assembly line is like the 
Figure 5-1 [25]. This ice-cream assembly line controlled by micro-controller 
and transmit the waffle cup through conveyor belt. 

  

 

 

However, in this project, the system must assemble the ice-cream 
individually and provide the product for customers in a comfortable speed. 
Moreover, to fit with the automatic system in ice-cream, a part of business 
volume calculation also will be considered with assembly line system. So, in 
order to realize these requirement, we redesigned the ice-cream assembly line. 

We made the redesigned system process flow chart like Figure 5-2.  

 
 Keep every ice-

cream the same. 
 

 Assemble six ice-
creams together. 

 
 The speed of 

assembly is quick. 

Figure 5-1. Ice-cream assembly line in factory [25] 
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Sensor Micro-controller Motor Assembly line 
working

 
Figure 5-2. redesigned system process flow chart 

5.1.2 Selection of conveyor 

The design of the conveyor belt is a complex process. The design of the 
conveyor belt will lead to an imbalance in the weight of the main manipulator 
arm of our project. The cash conveyor industry is already very developed, so 
we decided to use the existing conveyor belts in the market according to the 
actual situation. 

The total weight of ice-cream cup and ice-cream is about 0.05kg. 
Considering the number of ice-cream cup, the working load of conveyor is set 
to 5N. The demand for conveyor belts is light load with high precision. Thus, 
we select the conveyor belt Therefore, we choose a conveyor belt as belt type 
assembly line that is 1.8mm long, 50mm wide and 308mm high as shown in 
Figure 5-3. [26] 

 
Figure 5-3. Selected conveyor belt 

 

 
 Low noise 

 
 Smooth delivery 

 
 Light load 
 
 Long transmission 

distance 
 
 Price: Around $150 
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5.1.3 Hardware circuit design 

In our solution, the first step of assembly line system hardware circuit design 
is sensor and micro-controller selection. The main function of ice-cream 
assembly line is letting the cup stop at right position and do a part of business 
volume calculation. According to this function, we chose DAQ and 
photoelectric sensor to realize the requirement because the photoelectric sensor 
can monitor the position of the cup remotely and accurately and DAQ can 
provide an easy way for the staff to adjust the price of ice-cream and do the 
calculation automatically. 

About photoelectric sensor, we chose the type E3JK-DS30 photoelectric 
sensor for its detecting precision has a peak at 30cm to 40cm sensing distance 
which is the breadth of conveyer belt.[27] 

 
Figure 5-4. E3JK-DS30 detecting precision 

About DAQ, we chose USB-4711A since the USB-4700 series consists of 
true plug & play data acquisition modules, and designer no longer need to open 
the chassis to install DAQ modules. [28] Also, compare with the PLC and 
Arduino, DAQ has a more visual and easier programming environment which 
is provided in LabVIEW. 

 
Figure 5-5. USB-4711A [28] 
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In this project, we just need one channel to get the signal from the sensor, 
so we chose the single end channel connection. Because of the sensor wiring 
diagrams like Figure 5-6, we connect sensor and DAQ like Figure 5-7. 

 
Figure 5-6. Sensor wiring diagram [27] 

 
Figure 5-7. DAQ wiring diagram [29] 

5.1.4 LabVIEW programming 

The first step of this part is doing the flow chart. Since we choose 
Photoelectric sensor to judge the position of ice-cream cup, the signal from 
photoelectric sensor is digital signal like Figure 5-8. The digital signal just has 
two status, 1 or 0. 1 means that the ice-cream cup through the light between two 
photoelectric sensor and 0 means nothing on the assembly line. According to 
this situation, we made the flow chat like Figure 5-9. 
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Figure 5-8. Signal status of photoelectric sensor 

Read signal

1 or 0

1

Stop the 
assembly line

Add 1 in 
counter

0 Assembly line 
still working

 
Figure 5-9. Flow chart of LabVIEW programming 

In the step 1 of the programming is the “read signal”, we wrote the 
programming like figure 5-10, put the signal into a compare model. If the signal 
greater than 0, the temporary storage 1 will be set to 1. If the signal less than 1, 
the temporary storage 2 will be set to 1. 

 
Figure 5-10. Read signal programming 
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At the same time, in the step 4, the signal also will be put in an equal model 
to compare with 0. If the signal is 0, the storage 1 will be set to 0. If the signal 
is 1 the storage 2 will be set to 0. 

 
Figure 5-11. Equal module programming 

According to the signal status and storage situation, the table 5-1 was done. 
It is obvious that only the waveform changes occur, both storages will become 
1. Therefore, we make an AND gate in step 2 to judge the waveform change. If 
the waveform change occurs, the transfer station will count. Moreover, since 2 
waveforms means 1 ice-cream assembly. So, we made a reset in step 3. Figure 
5-12 shows the programming of these two steps. 

Table 5-1. Storage status in different stpe 

Signal status Storage 1 
step 1 

Storage 2 
step 1 

Storage 1 
step 4 

Storage 2 
step 4 

Signal is 1 1 0 1 0 

Signal is 0 0 1 0 1 

Signal 1 to 0 1 1 0 1 

Signal 0 to 1 1 1 1 0 
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Figure 5-12. Gate and transfer station programming 

The step 5 is the counter showing. Since two waveform changes means one 
cup pass. So, we make a compare model to compare the transfer station and 2. 
If there have more than three number in transfer station, it will be reset and put 
a signal to the PLC to let the assembly line stop. Also, there have an ice-cream 
sales quantity reset button be designed in step 5 for the staffs to calculate the 
business volume. 

 
Figure 5-13. Business volume programming 

5.1.5 Front panel design 

In front panel, there have one scram button and one reset button. We design 
a digital display on the system and provide the ice-cream sales quantity for the 
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staff. Also, there have some digital displays will show the programming 
running status. This part is just for the maintenance and debugging. 

 
Figure 5-14. Front panel design. 

5.1.6 Business volume calculation 

In Europe, common ice-cream shop will choose a marketing model which is 
sell different taste ice-cream in the same price and pricing the ice-cream 
according to the cup space. Therefore, we can calculate the business volume 
via the formulation 5-1 

 

(Equation 5-1) 

In order to provide an easy way for the staff to modify the price of ice-cream 
we design to put a screen to record the ice-cream sales quantity which like the 
figure 5-15. 

 
Figure 5-15. Recording sales screen 
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5.2 PLC system 

5.2.1 Existing solution and redesign plan. 

Using PLC to control the motor and timing belt is a common way in these 
years. The PLC control has a faster processing speed and cheaper cost. With 
the development of mechatronics, more and more PLC system can connect with 
touch screen and button to provide a better working environment.[30] 

 
Figure 5-16. PLC system with motor and button [30] 

5.2.2 Hardware design 

In our solution, choosing PLC to control the normal motor on the desk for 
the timing belt movement is because the line of PLC control is firmer than 
Arduino. In addition, since there haven’t sensor and front panel requirement in 
this part, PLC which is cheaper than DAQ is a better choice. 

The whole hardware design flow chart is like Figure 5-16. PLC get the signal 
from button and Arduino then control the robotic arm to correct working 
position. All the works of PLC include moving left to right and stop at four 
different positions on one line, a scram button, and 8 taste buttons correspond 
to 8 tastes ice-cream. 

PLC get power
Motor work

(arm arrive right 
position)

Input signal to 
Ardunio

Finish the 
scooping

Get the signal 
from Arduino

Motor work
(arm arrive right 

position)

 
Figure 5-17. Flow chart of PLC system design 

In the first step of hardware design, we need to choose the PLC. What we 
chose is the PLC FX2N-64MR which is made by company Mitsubishi. We 

 PLC networking 
 Touch screen 
 Stepper motor 
 Mechatronics 
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chose this type of PLC is because the FX2N is the most powerful and highest 
speed in the FX series[31]. Also, the FX2N-64MR has 48-64 block module and 
32 input and output which could satisfy the system’s need.  

 
Figure 5-18. FX2N-64MR[32] 

The second step of design is to make the input and output assignment table. 

Table 5-2. Input and output assignment table 

Input X0 X1 X2 X3 X4 

Power Taste 1 Taste 2 Taste 3 Taste 4 

X5 X6 X7 X8 X9 

Taste 5 Taste 6 Taste 7 Taste 8 Scram 
button 

X10 X11    

Signal from 
Arduino 

Signal from 
DAQ 

   

Output Y0 Y1 Y2 Y3 

Motor 
rotate 

Motor 
reverse 

Assembly line 
motor 

Signal to 
Arduino 
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In our system, there have 8 tastes of ice-cream provide for customers. Each 
taste will be corresponding to one button. Therefore, we have ten inputs in this 
PLC system, 8 taste buttons, one start button and one scram button. Pressing 
the start button can start the system. After starting, when users press the button, 
the motor will rotate and convey the robotic arm to the right position to scoop 
the ice-cream. When the work finish, the Arduino will send a signal to PLC and 
let the motor reverse to convey the robotic arm go back to origin point. As a 
result, we get two outputs. One output is motor rotate and another one is motor 
reverse. 

5.2.3 PLC programming 

From figure 5-19, we can see at the beginning of the programming the button 
X0 which is stand for the power button. When the staff press it, the whole 
system will be started. The X9 is the scram button, when any dangerous things 
happen, the staff can stop the system. 

 
Figure 5-19. Start programming 

From the Figure 5-18, this is the main programming of the plc, when the 
taste button be pressed, the time relay will be started. According to the timing 
belt design, we got the formulation between time and the robotic arm moving 
distance. 

 

  

 
Figure 5-20. Motor working programming 

From the figure 5-20 we can find the back-tracking programming. When the 
time relay finishes the work, which means the arm arrive at the work position 
the intermediate relay will work and put a signal to Arduino to let the arm work. 
When the plc gets the signal from the Arduino, the arm will come back to the 
original position. 
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From the figure 5-22 we can find the communication programming between 
DAQ and PLC. When one of the taste buttons be pressed, the Y2 which means 
the assembly line motor output will be switched on. The assembly line will start. 
When PLC get the feedback from the DAQ (X11), the motor will stop. 

  

  

Figure 5-21. Communication programming between PLC and Arduino 

Figure 5-22. Communication programming between PLC and DAQ 
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5.3 Robotic arm control system 

5.3.1 Existing solution and redesign plan. 

 
Figure 5-23. Robotic arm complete assembly[33] 

About robotic arm motion trail design, a research from Modern Mechanical 
Engineering January 2011 have done the manual control of motion via Arduino. 
They used LabVIEW to simulate the motion trail about robotic arm and tested 
by their simple prototype. However, this type of motion trail design just suits 
the situation without any stress from outside

5.3.2 Implementation 

All the Arduino programming complied in Arduino IDE. Arduino IDE is 
a cross-platform application written in the programming language Java. It 
originated from the IDE for the languages Processing and Wiring. It includes a 
code editor with features such as text cutting and pasting, searching and 
replacing text, automatic indenting, brace matching, and syntax highlighting, 
and provides simple one-click mechanisms to compile and upload programs to 
an Arduino board. It also contains a message area, a text console, a toolbar with 
buttons for common functions and a hierarchy of operation menus. Operation 
interface could be found in Figure 5-24 [34]. 

 Arduino 
 Low-cost 
 Servo motor 
 Motion trail design 
 Without any stress 
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Figure 5-24. Operation interface of Arduino IDE [34] 

5.3.3 Motion trail design 

Before the programming of Arduino, motion trail design is done for planning 
the movement of the system. The motion trail design has 3 parts, scoop 
direction design, calculation about ice-cream mining quantity, motion trail of 
scooping design. 

A. Scoop direction design 

There have two kinds of scoop way of the system. One way is scooping 
from behind which like dig movement. Another way is scooping from 
forwarding which like push movement. Because of this two-movement will 
impact programming and motor selection, the DOF design has been done to 
compare which one is better. Compare about two kinds of movement can be 
seem in Figure 3-2.  

The result shows that both of two design will use the same DOF, and 
for easy to program, we chose the way of scoop from forward. 
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Figure 5-255. Two kinds of scoop movement 

B. Ice-cream mining quantity calculation 

To measure how many times the arm should work for one cup of ice-
cream, a calculation has been done for the mining quantity. Result of the 
calculation has three parts: enter, horizontal digging and walk-off.  

 
Figure 5-26. Three parts of the movement 

Since we designed that the scoop will enter the ice-cream in 45 degrees, 
and then dig horizontally until ice-cream close to the ball. At last scoop will 
walk-off and create an ice-cream ball. Normally, the part 3 will equal to part 1, 
and we need to confirm the suitable quantity of ice-cream from each part by 
hand calculation. Therefore, we chose 2 kinds of scoop and calculated volume 
of ice-cream in different part with each scoop. 

Compare with two results, we found that the method 2 is better than 
method 1 since it can scoop a big ice-cream ball and more fit with the 
requirement of ice-cream shop. 
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Table 5-3. Calculation of motion trail 

diameter 
of scoop 

[ ] 

Length of 
forearm 
[ ] 

Volume of 
ice-cream 
from part 

1 

[ ] 

Volume of 
ice-cream 
from part 

2 

[ ] 

Volume of 
ice-cream 
from part 

3 

[ ] 

Length 
of 

motion 
trail 

[ ] 

40 28.28 20225.27 227632.03 20225.27 187.14 

52 36.77 44434.91 500107.59 44434.91 179.13 

 

5.3.4 Hardware and software design 

The motor we selected for the robotic arm is a steering engine which include 
a small dc motor; a set of variable speed gears; a linear feedback potentiometer 
and a control circuit board. 

Gears driven by the dc motor and the position detection of the output will be 
done in the potentiometer.  

 
Figure 5-27. Closed loop feedback of motor 

 Since the potentiometer will transform the degree to voltage and provide a 
feedback to control circuit, and control circuit will compare the degree with 
default to decide how to drive the motor, so we just need do the programming 
to tell the Arduino which degree the motor should be arrive. 

There have 5 motors on the arm, so we need to use 5 output on the Arduino. 
The writing diagram is like figure 5-26. 
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Figure 5-28. Arduino writing diagram 

Also, in software programming part, we calculated the relationship between 
and  for these two angles will decide the arm up and down. The 

relationship is like the equation 5-2. 

 (Equation 5-2) 

After getting the relationship, we do the programming like Figure 5-26. We 
used for loop and if loop to design the programming. 

 
Figure 5-29. A part of the programming 
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6 Chapter: 
Total cost of whole system 

The cost of each part of system is shown in table 6-1. 
 

Table 6-1. Cost list 
Name Cost 
Servo motor Around $100 
Reducer Around $75 
Electric slide Around $170 
Conveyer belt Around $150 
Robotic arm Around $150 
Arduino Around $10 
PLC Around $15 
DAQ Around $150 
Total Around $820 

The cost of robotic arm is estimated by the price of LeArm. Total cost of 
ASSI is around $820. Ice-cream shop's turnover for the day is $2395. The 
profit of ice-cream is around 50%. Therefore, the ice-cream shop needs only 
one day to earn most of the value of ASSI. 
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7 Chapter: 
Lesson learned 

In this final thesis, we completed an automatic system via using the 
knowledge of the subjects which we have learned in the four years college 
life. We used the knowledge mechanical design, mechanical principles, CAD, 
material mechanics, applied solid mechanics, PLC, microcontroller and DAQ 
Etc. 

At the beginning of the design, we used the brainstorming and work 
process arrangements method taught in Creativity for Product- and Service 
Development. At the same time, through the project planning method taught 
by the Technical Communication for Engineers, we divide the project into 
three parts—mechanical solution, structural analysis and control system. This 
division makes the task clear and easy for doing. 

In the process of mechanical design, we consulted about the robotic arm 
and the timing belt. Learned the advantages and disadvantages of various 
types of them. We understood the development history of robotic arms and 
advanced development trends. Moreover, we learned how to design the 
working space of the robotic arm and how to change the coordinate system of 
the robotic arm. In the design process, we used the experience in the course 
Project Course for Exchange Students, such as how to transform the 
movement mode, what structure can be used to more effectively transmit the 
torque. These contents help us to design the robot arm. At the same time, we 
have learned the design process of the timing belt. This helps us to understand 
the mechanical design and is very helpful to our future development. 

In the structural analysis process, we initially used the knowledge from 
course material mechanics and applied solid mechanics to do the hand 
calculations of the shafts and poles that we considered most dangerous then 
conducted FEM simulations through Ansys 17.2. After confirming the safety 
of static analysis, we also tried to conduct modal analysis on the Ansys for the 
connecting pole of the motor through looking many video courses. 

In the control system design process, we initially only tried to use the 
Arduino to drive the motor to let the robotic arm work. After discovering the 
drawbacks of the microcontroller in realizing the large-scale mechanical 
movement, we used the GX works2 for the PLC design and the LabVIEW 
14.0 for the front panel design which facilitates the business volume 
calculation at the store. 

Finally, this assignment allowed us to recognize the importance of 
mechanical engineering to the real life, the importance of teamwork for the 
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project, and the importance of how to retrieve useful information and how to 
communicate with professors for help. 
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8 Chapter: 
Conclusion and future work 

From the result and validation, the optimization successfully motion trail 
length and ice-cream volume for our design are from the scoop whose diameter 
is 52 mm. However, the whole length of the motion trail is 179 mm which 
shorter than the length of the bowl. In future work, we will improve the 
relationship between motion trail and length of the bowl. 

The simulation of PLC programming shows that our product could 
successfully convey the robotic arm from 0 position to assign bowl. 
Nevertheless, the programming of slipway still needs to continue. In future 
work we will program the slipway programming and simulate it also in GX 
works 2. 

The programming of Arduino be tested successfully in the robotic arm, 
nonetheless, the action of the robotic arm is still limited. In future work, we will 
enrich the action of the robotic arm and make the movement more fluency. At 
the same time, the communication among Arduino, PLC and DAQ also need to 
test in future work. In addition, the sensor using of the ice-cream remain also 
need test. 

The results of kinematics simulation completed on Inventor show that the 
inner diameter of the ice-cream scoop 50mm and the length of the arm of the 
robotic arm can meet the needs of the entire process. The robotic arm can reach 
the required position in the work project. The trajectory design and arm length 
design of the robotic arm have been successfully verified. 

Ansys simulation results show that dangerous links can withstand the forces 
exerted on it during scooping. In addition, the output shaft does not experience 
fatigue fracture at the highest frequency operation. The mechanical design of 
robotic arm has been verified. 

By now, we have finished the design and modelling of the scoop, the design 
and modelling of timing belt and the design and modelling of robotic arm by 
Inventor. The strength of dangerous connecting rod and output shaft of reducer 
have been check. The stress situation between scoop and ice-cream is an 
interesting problem and deserves further study. The stress concertation factor 
in bended plane with a hole case still lack research that could be a research 
direction. 
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 For the function, we also need to do the improvement of scooping. After 
each scooping, we will design a cleaning function. 
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Appendix 1: 
PLC programming chart 
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Appendix 2: 
Drawing of driving gear 
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Appendix 3: 
Drawing of driven gear
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Appendix 4: 
Drawing of fixing sheet of motor 4
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Appendix 5: 
Drawing of coupling of motor 1

 

 


